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Abstract
Secondary antibody deficiency has been associated with risk of invasive fungal infections in
solid organ transplantation. Single center, multi-center and meta-analysis studies have
tested this association. Therapy of these infectious complications in the presence of a
secondary antibody deficiency after transplantation remain a challenge for transplant teams.
Currently, there are no guidelines for the management of this combined clinical scenario.
We report the case of a patient with severe secondary immunodeficiency before and after
heart transplantation who developed several infectious complications including, cardiac
invasive aspergillosis, and had a long-term survival after combination therapy of antimicrobial drugs and prolonged intravenous immunoglobulin replacement therapy.
© 2019 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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1. Introduction
Secondary antibody deficiency has been associated with risk of invasive fungal infections in
solid organ transplantation. Single center and multi-center studies performed in heart and lung
recipients have tested this association [1-3]. A meta-analysis has demonstrated that severe IgG
hypogammaglobulinemia (defined as IgG < 400 mg/dl) during the first year after solid organ
transplantation is a risk factor for severe infections including invasive fungal infections and
cytomegalovirus disease [4]. Therapy for these infectious complications in the presence of a
secondary antibody deficiency after transplantation remain a challenge for transplant teams.
Currently, there are no guidelines for the management of this combined clinical scenario. We
report the case of a patient with severe secondary immunodeficiency before and after heart
transplantation who developed several infectious complications including, cardiac invasive
aspergillosis and had a long-term survival after combination therapy of anti-microbial drugs and
prolonged intravenous immunoglobulin (IVIG) replacement therapy.
2. Case Report
A 52-year old white woman received a heart transplant. Pre-transplant evaluation disclosed
NYHA V status with LVEF of 15%. There were no infectious episodes before transplantation. Due to
pre-operative heart failure complications a biventricular assist device was necessary. Surgical data
included ischemic time 231 minutes and extracorporeal circulation time 318 minutes. Induction
with anti-CD25 monoclonal antibodies was used (2 doses of 75 mg at day 1 and 14 after
transplantation). Maintenance immunosuppressive therapy included corticosteroids,
mycophenolate, and tacrolimus. Anti-microbial prophylaxis included peritransplant IV
cephalosporin, IV ganciclovir for 3 months and trimethoprim sulfamethoxazole. The patient was
not previously vaccinated with pneumococcal vaccine.
Immunocompetence pre-transplant status evaluation revealed IgG hypogammaglobulinemia,
seronegative cytomegalovirus IgG serology (donor cytomegalovirus IgG serology was positive), low
anti-pneumococcal antibody titer, and low CD4 and CD8 T-cell counts (Table 1). Pre-transplant
immunological evaluation was performed after biventricular assist device placement. A severe
combined secondary immunodeficiency was disclosed very early between day 7 and 30 after
transplantation, composed of severe IgG hypogammaglobulinemia (IgG < 400 mg/dL), low specific
anti-pneumococcal antibodies (< 5 mg/dL), C3 hypocomplementemia (< 80 mg/dL), low CD4 (< 200
cells/uL), low CD8 (<100 cells/uL), low NK cell counts (<30 cells/uL) and low CD8+ interferon
gamma producing cells against IE-1 CMV antigen. At day 43 after transplantation, ISHLT grade 3A
acute cellular rejection complicated the clinical history and therapy with methylprednisolone plus
one dose of anti-CD25 monoclonal antibodies due to severe ventricular dysfunction (Daclizumab
75 mg) were added.
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Table 1 Immunological characteristics of the patient.
Parameter
Leukocytes/uL
Neutrophils/uL
Lymphocytes (%)
CD4 cells/uL
CD8 cells/uL
CD8+INF-gamma IE1%
CD8+INF-gamma pp65%
NK cells/uL
B cells/uL
IgG, mg/dL
IgA, mg/dL
IgM, mg/dL
IgG1, mg/dL
IgG2, mg/dL
IgG3, mg/dL
IgG4, mg/dL
C3, mg/dL
C4, mg/dL
Factor B, mg/dL
Mannose binding lectin,
ng/mL
IgG anti-PPS, mg/dL
Anti-HBs, mIU/mL
IgG anti-cytomegalovirus,
units
CRP, mg/dL
Tacrolimus, ng/mL
Mycophenolate, ug/mL

PreDay
Day
HT
7
30
9100 21900 14500
8600 18615 13700
22
2,7
3,2
171
221
114
79
64
77
0,04
0,48
125
6
39
14
288
138
477
336
526
108
79
153
52
30
53
356
210
364
163
95,9
137
24,8 18,4
36,9
38
18,8
20,7
36,1
50
97,7
7,1
12,9
27
16,9 20,2
34,7
716
496
5,3
-

2,90
23,5
2236

7,5
77
3864

-

3,11
6,70
1,40

23
8,60
4,60

Day
90
6800
6300
8,8
224
123
32
99
911
150
61
667
220
62,7
26,2
185
44,2
45,2
-

Day
180
6300
4300
18
537
374
46
121
766
145
79,2
532
172
53,8
16,5
169
27
34,8
-

5,8
8,5
73,4
19551 15383
10,8
8,60
4,60

0,63
10,7
0,8

Day
20
47
365 Months Months
11700 12600
8900
9100
10800
7200
12,2
6,7
6,3
580
362
391
300
261
317
138
60
69
108
65
187
740
527
1390
206
201
729
112
60,6
120
485
346
127
110
72
39,2
16,1
22,9
183
162
151
32
31,3
31
1,4
-

3,3
0,1
-

7,8
-

3,9
2

8,7
3,4

6,1
1,1

Pre-HT: Beforte heart transplantation. INF-gamma: interferon gamma. NK: natural killer. C3: complement
C3. C4: complement C4. Anti-PPS: anti-pneumococcal polysaccharide antibodies. Anti-HBs: anti hepatitis B
surface antigen. CRP: C-reactive protein.

During the first 3 months after transplantation, several infectious complications appeared
including; the development of mechanical ventilation associated pneumonia (acinetobacter
baumannii + pseudomona aeruginosa at 35 days), invasive aspergillosis in the surgical wound with
mediastinitis, pulmonary compromise treated with voriconazole (at day 41), and CMV infection
(defined as CMV viremia > 10000 copies/mL) treated with gancyclovir (at day 55). Voriconazole
was maintained for 8 months. Other bacterial, viral and parasitic infections were documented. The
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recipient accumulated a total of 21 positive cultures during the first 6 months after
transplantation (Table 2). Other complications included compartment syndrome needing a
fasciectomy and gastrointestinal bleeding. Time of hospitalization between the transplantation
procedure and discharge was 69 days.
Table 2 Infections demonstrated in distinct episodes after transplantation.
Bacterial
Acinetobacter baumanni

Corynebacterium sp
Enterobacter cloacae
Enterococcus faecalis
Escherichia coli
Haemophilus influenzae
Klebsiella pneumoniae
Pseudomona aeruginosa

Pneumococcus pneumoniae
Staphylococcus coagulase (-)
Staphylococcus epidermidis
Fungal
Aspergillus fumigatus
Candida glabrata
Viral
Cytomegalovirus
Herpes
Parasitic
Blastocystis hominis

Time*
35 days
60 days
60 days
60 days
60 days
60 days
80 days
12 months

Source
Sputum, BAL, blood
BAL
Wound exudate
Wound exudate
Wound exudate
Wound exudate
Urine
Aspiration bile
culture
7 months Sputum
120 days
Urine
35 days
Blood, BAL
60 days
BAL
60 days
Urine
120 days
Otic exudate
20 months Blood, BAL
24 months Sputum
60 days
Wound exudate
60 days
Wound exudate
24 months Blood

Clinical complication
Pneumonia
Pneumonia
Mediastinitis
Compartment syndrome
Mediastinitis
Compartment syndrome
Urinary tract infection
Positive culture

41 days
20 months
30 days
7 months

Mediastinitis, pulmonary
Invasive cardiac
Positive culture
Positive culture

Blood, BAL, wound
Resection of mass
BAL
Sputum

Positive culture
UTI
Pneumonia
Pneumonia
UTI
Otitis
Pneumonia
Pneumonia
Compartment syndrome
Compartment syndrome
Bacteriemia

55 days
Blood
24 months -

Positive viral load
Esophagitis

10 months Stool

Diarrhea

BAL: Bronchoalveolar lavage; UTI: Urinary Tract Infection

Due to the secondary immunodeficiency that included severe IgG hypogammaglobulinemia,
low specific anti-pneumococcal antibodies and low specific anti-cytomegalovirus antibodies, IVIG
replacement therapy was started very early at day 7 after transplantation. A 5% IVIG preparation
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was used at a dose of 400 mg/kg/month. IVIG infusions were maintained up to 9 months after
transplantation. Reconstitution of IgG (> 750 mg/dL) and of distinct specific antibodies was
demonstrated (Table 1). Taking into account the absence of new infections between 6 and 9
months and normalization of IgG levels, IVIG infusions were then stopped at 9 months.
A progressive decrease of IgG levels was later observed after IVIG infusions were stopped. The
patient was re-admitted 20 months after transplantation with dyspnea. A thoracic CT-scan
disclosed multiple lung embolisms and a mass in the retroxiphoid invading the right atrium and
the tricuspid valve. Partial resection of the mass was conducted. Septated hyphae invading this
tissue were observed and aspergillus fumigatus was isolated. Serum galactomannan
determinations were negative. A reduction in the dose of mycophenolate and tacrolimus was
performed. Anti-fungal therapy with voriconazole was started at a dose of 400 mg BID for 21 days;
then 200 mg BID as long-term maintenance therapy (trough levels were maintained between 3.5–
5 μg/mL during hospitalization). Caspofungin was also used during the first 21 days of anti-fungal
therapy. Due to IgG hypogammaglobulinemia at the time of re-admission, IVIG was re-started.
Due to the severity of the infectious complication, the new aim of IVIG therapy was to reach IgG
levels around 1000 mg/dL. During follow-up after IVIG therapy was re-started, a 7-fold increase of
IgG anti-aspergillus fumigatus antibodies was demonstrated (16 to 113 mg/L). The patient
maintained periodic immunological controls and was in good clinical condition. IVIG infusions
were not stopped again. Despite the severity of the infectious complication, a survival of more
than 2 years was obtained. Voriconazole-induced QT interval prolongation was not observed. The
patient finally died due to a sudden death. There was no post-mortem evaluation.
3. Discussion
Severe infectious complications were observed in a patient who was found to develop a severe
combined secondary immunodeficiency after heart transplantation. The use of a ventricular assist
device, the transplantation procedure itself (open heart surgery, technique of extracorporeal
circulation), induction and triple maintenance immunosuppressive therapy and treatment of acute
cellular rejection were additional risk factors in this case for the development of the secondary
immunodeficiency during the first weeks after heart transplantation. We have previously reported
an early immunological score that is associated with a higher risk for development of severe
infections [5]. This patient was found to have all the components of this score at day 7, namely IgG
< 600 mg/dL, C3 < 80 mg/dL, C4 < 20 mg/dL, CD4 < 350 cells/uL and NK cell counts < 30 cells/uL [5].
Host recognition of fungal cell wall components is critical for fungal uptake, killing, and the
formation of protective innate and T-cell effector populations. Beyond the known role of
neutrophils and macrophages, circulating monocytes, dendritic cells, and natural killer cells
contribute to optimal defense against aspergillus fumigatus. For a long time it was considered that
the cell-mediated immunity (CMI, CD4+ and CD8+ T-cell responses) was relevant, but humoral
immunity had a minor or no role in the control of fungal infections. However, it is accepted now
that CMI is the main mechanism of control, but that an specific antibody response is also
protective. Soluble mediators of the innate and acquired immunity that involve the complement
system, anti-microbial peptides, cytokines and antibodies are considered to play a complementary
role in the defense of fungal pathogens. These mediators are essential in achieving an efficient
clearance of the fungal antigens [6, 7]. Low CD8 T-cell counts have been described as a predictor
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of risk and mortality in critically ill immunocompromised patients with invasive pulmonary
aspergillosis [8]. In the presented case, low CD8 T-cell count were disclosed before and after heart
transplantation. Since it is unlikely that a single abnormality explain the risk for development of
severe infections, the combined secondary immunodeficiency status of this patient was probably
associated with the severity of the infectious complications that she developed after
transplantation.
The presence of intracardiac aspergillosis is a very unusual severe infectious complication after
heart transplantation [9, 10]. The combination of this complication with severe secondary
antibody deficiency is a challenge. After assessing the clinical complication, advisability of surgical
correction was not considered in this case. A prolonged therapy with IVIG combined with antifungal therapy was associated with an unexpected prolonged survival after intracardiac lesions
were demonstrated. Interestingly enough, maintenance of normal IgG levels were dependent in
this case on the prolonged administration of IVIG. During the time of intracardiac aspergillus
complication, IgG levels were low but CD4+ and CD8+ T-cell counts were within normal ranges
which might highlight the potential role of humoral immunity for the control of the fungal
infection.
We have previously reported that addition of IVIG replacement therapy in heart recipients with
severe IgG hypogammaglobulinemia and refractory CMV disease despite gancyclovir therapy was
associated with clearance of CMV viral load and remission of CMV-related symptoms [11]. In
another report we suggested the role of IgG replacement in the control of systemic aspergillus
infection in a patient with secondary antibody deficiency after heart transplantation [12]. We have
also reported that IgG replacement therapy is associated with reconstitution of specific antibodies
in heart recipients with severe infections and IgG hypogammaglobulinemia [13]. In the present
case, an increase of titers of IgG anti-aspergillus fumigatus antibodies was observed after IVIG
infusions were added.
In conclusion, long term survival was observed in a patient with severe invasive aspergillosis
affecting the mediastinum that progressed into the heart tissues. The observed outcome, despite
the severity of the infectious complication, suggest that IVIG in combination with anti-fungal
therapy might have a role to long-term control of this infectious complication in a patient with
severe secondary antibody deficiency. However, it is possible that long-term anti-fungal therapy
alone was effective in maintaining this patient's survival. The potential role of IVIG for the therapy
of solid organ recipients with severe IgG hypogammaglobulinemia and invasive fungal infections
after transplantation warrants evaluation in future randomized clinical trials.
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Abstract
Mucormycosis is an angioinvasive and potentially fatal fungal infection caused by ubiquitous
filamentous fungi. Cutaneous mucormycosis is an emerging infection and potentially lethal.
Our aim was to review the literature on cutaneous mucormycosis. We present a case of a
renal transplant patient with a surgical wound infection 20 days after kidney transplant. This
case is an example on how early diagnosis is crucial and, since culture is less sensitive,
microscopic evaluation of the characteristic broad hyphae is the most crucial diagnostic tool.
© 2019 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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1. Introduction
Mucorales are ubiquitous saprophytic fungi which exist widely in nature. The agents of
mucormycosis represent a heterogeneous group of organisms, which encompass the genera
Rhizopus, Mucor, Cunninghamella, Rhizomucor, Lichtheimia, and others.
Mucormycosis can manifest in different clinical presentations and locations: rhinoorbitocerebral, cutaneous, pulmonary, disseminated, gastrointestinal and other rare forms.
Mucormycosis accounts for approximately 2% of fungal infections in solid organ transplant
recipients [1].
Diagnosis is difficult and its delay can jeopardize prompt treatment. In order to prevent fungi
dissemination and improve survival, anti-fungal agents, surgery, and control of the underlying
condition contributing to the immunosuppressive states are strongly recommended. Depending
on the extent and location of the disease, mortality rates can be up to 48%. We encountered a
case of cutaneous mucormycosis in a transplanted renal patient.
This article addresses the clinical features, diagnosis and treatment supported by a review of
the recent literature.
2. Clinical Case
A 62-year-old male patient with chronic kidney disease secondary to IgA Nephropathy on
hemodialysis since 1999, underwent renal transplantation in 2001, had immediate renal graft
function and had no episodes of rejection.
Due to chronic graft dysfunction he re-initiated hemodialysis in 2009. There is no other relevant
personal history beyond hypertension and secondary hyperparathyroidism. There was no recent
history of travel or risk epidemiological context and he lives in an urban area.
In 2017, he underwent re-transplantation. Anti-thymocyte globulin (ATG) was given as an
induction immunosuppressive agent. The use of mycophenolate mofetil (MMF), tacrolimus and
prednisolone was later given due to the presence of anti-donor antibodies that placed him at a
high immunological risk. He had delayed graft function for five days, requiring dialysis. He was
discharged with serum creatinine of 3.56mg/dL. In the first weeks after transplantation, his
minimal creatinine reached was 2.9mg/dL, then graft biopsy was proposed.
The surgical wound became red with swollen skin, and hot and tender to the touch. It was
treated initially with amoxicillin for two weeks but evolved to a bump that appeared below the
skin’s surface. Renal graft biopsy was postponed for this reason. An ultrasound was performed
and revealed a collection of approximately 7.3x1.2x3.5cm in the abdominal wall. Fluid from the
abscess were then collected for microbiological study. The bacterial culture from the fluid were
sterile. Physical evaluation was otherwise normal. A C-reactive protein elevation (14,47 mg/L,
normal range: <5mg/L) and mild pancytopenia was identified in the blood tests. He was discharged
with flucloxacillin as treatment.
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The lesion evolved to a painful, indurated, confluent, suppurative and embossed area of
cellulitis (Figure 1). New drainage was performed to obtain a sample for microbiological study,
including fungal culture. After 2 weeks of incubation, fungal culture revealed the presence of
Lichtheimia corymbifera (Figure 2).

Figure 1 Cutaneous mucormycosis: Initial injury on the left and plasty with skin graft on
the right.

Figure 2 Direct microscopy of the surgical wound suppuration. Clarification with
potassium hydroxide revealed numerous non-septate hyphae with branching at 90º (1)
also visualized by gram stain (2); Culture in chocolate agar – Fungal colonies of coenocytic
fungi (3).
Computed tomography (CT) of the thorax, abdomen and pelvis did not reveal lesions suggestive
of dissemination. Steroid therapy was reduced to prednisolone 5mg and MMF was suspended.
Amphotericin B (5 mg/kg/day) was given for 40 days in association with posaconazole (delayed
release, 300 mg id once daily) that was suspended later for a total of 53 days of treatment.
Surgical removal of the lesion was performed early after admission. Later, he underwent curettage
and plasty with skin graft that evolved to total cicatrization of the scar (Figure 1).
There was no recovery of renal function. His immunosuppression was maintained with
prednisolone and tacrolimus with dose reduction while receiving posaconazole, for levels within
the goal (6-8 ng/ml). No kidney biopsy was made. One year later, creatinine is 3.6mg/dL. He had
no other infectious complications.
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3. Discussion
Among solid organ transplant recipients, risk factors for mucormycosis include renal failure,
diabetes, prior anti-fungal therapy, prolonged and profound immunodeficiency, breaks in skin
integrity, and chronic respiratory disease [2, 3]. Mucormycosis accounts for 2% of fungal infections
in solid organ transplant recipients [3]. These organisms are encountered worldwide.
Although the correct diagnosis is often difficult, an early identification is essential for patient
survival. The diagnosis of mucormycosis relies upon the identification of organisms in tissue by
histopathology with culture confirmation. In this context, good quality representative clinical
samples as well as rapid laboratory response are critical to the diagnosis.
Since culture is less sensitive, microscopic demonstration of the characteristic broad hyphae in
clinical specimens is the most crucial diagnostic tool and should never be ruled out. Specific fungal
stains should be included [4].
Infection of skin and soft tissues with zygomycetes results from direct inoculation of the spores
into the dermis or inhalation, for this reason, prevention is key. Sites of medical or surgical
interventions are the most frequent site of infection [3]. Patients should be instructed to avoid
visiting construction sites and farms, manipulating air-conditioning filters, and contact with
sewage or decaying material. Also, all fungal isolates from a donor should be reported [3].
There are a few case reports of cutaneous mucormycosis. A review of 929 cases of Zygomycosis
had cutaneous involvement in 19% [5]. Different presentations has been described: ecthyma-like
lesions and black necrotic cellulitis [6], purulent discharging sinus at the surgical incision site [7]
and erythema-nodosum-like lesions [8].
Rapid initial care and treatment is important to prevent fungi dissemination and improve
survival. The treatment strategy can be based on lipid formulations of amphotericin B (L-AmB 510mg/Kg/day) as first-line drug treatment for mucormycosis, with amphotericin-B-echinocandin
combinations listed as an option for salvage therapy [9], or combination therapy up front [10]. LAmB doses of 10 mg/kg/day are suggested for infections involving the central nervous system.
Caspofungin, anidulafungin and micafungin have no efficacy against agents of mucormycosis as
single agents when tested by standard techniques in vitro.
Posaconazole (200 mg four times daily or 400 mg twice daily with solution or 300mg once daily
for tablets) or isavuconazole can be added in recalcitrant cases [10, 11]. With clinical improvement,
treatment can be switched to posaconazole monotherapy. Fluconazole and voriconazole have no
meaningful activity against agents of mucormycosis in vitro. Based on expert opinions and existing
data, no other azoles, except posaconazole, are recommended in the treatment of mucormycosis.
Therapeutic drug-monitoring is essential: monitor for Q-T interval prolongation, drug
interactions, hepatotoxicity and neuropsychiatric side effects with azoles and renal toxicity with
amphotericin B products [3]. Dose adjustments can be guided by laboratory drug measures (target
voriconazole: levels between 1.5– 4.5 lg/mL and posaconazole: at least 1 µg/mL and ideally more
than 2 µg/mL) even though these levels are based on very limited data [3, 11].
Immunosuppression has to be reduced [3]. Stopping steroids and anti-metabolites is advisable
and reduction of CNI or mTOR inhibitor doses should be considered [10]. Surgical debridement
(sometimes repeatedly) of the affected areas should be performed whenever feasible [3]. Surgical
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debridement is considered the standard of treatment of cutaneous and surrounding tissue
mucormycosis and has been found to improve outcome [9].
The combination of caspofungin with calcineurin inhibitors (CNI) and sirolimus (both have
intrinsic anti-fungal activity) was described to be synergistic for the agents of mucormycosis [12].
Another non-traditional combination that can be considered is iron chelators and statins [10].
Hyperbaric oxygen as adjunctive therapy can increase tissue concentration of oxygen and may
increase neutrophil anti-fungal activity. It has been used in diabetic patients with rhino-orbitocerebral disease but there is not enough data to support its use routinely. The use of granulocyte
colony-stimulating factor (G-CSF), granulocyte- macrophage colony-stimulating factor (GM-CSF),
and interferon-γ (IFN-γ) as adjunctive treatment beyond the setting of granulocytopenia in nonneutropenic patients was also tested in some case reports. There is insufficient data to
recommend its use in non-neutropenic patients [9].
There are no data on treatment duration thus, therapy should be continued until all clinical and
radiographic signs of infection have resolved and at least for 6 weeks. The outcome depends on
several factors, including the site of infection, the immune status of the host and the use of
surgery or other adjunctive treatments. A prospective randomized clinical trial would be ideal to
establish the best treatment approach. The rarity of this condition states that a large international
collaborative effort is needed.
4. Conclusions
Primary cutaneous mucormycosis is an emerging fungal infection and should be considered
when skin /soft tissue infection is refractory to anti-microbial therapy. Early diagnosis, surgical
excision and appropriate anti-fungal therapy are important to improve outcomes.
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Abstract
Background: The participation of mental health professionals in multidisciplinary care teams
for heart transplantation has become an international standard practice. The contribution of
these professionals in this setting, which involves assessment and interventions, has not
been the subject of systematic study.
Methods: This paper explores how psychotherapists contribute to multidisciplinary decision
making and care in transplant teams before, during, and after transplantation. To illustrate,
it uses the case of a 19-year-old woman with anorexia nervosa who underwent heart
transplant at a large transplantation center in Germany. She received psychotherapeutic
interventions intended to lower the risk of non-adherence.
© 2019 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.

OBM Transplantation 2019; 3(1), doi:10.21926/obm.transplant.1901056

Results: This first reported case of heart transplant in a patient with a previous diagnosis of
anorexia nervosa also documents psychotherapeutic interventions that were favorable for
sustainable weight-gain and how the multidisciplinary environment enabled their
development and implementation. We provide details on the contribution of the
psychologist in the case, including hypnotherapy interventions and adjustments in routine
nursing practices.
Conclusions: This paper shows how mental health professionals working in multidisciplinary
teams improve patient outcomes in organ transplantation. In order to collect and
systematize clinical knowledge of psychotherapeutic interventions for transplant candidates
with mental health issues, additional studies with multiple centers, multiple cases, and a
range of mental health disorders are needed.
Keywords
Heart transplant; anorexia nervosa; mental health; multidisciplinary care; psychotherapy;
intervention; case report

1. Introduction
Orthotopic heart transplantation following the guidelines of the International Society of Heart
and Lung Transplantation (ISHLT) is conducted by multidisciplinary care teams whose members
include physicians, surgeons, nurses, social workers, immunologists, pharmacists, dieticians, and
other specialists as needed [1, 2]. The provision of continuous support by mental health
professionals working on these teams has been recognized as good practice for years [3], is
recommended in ISHLT guidelines [1, 4], is instituted in the bylaws of the US Organ Procurement
and Transplantation Network [5], and has been most recently incorporated into German
transplantation law [6].
Depending on national and clinical settings, mental health professionals in multidisciplinary
heart transplantation teams may be psychiatrists, psychotherapists, specially trained nurses, or
social workers. They have four main areas of responsibility: diagnosing psychiatric disorders,
assessing psychosocial resources and risks, providing psychotherapeutic interventions, and
educating patients with the goal of reducing health risks and activating resources for better life
quality and coping [7]. Typical therapies are short psychotherapeutic interventions that comprise
elements of supportive therapy, resource activation and future orientation, social support,
dissociation and association of other burdens, cognitive restructuring, and relaxation and painrelieving techniques [8]. The number of consultations each patient receives can vary widely among
transplant centers and patients. One of the rare empirical studies reported an average of 2.2
consultations before surgery and 3.0 afterwards but a total of 16.6 if the patient first received a
mechanical circulatory assist device [9]. In our transplant center, 25 or more consultations per
patient is not unusual.
The most common comorbid psychological problems among heart transplant patients are
major depressive episodes, adjustment disorders, and surgery-related post-traumatic stress
reactions [8, 10]. Patients also may face psychosocial challenges to life-long adherence:
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psychopathology both precedent and concomitant to the onset of terminal heart disease,
substance abuse and other risky habits, cognitive dysfunction, or the lack of social support [11, 12].
Common stressors are feelings of loss of control, fear of death, disruption of family roles and
worrisome fantasies about acquiring character traits or memories from the heart donor. However,
patients’ disorders and distress are usually reliably manageable with standard psychotherapeutic
interventions if the patient has adequate psychosocial resources and if the interventions are
adequately modified in consideration of patients’ poor cardiac health and reduced cognitive
functioning immediately after surgery [8, 13].
The interaction of mental health professionals with other members of the care team is
structured by several critical decisions. The first point of contact with the patient is often made by
the mental health expert during the initial psychosocial screening and assessment, the
components of which are outlined in Table 1. The patient’s situation will then be discussed in an
interdisciplinary transplantation conference in which all cases up for placement on the
transplantation list are reviewed and decided upon. The team must decide whether the patient
has an adequate chance of being successfully transplanted at the center in question and, then,
whether and at what point the patient should be given high urgency (HU) priority on the donorheart waiting list. These decisions are informed by medical and psychosocial assessments of the
patient's likelihood of surviving the surgical procedure and of being willing and able to adhere to a
life-long pharmaceutical, dietary, and lifestyle regimen to minimize the risk of tissue rejection. The
decision to approve transplantation despite a mental health contraindication hinges on the mental
health professional’s confidence that the patient will be able to control either the severity of
psychological symptoms or their negative impact on adherence and other health related behaviors.
Table 1 Components of initial psychosocial assessment for heart transplant patients.
●

Screening and diagnoses for previous and current psychiatric illnesses

●

Cognitive testing

●

Assessment of drug use and addiction, including nicotine and alcohol

●

Assessment of adherence history, especially related to medication and medical advice

●

Assessment of psychosocial barriers that could negatively affect patient health outcomes

●

Assessment of available social support and the psychosocial burden on patient caregivers

●

Financial risk assessment
Source: [4]

Following the initial decision to accept a candidate for transplantation, a treatment plan is
created by the care team with the goal of improving the patient’s overall physical and mental
health in preparation for transplant. During this time, the physical condition of the patient is
monitored to detect any deterioration that would justify HU status, if not already given. When a
donor heart becomes available, the decision must be made then whether to prepare the patient
and initiate surgery. After surgery, the team monitors patient health and adjusts treatment plans
as needed when the patient is transferred out of intensive care. Periodic monitoring continues
after discharge.
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2. Materials and Methods
In 2011, a patient with a previous diagnosis of anorexia nervosa underwent a successful
transplant procedure at our transplant center and continues to be in good health today. We
present her case below following the CARE guidelines for reporting clinical cases [14]. Information
is provided regarding the patient's heart-disease parameters, the symptomatic expression of her
eating disorder, and her psychosocial resources and burdens. We describe how this information
was processed and acted upon by the multidisciplinary transplant team to decide on the
treatment regimen prescribed for each stage of treatment and what actions the psychotherapist
took during the course of treatment. This case illuminates the contribution of mental health
professionals in multidisciplinary care teams through an account of the process by which one team
had to make an unusually difficult decision, ultimately agreeing on the acceptance for
transplantation of the patient, based in part on the assessment and anticipated support of the
team’s psychotherapist.
There are no reported cases of solid organ transplant involving a patient with a previous
diagnosis of anorexia nervosa, although there are reports of anorexia symptoms developing after
renal transplant [15]. The contribution of mental health specialists to decision making in solid
organ transplant teams has been a subject of investigation only rarely [16-18].
The patient whose case is examined in the study participated in the decision to document her
case history. She has given permission for publication.
3. Case Report
3.1 Clinical Findings Prior to the Initial Interview
The 19-year old female patient approached our center for a heart-transplant screening in 2011
at the age of 19. The patient was diagnosed with dilated cardiomyopathy in early childhood and
suffered consecutive symptoms of heart failure. In 2000, at the age of eight, she was treated for
high grade mitral regurgitation with a mechanical mitral valve replacement (St. Jude-Medical 33
mm). Physical exercise was limited from early childhood onward, but she reported that her first
heart surgery had no negative psychological repercussions.
The patient had been previously diagnosed with anorexia nervosa, an eating disorder that
results in severe undernourishment. At the age of 15, with a body mass index (BMI) of 14, the
patient underwent compulsory psychiatric treatment and forced feeding. This was followed by a
total of three inpatient and three outpatient treatments. Treatment was unsuccessful.
Anorexia nervosa is a contradiction for heart transplantation because undernourishment and
underweight are independent predictors affecting survival after heart transplant [19, 20].
Although guidelines for the use of circulatory assist devices recommend weight gain before
surgery for undernourished patients [21], there are no current evidence-based guidelines for
evaluating the risk posed by eating disorders for heart transplantation, nor are eating disorders
mentioned in the ISHLT transplant listing criteria. This stands in contrast to the recommendation
to handle morbid obesity, defined as BMI of greater than 35 kg/m², as a contraindication and to
initiate "weight loss to achieve a BMI of < 30 kg/m² or percent BMI of < 140% of target before
listing for cardiac transplantation" [22]. For patients with a history of anorexia, recovery after
transplantation is threatened not only by underweight and malnutrition but also by potential
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future interference with immunosuppressant intake. Autoaggressive starving, self-induced
vomiting, excessive exercise, and body neglect can be detrimental. Moreover, the likely success of
weight-gain interventions to achieve target BMI prior to transplant is reduced. Finally, due to the
paucity of research on this unusual patient group, it is unclear what psychotherapeutic
interventions can be effective in preventing a recurrence of symptoms and thus improving
mortality risk and justifying transplant.
Early in 2011, the patient’s cardiorespiratory failure progressed significantly and her
cardiologist recommended heart transplantation. When the transplant center closest to her home
refused treatment because of the anorexia, she came to our hospital seeking a second opinion.
The anorexia diagnosis gave sufficient reason for denying consideration for orthotopic heart
transplant, but refusing to treat would have meant almost certain death for the young patient.
3.2 Diagnostics and Psychosocial Assessment
In the psychosocial assessment, the patient presented herself as motivated and open for
psychological reassessment and treatment in an active search for help. She reported always
having been thin and having starved herself systematically since the age of 13 but that she rarely
vomited intentionally, never induced diarrhea, and never took appetite suppressants. She
recounted often feeling a desire to disappear into “thin” air. Given the many situations in which
she felt “powerless,” the crucial factor to her condition was apparently the feeling of power she
obtained by starving herself. She noted always having had a lively temperament, but that her
heart disease prevented her from being as active as she wanted. Consequently, physical activities
were a source of contention with her mother beginning in childhood. Her mother was apt to
violate boundaries, and the patient learned at an early age to provoke her by quarrelling. Starving
herself was an additional provocation.
In her own opinion, previous psychotherapeutic interventions for her anorexia all failed due to
her defiance. She had never been able to develop a trusting therapeutic relationship with any of
the many psychotherapists she saw. Her symptoms improved when she moved into her own
apartment. Then she was able to eat autonomously without being monitored or pressured and to
achieve the then current BMI of 17, albeit without ever menstruating. She adhered to her cardiac
medication schedule without any problems, almost compulsively in fact. Thus, she demonstrated a
capacity for independently securing her own survival by adhering to doctor’s instructions and
keeping her BMI above a low limit. However, she had never experienced successful treatment of
the psychological aspects of her anorexia: perceptual disorders, negative and self-disparaging
cognitions, and the inability to relieve stress.
The patient’s psychological situation at the time of assessment involved rejection of her
femininity, starvation as a means of control, a conflict-ridden family with delayed detachment, an
entrenched psychiatric disorder, numerous subjectively failed therapy attempts, suspected
problems with self-worth and compulsive reactance/defiance. Arguments with her mother
frequently ended in self-induced vomiting. She articulated fears typical for patients facing heart
transplantation, centering on death, complications during surgery, graft failure, and tissue
rejection.
In sum, during the initial presentation the patient presented as alert, articulate, fully oriented,
slightly tense, and cautious. Initially reticent, with time she became increasingly candid with the
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psychotherapist. The patient possessed psychological resources for maintaining a strict medical
regimen including the categorical wish to live, goals, hobbies, and a caring attachment to her sister.
Although the maternal relationship was conflict-ridden, it was not without loving moments.
Psychotic symptoms or suicidal tendencies were not evident.
3.3 Team Meetings and Therapeutic Interventions
A multidisciplinary conference was initiated to decide whether to list the patient for
transplantation. The team felt that the general prognosis regarding the anorexia was not good due
to her previous resistance to psychotherapeutic treatment. The path to psychological recovery
was deemed to be risky, as the pathology involved a complex set of factors including the patient’s
rejection of her femininity, starvation as a means of power and control, a family of origin
experienced as conflict-ridden with delayed detachment, a deeply entrenched psychiatric disorder,
numerous subjectively failed attempts at therapy, suspected problems with self-worth, as well as
rapid reactance/defiance. Nonetheless, there was hope that her appetite could be stimulated by
cortisone, which is routinely prescribed as part of immunosuppression, and optimism because the
patient possessed valuable psychosocial resources including a credible will to live. Also, the risk
that vomiting or provoked laxation would prevent immunosuppressive intake was estimated to be
comparatively small in this case, due to the limited expression of anorexia symptoms.
After numerous discussions in 2011, the multidisciplinary care team decided to accept the
patient and place her on the transplant waiting list. The entire team, especially the surgeons,
wanted to do everything possible to give the young patient a chance to extend her life. Afterwards,
the team met weekly for assessing and adjusting her therapies while awaiting transplant. Shortly
thereafter, her cardiopulmonary health began to deteriorate and she was registered with
Eurotransplant® (Leiden, Netherlands) as “high urgency” for orthotopic heart transplantation.
During the HU-waiting period, treatment continued to be monitored and adjusted in frequent
team meetings.
The main psychotherapeutic goal set for the patient while waiting for transplantation surgery
was to ready herself to integrate a new heart responsibly and sustainably in her pathologically
problematic body schema and to promote compliance. The patient’s history of never having
established a trusting relationship with a psychotherapist after multiple psychotherapeutic
interventions caused great concern initially for the assessing psychotherapist, who faced the
burden of potentially being the only person in a position to help. Therefore, in the first therapeutic
session after the initial psychosocial assessment, the patient’s autonomy was explicitly
underscored and her adulthood emphasized. In addition, a conscious distance was maintained to
the starvation symptom with the message: “You alone are responsible for gaining enough weight
for the heart transplant. That doesn’t really interest me. What interests me is how you intend to
integrate your new heart lovingly and kindly in your wonderfully obstinate body.”
On the recommendation of the team’s psychotherapist, the team decided to reinforce this
psychotherapeutic intervention by allowing the patient to self-regulate her eating. Anorexia was
treated as a non-issue. We expressly waived the requirement that the patient undergo dietary
consultation and monitoring because she demonstrated a superb knowledge of nutrition and she
had always vehemently rejected all forms of mandatory weight monitoring. She was instead given
the task of autonomously maintaining her weight in the understanding that she would be unfit for
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transplantation if she could not meet a mutually agreed-upon target. It was hoped that this
strategy would strengthen the patient’s feeling of adult autonomy. The psychotherapist saw here
an important opportunity for her and the team to demonstrate confidence in the patient’s ability
to hold a BMI of 17 and keep herself qualified for transplant. Importantly, this path was in keeping
with professional ethics because the psychotherapist’s primary mandate in this case was not to
treat the anorexia but rather to help the patient integrate the donor heart.
Because cardiac insufficiency is commonly linked to emaciation, the ward’s care team often
treat underweight patients. This was, however, their first patient with anorexia. The nursing team
accepted the idea of respecting the patient’s dietary autonomy and implemented it
conscientiously. The patient requested that weighing be done by the nursing staff without
informing her of her exact weight because any mention of numbers triggered anorectically
controlling, self-disparaging thoughts. It was astonishing to the team and a significant
achievement for the patient that she managed to maintain her baseline weight during the threemonth HU waiting period without weighing herself. The patient reported post-operatively that she
applied some of the advice given to her during her previous period of compulsory treatment. The
freedom she was given to self-regulate her eating behavior allowed her to choose which methods
to apply, a form of autonomy-reinforcement.
The second psychotherapeutic intervention was an analysis of the mother-daughter interaction.
The patient had experienced her mother as overly intrusive. A pathological interaction between
patient and mother, characterized by a struggle for autonomy with a simultaneous detachment
delay, became apparent. Because the mother often visited, there was an initial thought to invite
her into therapy to develop new patterns of communication in an attempt to set clear limits.
However, the patient did not want to share the rapport she had built with the psychotherapist.
This exercise of free will and self-assertion was taken as a positive sign. An appropriation almost
akin to jealousy became clear.
The third intervention, also conducted during the waiting period, targeted the patient’s low
self-esteem, specifically her struggle to accept herself as valuable enough to receive a new heart.
She described being unable to give herself enough space for self-care, of wanting to take up no
space at all. Comments about her somatic-medical situation regularly led to self-deprecating
cognitions and borderline depressive moods. The patient had intense doubts whether she was
truly worthy of the gift of a new heart. She reported seldom receiving approbation or, if offered,
being unable to accept it. The worry of being capable of truly accepting a new heart became a
major topic for her shortly before transplantation, advancing to become her most fundamental,
existential question. The interpretation of having been “thin air” more or less all her life, of being
unable to give herself enough space for self-care and her own needs, of not wanting to take up
space, all of which was expressed in the anorexia, clearly emerged. Premonitions of death and an
occupation with mortal fears were significant at this juncture, and sometimes a yearning for death
was articulated. For addressing these issues, an intervention based on two hypnotherapeutic
mechanisms was conducted. The first mechanism, known in German hypnotherapy as the
“therapeutic tertium” *23+, refers to the construction of an interpersonal, imaginary configuration
by the patient and therapist. The patient is encouraged to transfer onto it those internal strengths
that the therapist helps her discover, thus personifying them into an internal champion for
effecting change. In this way, when destructive cognitions undermine a patient’s feeling of
intrinsic self-worth, the creative unconscious can be strengthened and instrumentalized for
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healing and helping as a mediating authority between patient and psychotherapist. The
therapeutic tertium is related to the psychotherapy concepts of shifting the “locus of control” and
of projection, and it is also useful as practical means of helping patients grasp the mysterious and
elusive aspects of their own psychology. The second mechanism, utilization [24], is a central idea
of Eriksonian hypnotherapy and encompasses the idea that the therapist should utilize all of the
patient’s symptoms, character traits, and quirks for identifying and activating resources for
reaching therapeutic goals. In the case at hand, the therapist and the patient visualized the
patient’s unconscious self as the therapeutic tertium, utilizing the patient’s desire for autonomy
and a low body weight as signs of mental strength. As the patient’s trust in the ability of her body
to assert itself against the intrinsic destructive anorectic cognitions (instrumentalized and dubbed
the “anorexia witch”) continuously grew, her confidence in the ability of her body to integrate a
new heart also grew. This explanatory model proved effective for coping with anxiety.
Hypnotherapy involves inducing a trance-like state to lower dysfunctional defensive
mechanisms and suggest positive changes. Patients can also learn to induce trances themselves,
which is useful for controlling pain, fear, or stress. In this case, during trance induction the
insubordination rule, i.e. the instruction that the patient may terminate the hypnosis session at
any point [25], was clearly established out of consideration of the patient’s heightened need for
autonomy. Moreover, trance words like “heavy” were avoided in order to prevent reactance.
A final intervention sought to change the patient’s perspective regarding her anorexia. The
therapist helped the patient identify the root causes of her symptoms and find a way to distance
herself from those symptoms without vilifying them. This process involved both hypnotherapy and
cognitive behavioral therapy.
When a donor heart became available, there was no need for further deliberation regarding
the patient’s readiness. She was calm going into surgery. Immediately after the heart transplant, in
intensive care, a hypnotherapeutic intervention was performed for a careful, loving integration of
the organ [26]. The very emotional patient was able to feel the pulse of the donor heart, to
welcome the new heart at length, to form an emotional bond to it and thus to initiate the process
of embodiment—“from beat to beat, the foreign heart gradually becomes my own.” As a posthypnotic suggestion, the patient was given the task of placing both hands on her heart whenever
it felt comfortable to do so, and thus to build up a positive contact to the new heart in her own
personal way. Here it became clear that the patient was overwhelmed by a need to say thank you,
to welcome the new heart, and to introduce herself to it. For her, the heart transplant
represented a chance to start a new chapter of self-care, self-acceptance, and reduced selfdeprecation.
The patient was prescribed a routine immunosuppressive regimen including initially 20mg of
cortisone daily. No psychotropic medications were prescribed at any time.
3.4 Follow-Up and Outcomes
The post-operative course was normal, and the physically and mentally stable patient was
discharged to her parents’ home. However, during her stay in the conflict-ridden family situation,
she experienced a recurrence of anorexia. The patient dialed an emergency hotline to the team
psychotherapist and agreed to an outpatient crisis intervention in our clinic. She continued
outpatient psychotherapy with another therapist and admitted herself on weekends to a
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psychosomatic clinic specialized in weight gain. This was the first time she had ever voluntarily
agreed to outpatient psychotherapy. Her situation was stabilized, and as soon as the patient left
her parents’ home and returned to school, her situation normalized fully. The subsequent period
was uneventful except for one episode in which the patient binged alcohol for the first time,
resulting in a hospital overnight, and a mild, grief-triggered depressive episode three years after
transplant. She also acted on her strong desire for a tattoo, which was extremely ill-advised
medically. Both risky-behavior episodes can be interpreted as catching up with adolescent
processes that previously had been denied to her by the cardiac insufficiency and the anorexia.
For her tattoo, the patient chose a musical symbol on her hip, an erotic signal that could be
interpreted as a step towards acceptance of her femininity. In the following year, she continually
gained weight and reached a BMI of 22, the first time she had ever been within the normal range.
During outpatient contact two years after heart transplantation, she reported having menstruated
in the past four months and that she successfully graduated from school and was accepted to a
university philosophy program. She also reported feeling no restrictions on daily activities or
exercise. Sub-depressive setbacks (once or twice a month) remained difficult, but she countered
these by writing poetry. She has required no further psychotherapy. The patient takes her
immunosuppressive medication reliably and describes her relationship to her heart as loving.
Twelve months after surgery there was one moderate rejection episode assessed as grade “1R” on
the standard cardiac biopsy grading scale for cellular rejection [27], triggered by an infection which
was successfully treated. Otherwise, the somatic course continues to be uneventful. Her current
mental and somatic state, eight years after transplant, is stable.
Table 2 provides an overview of all psychotherapeutic interventions. A timeline of the case
appears in Figure 1.
4. Discussion
This was the first case of heart transplantation in a patient with chronic anorexia and dilated
cardiomyopathy at our transplant center. The treatment course to date has been successful. It
involved many psychological treatment hours, frequent post-operative follow-ups initially, and
one crisis intervention.
The transplantation care team in this case faced a situation similar to that described in Collins
et al.’s pioneering article on the ethical problems that can arise in the psychological assessment of
transplant patients with cognitive impairment or mental health issues, when decision making “can
often hinge on information provided by the psychological consultant who is attempting to
simultaneously serve the needs of the patient as well as the transplant team” *29]. In the case
described here, the care team avoided this dilemma because the psychological problem at hand,
anorexia, was amendable to psychotherapeutic interventions that reduced the risk of organ
rejection. The psychotherapist worked with the patient and with the medical staff to find a
feasible treatment path.
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Table 2 Psychotherapeutic interventions.

Post-discharge, outpatient

In-hospital

Intervention

Frequency and
period of
consultations
Family systems therapy: Self2 in 1 week
regulation and autonomy as a
method to maintain BMI 17

Place

Role of therapist /
Therapy goal

Patient’s
hospital room

Support of adherence,
reinforcing a sense of
personal responsibility

Family systems therapy:
Analysis of the mother
relationship

8 in 4 weeks

Patient’s
hospital room

Emotional relief,
discovery of the
original context of the
anorexia and denial of
femininity

Hypnotherapy: Reinforcing
self-worth

13 in 5 weeks

Patient’s
hospital room

Strengthening personal
efficacy and selfcontrol, emotional
acceptance of self,
therapist as model

Hypnotherapy and cognitive
behavioral therapy: Change of
perspective, understanding
root cause of symptoms,
distance without vilification of
systems

4 in 2 weeks

Patient’s
hospital room

Widening the horizon,
utilization of the
unconscious as a
therapeutic tertium,
cognitive restructuring

Hypnotherapy: Welcoming of
the new heart after surgery

1

Intensive care Integration of the donor
unit after wakingorgan into one’s own
from anesthesia body image

Crisis intervention

2 in 1 week

Therapist’s
Regaining control over
office by
anorexia symptoms
telephone and in
person

Cognitive behavioral therapy:
Building adequate stress
coping strategies

3 in 1 week

Outpatient
Learning techniques of
psychiatric
stress coping and
clinic for weight emotional regulation
gain
for anorexia control
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Figure 1 Timeline of diagnoses (ICD-10 [28]) and treatment.
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The two-fold challenge of having to deal with the trauma of a heart transplant and the
psychiatric restrictions imposed by anorexia (pathological body image, negative controlling
thoughts, setbacks in feelings of self-worth) was immense. Resource orientation, respect for
autonomy, focus on the future, and hypnotherapeutic interventions all appear to have been
helpful in this case. The psychotherapeutic process helped in the integration of the donor organ
and interpretation of this donation as an enhancement of self-worth. For the attending
psychotherapist it was important that the patient develop an internal detachment regarding her
adolescent symptom-complex of eating, starving, and weight control with the goal of reducing
vulnerability to manipulation. For this step, close therapeutic supervision was essential.
The rejection for treatment by another transplantation center turned out to be helpful. It was
perceived as a warning by the patient and consequently spiked her motivation to seek an
alternative center to get one “last chance.” This should not be interpreted as a case of competition
between heart transplant centers but of the utilization of diverging opinions about
“transplantability” in order to encourage the recovery and maturity processes in an adolescent
patient.
Our experience provides an additional illustration of how, as Skillings and Lewandowski (2015)
argue, psychosocial support in multidisciplinary teams throughout the course of assessment and
treatment enhance the quality of patient care in solid organ transplantation. In the case described
here, the psychosocial support of the psychologist was central for two reasons. First,
psychotherapeutic treatment utilized the patient’s heightened motivation to activate hidden
psychological resources and address the anorexia symptoms. The patient’s boundaries had been
violated early on by her mother, and because previous therapists attempted to control her as well,
previous psychotherapy was unsuccessful. This episode of psychotherapy, in contrast, revolved
around the mother-daughter conflict without violating the patient’s boundaries. The use of
hypnotherapy interventions proved to be very useful in avoiding reactance and clearing a path for
the patient to accept her body with its new heart. Second, the psychotherapist’s
recommendations helped the team to try an innovative care approach that focused on
heightening the patient’s sense of autonomy. Teamwork ensured that the dieting and weighing
process, which in this case was unusual, was handled by nurses as recommended by the
psychotherapist and approved by the team. The nursing staff reported having been enriched by
their role in this case, as they were involved to an unusually high degree in team discussions.
The application of lessons drawn from this case to other patients with anorexia is limited by the
specific expression of the disorder in her case, especially the absence of vomiting and diarrhea,
which increased the care team’s confidence that immunosuppression would be absorbed. The
psychotherapy resources of a high-volume transplantation center were also beneficial. Overall,
anorexia should still remain a contraindication for heart transplantation, but the case
demonstrates that successful heart transplantation is possible in patients with anorexia with
careful patient assessment and intensive psychotherapeutic support in the context of
multidisciplinary care.
5. Conclusions
A precondition for therapeutic adjustments for patients at higher risk of organ rejection due to
mental health disabilities is the full integration of the mental health professional in the
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multidisciplinary transplantation care team. Medical professionals, especially surgeons, are trained
to treat the body. In the past, some surgical teams may have tended to discount patients’ mental
health as a factor potentially influencing the outcome of surgery. However, the likelihood that
patient mental health can affect transplant outcomes is underscored by the current evidence [4]
and in some special cases like the one reviewed here it is possible and beneficial to adapt
perioperative caretaking to mental health risks. Continuous cooperation with mental health
professionals in care teams helps not only in the early identification of such cases but also in the
development of effective, individualized, “unconventional” interventions for simultaneously
addressing somatic and psychological needs in cases where mental health problems must be
monitored and mitigated.
This case underscores the importance of additional research into the connections between
psychotherapeutic interventions for psychological disorders and long-term health after solid organ
transplant. In order to expand clinical knowledge of these patients, we recommend additional
studies of interventions for persons with mental health issues and long-term health outcomes
among transplant patients using multiple cases and a greater range of mental health disorders.
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Abstract
Pancreatic islet transplantation holds promise for patients with insulin-dependent diabetes,
but is severely limited by a shortage of cadaveric donor islets, and more so because of
stringent inclusion criteria for organ donation including donor metabolic function, age, and
comorbidities. The impact of these diverse factors on islet health has led to a broad
investigation of global influences on islet biology, not least of all, characterization of mature,
functional cellular identity and maintenance of appropriate endocrine lineage. This review
will present the current knowledge on β-cell heterogeneity and inherent plasticity, and the
role of cellular dedifferentiation of islets and β-cells in the normal and pathophysiological
states, including aging, diabetes subtypes, and islet transplantation. Examination of potential
strategies for reduction of metabolic stress by endogenous and exogenous modes is further
discussed.
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1. Summary
Over the past two decades, the Edmonton Protocol made islet allotransplantation a feasible
clinical procedure which has resulted in over 1500 patients being transplanted in international
centers [1, 2]. Islet transplantation is an effective and relatively noninvasive procedure for
restoring endogenous insulin production and protecting against both severe hypoglycemia and
microvascular complications [3-7], thus improving glycemic control and quality of life even in
those grafts which retain only partial function [8, 9]. In recent years, advances in islet
transplantation procedures such as standardization of islet processing, engraftment,
immunosuppression/immunomodulation regimens, and identification of dynamic islet donor
factors has resulted in improved clinical outcomes [10-13]. However, due to sustained cadaveric
islet shortages and immunosuppression requirements, the majority of patients are not currrently
eligible for transplantation, restricting this technique only to those with hypoglycemia
unawareness and/or end-stage renal disease [14, 15]; moreover, those patients who do meet
inclusion criteria still require 2-3 repeated transplants to achieve insulin independence, severely
limiting the number of benefitting recipients. Thus, implementation of islet transplantation to
treat more patients requires a deeper understanding of donor factors such as islet- and β-cell
heterogeneity, and the relationship between β-cell identity and function.
2. Beta-Cell Heterogeneity: Development, Aging, and Inherent Plasticity
Pancreatic β-cell identity has been shown to be a surprisingly fluid state, changing with age,
development, and disease. Although not a new concept, cellular differentiation from the mature
state has gained traction as a physiological response to stress or external stimuli, in an attempt to
effect the cell’s survival or to re-establish homeostasis. Loss of cell identity can be defined in two
broad ways: dedifferentiation, the loss of defining, functional, and/or mature cellular
characteristics from a terminally differentiated cell type [16, 17]; and transdifferentiation, the
change from one mature cell type to another, which can take the route of a direct transition, or
alternatively, to utilize an intermediate state [16]. Transition between “mature” to
“dedifferentiated” states has been shown to result from opposing influences of contextdependent stress evasion/survival and regeneration forces. Importantly, the ability to direct this
process is of critical importance for the treatment of diabetes.
While generation of functional β-cell mass from non- β-cell-source is of critical interest and
hope for diabetes therapy, this review will focus on β-cell heterogeneity in vivo specifically; in the
least, utilization of induced pluripotent stem cells (iPSc) and human embryonic stem cell (HESc)
source for organ renewal is both optimistic and provocative in its scope. Elegant reviews of the
endocrine pancreas developmental program [18, 19], and novel protocols for the attempt at
recapitulation and exploitation of these processes in vitro and in vivo [20-28] for functional islet
mass generation provide a framework for the current examination of islet cell identity in the
transplantation milieu.
Insulin hormone presence is the standard-bearer for β-cell identity, however other components
must be present and functional, which include glucose sensing, cell excitability, insulin processing
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and secretion, and the presence of specific transcription factors (TFs) which control the
transcriptional programs that provide for the other endocrine functional traits listed [29]. Under
normal circumstances, β-cell replication in the mature mammalian pancreas is extremely low [30,
31], although compensatory increases in proliferation have been documented, such as obesity,
high-fat diets, injury models, and pregnancy [32-35]. Evidence for the loss of β-cell proliferative
capacity linked to aging and T2D have been proposed [36-38], and may be mediated by p16ink4a
[39]. Indeed, β-cell proliferation has been shown to be a state of phenotypic immaturity,
necessary for cellular growth and modulated by the master regulator gene c-Myc [40]. Others
have further suggested that transient β-cell dedifferentiation during proliferation involves a
transition to a PP-positive cell state, and under the control of Smad7 [41].
Multiple examples of in vivo β-cell lineage plasticity have been described. In both mice and
human pancreas, a subpopulation of rare lineage-plastic β-cells was identified, generating progeny
with non- β (α, δ, γ), pancreatic ductal, and even neural cell fates [42-44]. These cells were broadly
classified by their increased proliferative capacity, and a lack of functional and maturation markers,
including the glucose transporter-2 Glut2 (SLC2A2) [42, 45]. Intriguingly, these cells maintain
insulin expression, albeit in lower levels than in fully functional endocrine cells [42]. In the early
postnatal mouse and human pancreas, these cells were found in higher proportion in the small,
extra-islet clusters of β-cells than in prototypical islets [43]; as the endocrine pancreas remodels
with age, these cells decrease in proportion [46], paralleling the decrease in β-cell proliferative
capacity and the simultaneous increase in functional glucose responsiveness. Importantly, these
cells proliferate during times of increased metabolic demand, such as diabetes [47] and following
exposure to the specific β-cell toxin, streptozotocin [48], thus attempting to replenish functional βcell mass and maintenance of glucose homeostasis. Moreover, these cells show a robust
proportional increase in the pregnant female mouse -- a classic model of rare postnatal β-cell
proliferation -- immediately preceding the increase in β-cell mass required for fetal somatic
growth and in response to hormonal influence [48]. These Ins+Glut2LO cells subsequently decrease
shortly before parturition, allowing appropriate endocrine pancreas remodeling in the perigestational and postpartum period [49].
The genetic signature of fate-undefined β-cells has been rigorously examined; in addition to
low insulin and a relative lack of Glut2, these Ins+Glut2LO cells demonstrate alterations in the
relative expression levels of MafB, Pdx1, Nkx6.1, and Ngn3 [42, 43], suggesting an immature β-cell
phenotype in vivo. Others have similarly showed a population of Pdx1+Inslow β-cells which
demonstrates low expression of Glut2, Gck, and MafA, whilst being proliferative [50]. In yet
another example, a collection of insulin-lineage reporter-labelled β-cells was found to
demonstrate an immature phenotype, with increased expression of Pdx1 and MafB, and a lack of
Nkx6.1 and Glut2 [51]. In these and other examples, the cells of interest participated in a renewal
of β-cell mass during aging and after injury [50-52].
This immature β-cell phenotypic signature has been further reinforced, such as the lack of the
β-cell maturation marker Urocortin 3 (Ucn3) [53, 54]. The spatial orientation of these Ucn3deficient β-cells was suggested to be at the islet periphery, in what the authors’ term a “neogenic
niche” for “virgin” β-cells [55]. These cells were proposed to be the result of early
transdifferentiation from α-cells, representing an early intermediate stage of development, but
which persist throughout life, decreasing in proportion with age [55]. Bader and colleagues have
shown that Flattop (Fltp), a planar-cell polarity gene responsible for maintenance of the rosette
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structure of cells within the pancreas can be used to distinguish mature from proliferative β-cells
[56]. The Fltp-negative, proliferative β-cells contained less Glut2, Ucn3, MafA, and Nkx6.1, which
echoed findings from others [42, 43, 53, 57]. In another study, Johnston et al reported that β-cell
“hubs” exist, intermingled amongst other β-cells within the islet; analogous to a pacemaker, these
specialized β-cells dictate responses to glucose [58]. These hub β-cells represent less than 10% of
cells by total number, demonstrate a transcriptionally immature phenotype, and are highly
metabolically active. And in yet a further example, Westacott and others found that these
pacemaker β-cells control electrical dynamics, thus controlling insulin secretion [59]. These data
suggest that islet architecture, including size or number of cells within an islet, location of β-cells
within the islet or pancreas, and planar orientation, has direct impact on islet function. Whether
these cells represent a precursor/resident stem cell population, or simply a population of β-cells
which can be recruited in times of increased metabolic demand, may be a qualified argument, as
many of the same markers define early and late (or, alternatively, mature and immature) β-cells,
albeit in varying amounts. However, their utility in tissue repair remains steadfast, and further
information is required to identify, and/or protect them clinically, particularly when making islet
transplantation decisions. This further provides enhanced rationale for protecting existing cell
populations, as these data deliver convincing evidence that islet cells do not exclusively die during
disease progression, as was the canonical assumption; instead, a population of them survive, but
cease to behave as functional endocrine cells.
These data also show the prevalence and breadth of β-cell heterogeneity. Beta-cell phenotypic
non-conformity was quantified by mass cytometry in isolated human islets using surface markers
for various hormones and proliferation. Provocative results from “barcoding” cell populations
suggest that β-cells exist within many cell states, specifically within those proliferating endocrine
cells [60]. Three major clusters of β-cells within individuals were reported, correlating roughly with
proliferation and age metrics [60]. A similar study found that β-cells occupied one of four states
when assessed by the differential expression of ST8SIA1 and CD9 [61]. The majority of β-cells were
absent for both ST8SIA1 and CD9 in healthy donors; in contrast, ST8SIA1 presence was markedly
increased in islets from donors with T2DM. The ST8SIA1-positive β-cells were less glucose
responsive, suggesting functional and clinical deficits [61]. In yet another study, isolated single βcells were shown to exist within at least 2 states by software analysis of Ca 2+ responses to high
glucose [62]. Unsurprisingly, there is also evidence for sex differences underlying β-cell function
and pathology [63], including GSIS assessments and DNA methylation patterns [64]. Importantly,
these changes are not only found to be variable between pancreata of different donors, but also
within the pancreas of the same donor, layering complexity onto our understanding of islet
biology.
3. The Genetic Makeup of β-Cells Defines Their Function
The presence or absence of specific genes, transcription factors, and proteins has been
proposed to maintain or change β-cell fate. Puri et al showed that deletion of the von HippelLindau (Vhl) gene, which regulates the hypoxic response via the transcription factor hypoxiainducible factor (HIF), causes negative effects to β-cell gene expression. They and others have
found a relationship between the HIF-hypoxia response pathway and glucose homeostasis: the
loss of Vhl effected a phenotype similar to diabetes and caused alterations to endocrine identity
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[65, 66]. The authors attributed this change to the inappropriate maintenance of Sox9, present in
β-cell progenitors but normally excluded from mature β-cells. Thus, under hypoxic conditions, the
β-cell dedifferentiates in order to survive.
Nkx2.2 is expressed in the developing pancreas and later restricted to the endocrine-lineage,
including α, β, PP, and ε-cells [67]. In the adult, Nkx2.2 is maintained in α, β, and PP-cells. Genetic
deletion of Nkx2.2 was shown to decrease generation of α and PP cells, and halt β-cell
specification, causing lethal hyperglycemia. These lineage-unspecified cells produced none of the
four endocrine hormones, but did express some β-cell markers including Pdx1 and IAPP, the
protein component of islet amyloid, islet amyloid polypeptide (IAPP, or amylin), yet lacked Glut2
and Nkx6.1 [68]. Nkx2.2 is part of a large repression complex in β-cells that includes DNMT3a,
Grg3, and HDAC1, and prevents β- to α- cell reprogramming [69]. Guttierez et al recently
demonstrated that deletion of Nkx2.2 in mature mouse β-cells caused rapid onset of
hyperglycemia, loss of insulin production, and down-regulation of β-cell genes. Furthermore, there
was evidence of cellular reprogramming and bihormonal cells in the Nkx2.2-null β-cells that
acquired non–β cell endocrine features, suggesting that β-cell identity requires continual
repression of non–β cell programs [70].
The TF Arx normally specifies α-cell fate and simultaneously represses the β- and δ- lineages
[71]. In a gain-of-function experiment, forced expression of Arx in the embryonic pancreas or in
developing islet cells caused fatally high hyperglycemia in mice. This was a result of near-complete
loss of β- and δ- cells, and a concurrent increase in the proportion of α- and PP- cells. Intriguingly,
the mis-expression of Arx in adult β-cells in vivo resulted in their conversion to α- and PP- cells [72].
Alpha-to-beta transdifferentiation and α-cell identity loss has been effected by targeting Arx,
shown in multiple reports [73, 74], and in one report, with concurrent targeting of DNA
methyltransferase 1 (Dnmt1) [75]. Interestingly, Wilcox et al reported that the Arx-negative cells
which underwent a transdifferentiation via a bihormonal state expressed β-cell markers including
Pdx1, MafA, and Glut2 in the neonate, but not adult mouse β-cells [74]. Li et al reported that
artemisinins, antimalarial drugs that repress Arx by causing its translocation to the cytoplasm,
could be used as a cell source for β-cell replacement strategies for T1DM patients. The authors
purported that artemisinins, including artemether, increase GABA signaling and prevent glucagon
secretion by α-cells, resulting in their consequent loss of identity and transdifferentiation to a βlike phenotype, with associated increased insulin content and improvement in GSIS assessments
[76]. However, follow up reports challenged these results, showing that neither artemisinins nor
GABA directly cause α- to β-cell conversion [77, 78].
The TF Pax4 has been shown to specify β-cells from endocrine progenitors [79]. In an
experiment of ectopic Pax4 expression in both endocrine progenitor and adult endocrine cells, αcells were re-specified towards a β-cell phenotype, generating oversized islets [80]. A subsequent
model utilizing double-transgenic mice of inducible, ectopic, and reversible expression of Pax4 in
glucagon-positive cells showed that adult α-cells can be converted to β-cells [81]. The authors
report this to be Ngn3-dependent which redirects precursor cells in the duct to develop as β-cells
via an α-cell intermediary state, and capable of β-cell mass replenishment after targeted depletion
[81]. Pax6 is similarly necessary to maintain β-cell identity, as deletion in the adult causes severe
hyperglycemia, reduced GSIS, deficient glucose-sensing, and down-regulation of key β-cell genes;
this deletion also “un-inhibited” selectively repressed genes for the β-cell program [82].
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Injury models have demonstrated the attempts of the pancreas to replace lost β-cell mass,
sometimes in unorthodox ways. Alpha cells were shown to transdifferentiate to β-cells after
extreme loss [83], and after forced expression of Pdx1 [84]. It was later shown that Pdx1 maintains
β-cell identity by repressing the α-cell program [85]. Chera et al reported that the cell type
transdifferentiating changes with age in RIP-DTR mice, whose β-cells bear DT receptors: after >99%
β-cell loss due to diphtheria toxin exposure in young animals, the β-cell compartment was
reconstituted by transdifferentiation from δ-cells; after puberty, the α-cells were instead the
regenerating cell type [86].
Islet environmental influences also impact heterogeneity and identity. Using proteomics,
Mahmoud et al classified factors for the maintenance of β-cell stability and function during culture
procedures, particularly in the interim between islet donor procurement and recipient transplant
infusion [87]. Short and long-term in vitro conditions have been shown to induce a loss of mature
islet-cell phenotype, including gene expression and GSIS metrics. The authors found that an
extracellular protein, Apolipoprotein E (ApoE), significantly increased the expression of key β-cell
genes Ins2, Nkx2.2, Nkx6.1, Ucn3 and Glut2, which had been down-regulated after 4 weeks in low
glucose [88]. Furthermore, Spijker et al demonstrated that dispersed human β-cells can undergo a
conversion into glucagon-producing α-cells which are indistinguishable from innate α-cells [89].
These cells also retain their α-cell phenotype after transplantation in vivo. This fate conversion
occurs after β-cell degranulation, and is characterized by Pdx1 and Nkx6.1 presence in glucagon +
cells. Interestingly, the transdifferentiation process can be blocked by lentiviral inhibition of Arx,
further supporting the importance of this TF for α-lineage specification [89].
While variable in their experimental methodologies, rationales, and results, the data shown
here demonstrate substantial evidence supporting the existence and variability in β-cell
heterogeneity, and how loss or gain of specific genes has substantial effect on cell function.
4. Beta Cell Dedifferentiation as A Result of Hyperglycemia and Diabetes Mellitus
Examples of β-cell dysfunction and consequent dedifferentiation caused by metabolic stress
have emerged as a critically topical explanation for the epidemic of patients with T2DM; the most
recent data available from 2017 shows that 9.7% of the US adult general population has diabetes,
91.2% of those with T2DM [90]. This number does not include those with pre-diabetes, impaired
fasting glucose, nor patients with metabolic syndrome, thus estimation of the global impact of
impaired β-cell function is widely underestimated.
Many describe the islet stress process as metabolic exhaustion from chronic load, leading to
severe β-cell dysfunction [91]. Multiple mechanisms have been attributed, including oxidative
stress from glucose metabolism [92, 93], and endoplasmic reticulum (ER) strain, specifically the
unfolded protein response (UPR), causing impaired insulin secretion [94-96]. Lu et al depicts β-cell
loss of identity as the result of a two-hit hypothesis: sustained metabolic stress on the β-cell, and
loss of polycomb-silencing via PRC2, triggering dedifferentiation of β-cells and consequent
diabetes [97]. Polycomb comprises two repressive complexes, PRC1 and PRC2, which control gene
silencing [98]. It is likely that a combination of many factors contribute to islet loss-of-function.
Alleviation of metabolic over-demand on the β-cell is an obvious first step. From the
perspective of the islet, attempts to promote β-cell “rest” is not new, such as exogenous insulin
supplementation, which turns off endogenous production [99]. New techniques now exist to
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achieve this metabolic stasis, including lowering the glucose set-point, improving insulin sensitivity
following treatment with thiazolidinedione (TZD) therapy, glucagon-like-peptide-1 receptor (GLP1R) agonism alone, and/or in combination with sodium/glucose cotransporter-2 inhibition (SGLT2i), which have proven effective in a mouse model of T2DM using β-cell-deficient obese
hyperglycemic/hyperinsulinemic KS db/db mice [100].
Beta-cell dedifferentiation and functional changes with insulin resistance (IR) in the absence of
hyperglycemia have been documented, which illustrate the natural history of disease progression.
Aguayo-Mazzucato reported that mouse β-cell aging markers have heterogeneous distribution and
are induced by IR; indeed, these cells can be stratified by the relative presence of the insulin-like
growth factor 1 receptor (IGF1R) and aging markers p16 ink4a, p53BP1, and senescence-associated
β-galactosidase. Importantly, these aging markers increased after the introduction of insulin
resistance or ER stress [101]. Fiori et al examined non-human primates fed a high-fat/high-sugar
“westernized” diet (HFS) for 24 months, with and without the polyphenol resveratrol [102]
(HFS+Resv), compared to a standard-diet (SD) group. Increased GSIS and IR were documented in
both HFS and HFS+Resv diets compared with SD [103]. There were alterations in α- and β-cell
proportions, and an increase in α-cells containing glucagon and GLP-1 with HFS diet suggesting βcell dedifferentiation, whereas HFS+Resv islets were morphologically similar to SD. And
comparable to other studies recorded, HFS islets demonstrated a decrease in mature β-cell
transcription factors including FoxO1, Nkx6.1, Nkx2.2, and Pdx1, which did not occur with
resveratrol supplementation. Similar changes were observed in human islets in vitro, and suggest
that the effects of resveratrol are mediated through Sirtuin 1 (Sirt1) [104, 105], as the islets
showed a significantly decreased insulin secretion response when a Sirt1 inhibitor was applied
[103]. Islet morphology was further shown to be altered in non-diabetic, insulin-resistant human
islets relative to insulin-sensitive islets, demonstrating increased islet size and an elevated number
of β- and α-cells that resulted in an altered β-cell to α-cell area in the IR group [106].
As IR and impaired glycemia progress to overt diabetes, the loss of mature β- and α-cell
phenotypes similarly manifest. Hyperglycemia was shown to reversibly alter islet structure and
function, such that β-cell-specific expression of a human activating KATP channel mutation in adult
mice led to rapid diabetes and defined alterations in islet morphology, ultrastructure, and gene
expression [107]. Sustained hyperglycemia was shown to be associated with a reduction in insulinpositive cells and an increase in glucagon-positive cells in islets, without alterations in cell turnover.
Furthermore, some β-cells began expressing glucagon, whilst retaining many β-cell characteristics,
representing identity loss. Hyperglycemia, rather than KATP channel activation, underlies these
changes, as they were prevented by insulin therapy and reversed by sulphonylureas [107]. Talchai
and colleagues described β-cell dedifferentiation as a mechanism of β-cell failure in type 2
diabetes. Using a mouse model of FoxO1-deficient β-cells, the authors reported that FoxO1
ablation caused hyperglycemia with reduced β-cell mass following canonical drivers of metabolic
stress, such as pregnancy and aging [108]. The loss of β-cell mass was shown to be the result of
dedifferentiation and not β-cell death, challenging established paradigms [109]. Furthermore,
these dedifferentiated β-cells reverted to progenitor-like phenotypes, expressing Ngn3, Oct4,
Nanog, and L-Myc. A minority of FoxO1-deficient β-cells adopted the α-cell phenotype, expressing
glucagon. These data demonstrate that FoxO1 is required to maintain the β-cell fate under
metabolic stress, and Pdx1, MafA, and Nkx6.1 alone are insufficient to maintain β-cell fate in the
hyperglycemic metabolic environment [108]. Mis-expression of similar transcription factors
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present in islets from donors with T2DM has been further demonstrated, shown by altered MafA
and Pax4 presence in α-cells [110]. In another example from the Accili group, human β-cell
dedifferentiation was scored using multiple indicators of endocrine lineage (hormones), markers
of mature endocrine function (synaptophysin and chromogranin A), transcription factors, and an
endocrine progenitor cell marker, aldehyde dehydrogenase 1A3 (ALDH1A3). Comparing pancreata
from control non-diabetic (ND) vs. T2DM donors, dedifferentiated cells represented 31.9% of βcells in T2DM vs. 8.7% in ND, and 16.8% vs. 6.5% of all endocrine cells. The number of ALDH1A3positive/hormone-negative cells was shown to be 3-fold higher in T2DM than ND controls. There
was further evidence of β-cell specific transcription factors present in glucagon- and somatostatinexpressing cells of donor samples with diabetes [111]. In another study, Spijker et al demonstrated
an 8-fold increase in bihormonal, insulin+glucagon+ cell presence in T2DM vs. ND human islets
(4.05% vs 0.52%), affecting 33% of the islets in pancreata with T2DM vs. 13% in ND control donors
[112]. These bihormonal cells demonstrated an exclusively non-nuclear MafA expression pattern,
and FoxO1 exhibited disparity in compartment staining presence, being found primarily in the
cytoplasm of ND-control islets, as compared to the nucleus of T2DM cells. Furthermore, nuclear
Pdx1 was expressed in a subset of glucagon+Nkx6.1+ cells; overall, these results suggest diabetesdriven endocrine-cell dedifferentiation [112]. Furthermore, there was a correlation between the
bihormonal cells and Nkx6.1+glucagon+insulin- cells from samples with diabetes, and the presence
and extent of islet amyloidosis [112]. IAPP is produced by the β-cell and co-released with insulin in
response to stimuli; IAPP is normally soluble in its monomeric state, but forms misfolded islet
amyloid in type 2 diabetes [113]. Further evidence from Bader et al showed that the human Fltp
ortholog Cfap126, as well as SLC2A2 and Pdx1, were significantly down-regulated in human islets
from pre-diabetic donors, and further down-regulated in islets from T2DM donors compared to
ND samples, suggesting that Wnt/PCP signaling and β-cell maturation and/or function are
impaired by hyperglycemia and altered metabolic status [56]. The β-cell maturation marker Ucn3
was further shown to be co-secreted with insulin upon glucose sensing, promoting somatostatin
release from δ-cells, ensuring appropriate responses to glucose fluctuation in a feedback loop with
insulin and glucagon. Importantly, Ucn3 was shown to be depleted from β-cells in multiple
examples of diabetes and sustained hyperglycemia, specifically in humans with T2DM [114].
Rescue of dedifferentiated Ucn3-negative β-cells was reported by the addition of a small molecule
inhibitor of TGFβ receptor I, Alk5 inhibitor II. It was found to restore mature pancreatic β-cell
identity after extended hyperglycemia and exposure to inflammatory cytokines, re-expressing
Ucn3 and key β-cell transcription factors [115]. In yet another paper, Dahan et al showed that a
subset of β- and δ- cells in islets from donors with T2DM expressed the stomach hormone gastrin,
which is otherwise expressed in the pancreas only during embryogenesis [116]. In vivo and in vitro
data demonstrate that gastrin expression in the β-cell was eradicated after restitution of
normoglycemia [116]. And, in recently diagnosed pancreas samples with T2DM, β-cells showed
evidence of α-cell colocalization, as well as the presence of the mesenchymal marker vimentin,
indicating both β-cell dedifferentiation and reprogramming to other cell lineages [117]. The
presence of vimentin in the endocrine cells of patients with T2DM has been similarly shown by
others, demonstrating a higher expression in α-cells than β-cells, and relative to ND-control donor
samples [118]. These vimentin-positive β-cells were not apoptotic, and had reduced expression of
Nkx6.1 and Pdx1. However, these dual-lineage cells were neither associated with islet amyloidosis,
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nor with bihormonal expression (insulin + glucagon) [118], contrary to other groups’ findings
described above [104, 107, 108, 113].
There is also emerging evidence for β-cell dedifferentiation in T1DM. Examination of remnant
β-cells and isolated islets from T1DM donors illustrated retained insulin secretion regulation,
although there was a reduction in MafA and Nkx2.2 gene expression; α-cells however
demonstrated loss of function, as well as variation in α- and β-cell lineage programs [119].
Implantation of islets into an immune-protected in vivo environment allowed for partial recovery
of α-cell phenotypic identity, but no change in β-cell function, suggesting that α-cell dysregulation
contributes to disease burden in addition to established β-cell loss [119]. Lam et al examined a
large cohort of human pancreas samples (+/- T1DM) for assessment of β-cell mass, endocrine cell
turnover by proliferation and apoptosis, and co-expression of insulin and glucagon. The authors
demonstrated a minimal proportion of transdifferentiated or bihormonal cell presence; only 0.01%
Gcg+ARX+Nkx6.1+, 0.02% Gcg+ARX+Nkx6.1+, and 0% Gcg+ARX+Ins+Nkx6.1+ cells were detected in
ND pancreata. T1DM pancreata, in comparison, did not contain any cells expressing all 4 of the αand β-cell markers tested. The authors thus concluded that there was no apparent, or measurable,
transdifferentiation using these techniques [120]. However, these conditions may be too stringent,
as multiple other groups have shown loss of the mature markers Arx and Nkx6.1 in
dedifferentiated cells, and Nkx6.1 is required for mature β-cell function, a state incongruent with
dedifferentiation [121]. Interestingly however, a recent report from the same group demonstrated
a highly proliferative population of cells present in adolescent and young adult donors with and
without T1DM. These cells expressed Arx and cytoplasmic Sox9; furthermore, about 1/3 expressed
glucagon, although the majority were hormone-negative [122]. These data suggest lineage
plasticity within adolescent and adult human pancreata, and further implicate the role of the αcell. As T1DM is an autoimmune disease, one group identified a subset of immune-resistant β-cells
in a mouse non-obese-diabetic (NOD) model. Rui and others suggestedthat this sub-population
develops from normal β-cells after immune attack, and demonstrated reduced expression of
genes associated with mature β-cell identity [123].The authors provide evidence for a cell survival
program activation; alternatively this could be a consequence of dedifferentiation in response to
autoimmunity.
5. Endocrine Cell Dedifferentiation in the Transplantation Setting
As evidenced above, islet phenotype can be altered by its environment. Due to inflammation
and exocrine pancreas insufficiency consequent to chronic pancreatitis, extensive damage to the
endocrine compartment can result in pancreatogenic or type 3c diabetes [124]. Similarly, cystic
fibrosis–related diabetes (CFRD) is a common and severe complication of CF, which can
consequently require islet allo-transplantation. Recently, Hart et al showed that ~65% of β-cell
area was lost in CF pancreata, evidenced by pancreatic remodeling, inflammation, and peri-islet
adipocyte and fibrosis deposition, and not by inherent islet abnormalities in the cystic fibrosis
transmembrane conductance regulator (CFTR) gene. The authors further found that the islet niche
and islet morphology were altered in CF, which likely impacts insulin and glucagon secretion [125].
Chiefly in the transplant setting, cell identity maintenance is of critical importance. However,
there is relative scarcity of data available. Anderson et al examined islet cell identity in two
retrieved intraportal islet allotransplant grafts from deceased recipients who maintained excellent
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graft function and continuous insulin independence for 13 and 3 years. The authors describe a loss
of Ucn3 presence as well as glucagon colocalization in insulin-expressing β-cells present; in
contrast, no Ucn3-negative β-cells were seen in non-diabetic deceased donor control islets in
pancreas sections [126]. The authors postulated this to be a dedifferentiation survival mechanism
to counteract the stress caused by islet isolation, including ischemia and consequent changes to
vasculature during engraftment [126]. While there is no way to assess the timing of the islet
dedifferentiation retrospectively (i.e., pre – or post- transplant), and the small sample size studied
precludes broad conclusions, these data suggest that loss of mature cell phenotype is a persistent
issue warranting further investigation. In a separate report, the same patient sample whose
transplant functioned for 13 years showed little-to-no amyloid deposition in the liver, suggesting
retained function and low cytotoxic effects [127]. Islet amyloid has been shown to lead to
progressive β-cell dysfunction and cell death, contributing to islet transplantation failure [113].
Mezza et al examined changes in islet morphology secondary to insulin resistance from
pancreas samples obtained during 50% pancreato-duodenectomy surgery, from non-diabetic
subjects classified as insulin-resistant or insulin-sensitive. In addition to changes in insulin
secretion and sensitivity assessments, and alterations in α- and β- size and proportion, the authors
found that 77.7% of patients who were insulin resistant before surgery subsequently developed
type 2 diabetes thereafter [106].
Recently, we sought to investigate the identity of islets in chronic pancreatitis patients
undergoing pancreatectomy and islet auto-transplantation (PIAT), and if long-term transplant
success could be compared with β-cell functional phenotype status at the time of transplant. All
patients were non-diabetic at the time of transplant, and all received equivalent numbers of islets
(~5000 IE/kg). Using histological markers of β-cell identity including hormones, vimentin,
synaptophysin, Ucn3, and MafA, we found that β-cell dedifferentiation was evident in all patients
undergoing PIAT, which paralleled disease severity, and could be stratified relative to ND control
and T2DM control donor samples [128]. These findings were further supported by pre- and postsurgical metabolic function tests, HbA1C, and GSIS assessments with up to 4 years follow-up.
Results indicated that pre-surgical insulin resistance was associated with loss of β-cell phenotype,
and hence function, at the time of surgery, and might suggest a possible pre-surgical tool which
can inform transplant success [128]. These data further indicate that islet cell quality and maturity
is paramount for long-term glucose homeostasis following transplantation. Furthermore, disease
duration and degree of damage may impact the quality of cells available for transplant. Thus, islet
identity may be impacted before and after transplantation, and should be considered when
making clinical decisions including donor selection criteria.
6. Targeting the Reduction of Metabolic Stress: The Bone-Pancreas Connection
Multiple questions arise from these data, such as (how) can we identify islet or β-cell
heterogeneity with diagnostic testing in living humans; if so, can we apply a standard metric to a
threshold value; and related, is there an optimal time for intervention? Furthermore, is there a
way to maintain or promote a mature and functional β-cell identity and phenotype in the global
rise of insulin resistance, metabolic syndrome, and type 2 diabetes?
Clinical strategies for reversal of damage caused by hyperglycemia, pancreatic disease, and
metabolic syndrome will be of critical importance moving forward. One potential target is
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osteocalcin (OC), an osteoblast-derived hormone found to have global body effects. The link
between bone health, energy metabolism, and glucose regulation has been known for some time
[129-132], although the mechanism of action only now is being elucidated [133, 134]. Osteocalcindeficient mice are mildly hyperglycemic [132]; insulin receptors are present on osteoblasts, and
insulin signaling here regulates body composition [135]; and the ligand for osteocalcin, the Gprotein coupled receptor-6a (GPRC6a), is found on multiple cell types, including β-cells, allowing
the undercarboxylated form of osteocalcin (u-OC) [136] to bind in a bone-pancreas feed-forward
loop [137]. This signaling axis was supported by the finding that global GPRC6a-/- mice had both
osteopenia and metabolic syndrome, with glucose intolerance and fatty liver [138]. Osteocalcin
has been found to contribute to the regulation of glucose tolerance, and insulin secretion and
sensitivity in experimental animals, and serum osteocalcin concentration was inversely associated
with blood markers of metabolic syndrome [139]. Importantly, this showed that disease progress
could be quantified by the relative presence of osteocalcin, which putatively could be used as a
diagnostic tool. Osteocalcin was further shown to induce β-cell proliferation by binding to GPRC6a;
inactivation of this receptor in β-cells caused a reduction of insulin production and glucose
intolerance. Importantly, this regulation occurs during both development and in adulthood [140].
In mice with β-cell-specific GPRC6a deletion, there were reductions in pancreas weight, islet
number, insulin content, and insulin gene expression. Both islet size and β-cell proliferation were
reduced in Gprc6aβ-cell-cko mice compared with control mice, and the knock-out animals exhibited
altered glucose tolerance, yet normal insulin sensitivity [141]. Furthermore, isolated islets from
the β-specific GPCR6a-deficient mice demonstrated reduced GSIS in response to osteocalcin. Thus,
the authors provide evidence that GPRC6a is a receptor for OC, and present a direct role for
GPRC6a in regulating β-cell functions, including mass and insulin secretion [141]. Osteocalcin
treatment of islets was further shown to increase both Ins1 and Ins2 insulin genes as well as
cyclin-dependent kinases and cyclin D1 and D2, promoting β-cell proliferation [133, 142].
Our laboratory has shown that osteocalcin protects against nonalcoholic steatohepatitis (NASH)
in a diet-induced mouse model of metabolic syndrome, targeting inflammation and fibrosis in liver
and white adipose tissue [143]. In this model using middle-aged Ldlr-/- mice fed a Western-style,
high fat/ high cholesterol diet, uOC treatment furthermore protected against insulin resistance
[143]. We subsequently undertook an investigation of osteocalcin on isolated human islets from
22 donors, and showed that uOC-supplementation in vitro increased multiple targets, including
insulin content, the proportion of β-cells relative to α-cells, islet-cell proliferation, and the
expression of the sulphonylurea receptor Sur1 [144]. Sur1 is important for glucose homeostasis
and insulin secretion [145]. After transplantation into Nod.scid mice for 1 month, human islet
grafts supplemented with 4.5 ng/ml decarboxylated-OC demonstrated increased human insulin
and C-peptide content, enhanced in vivo GSIS response, and decreased presence of cells
bihormonal for insulin and glucagon relative to non-supplemented islets, suggesting that
osteocalcin contributed to endocrine cell redifferentiation [144]. Ferron et al further
demonstrated that intermittent injection of osteocalcin improved glucose metabolism in mice and
mitigated T2DM [146].
Subsequent evaluation of in vivo osteocalcin levels in children recently diagnosed with both
T1DM and T2DM demonstrated an inverse correlation between HbA 1c and serum concentrations
of uncarboxylated osteocalcin, specifically that low uOC was found in patients with poor glycemic
control shown by high HbA1c [147]. This was not significantly related to age, sex, race/ethnicity,
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diabetes subtype, or body weight status, although the association between uOC and HbA 1c was
more pronounced in children with T2DM than with T1DM, and in males than females. This
observation supports the known effect of OC on insulin secretion and sensitivity, which are both
impaired in T2DM [147]. Alterations in uOC levels has been shown in multiple subsequent reports,
including in chronic pancreatitis patients [148], in postmenopausal women with metabolic
syndrome [149], and in a pediatric population with metabolic syndrome, insulin resistance and
obesity [150]. Furthermore, there was lower bone turnover, and hence lower serum uOC, in
Mexican American men, but not women, with T2DM who had poorer glycemic control [151].
Importantly, Sanchez-Enriquez et al demonstrated a link between cardiovascular risk factors for
patients with T2DM, including high BMI, high fasting plasma glucose, and high HDL, and low serum
levels of uOC, suggesting that osteocalcin could have more physiological roles than previously
expected [152]. In a different model, patients who underwent liver transplantation and
subsequently became diabetic post-surgery demonstrated that total osteocalcin was, yet again,
inversely associated with plasma glucose levels and insulin resistance [153].
The finding of an inverse correlation of uOC with glycemic control warrants further hypothesisdriven research, particularly with respect to endogenous vs. exogenous reliance of insulin, the
confounding influence of exercise, and variability in both patients and islet donors. Rigorous
examination of the mechanisms responsible for osteocalcin action are underway, as well as
further elucidation of the relationship between bone and endocrine health as it relates to disease
mitigation. While osteocalcin as a direct therapeutic agent has not yet been shown in human trials,
these data suggest its potential future utility as hormonal replacement strategy for improving
glycemia in patients with metabolic syndrome or T2DM, or indeed, for increasing islet mass or
function for transplants. These data underscore the importance of β-cell mature function, identity,
and lineage maintenance in relation to endocrine pathologies in the clinical setting, including
transplantation procedures.
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Abstract
Infections are a common cause of morbidity and mortality in solid organ transplantation
(SOT) recipients. Procalcitonin (PCT) has garnered attention as an inflammatory marker that
has been shown to be a valuable marker for early identification of systemic bacterial
infection. However, interpretation of PCTs value in the different types of infections,
transplanted organs, and post-operative courses can be challenging. We review the role of
PCT in the management of infections in SOT recipients. First, the PCT level can be elevated
immediately after transplant surgery, but those levels decline over one week and do not rise
significantly unless an individual develops a systemic bacterial infection. Second, PCT is
elevated in systemic bacterial infection, but not in localized bacterial infections or viral
infection. Third, procalcitonin does not rise significantly during episodes of acute rejection,
but it can be elevated with the use of antithymoglobulin for induction or rejection treatment.
While issues remain with the use of PCT as a predictive, it may provide an important piece of
information that guides clinical decision-making.
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1. Introduction
Infections, as defined by positive culture or biopsy, are a common cause of morbidity and
mortality in solid organ transplantation (SOT) recipients [1]. Poor nutritional status, exposure to
the health care environment before transplantation and the use of immunosuppressive therapy
after the transplantation increase the risk of infections in this population. As is recognized with
non-immunosuppressed hosts, early identification of sepsis, with the subsequent administration
of empiric antimicrobials and adjustment of immunosuppressant therapy leads to improved
patient survival [2-4]. However, patients with suspected sepsis must be distinguished from those
with multiple organ dysfunction syndrome of non-infectious etiologies.
A positive fluid or tissue culture remains the gold standard for the diagnosis of bacterial
infection. However, cultures are problematic in regard to both sensitivity and specificity. Their lack
of sensitivity can lead to missed and delayed diagnoses [5]. From a specificity standpoint, positive
cultures can be misleading as the results may represent colonization as opposed to true infection.
These diagnostic issues may lead to unnecessary or unnecessarily broad antibiotics that, in turn,
may result in complications such as increased antibiotic resistance or Clostridium difficile colitis.
Other than cultures, there are a variety of surrogate markers whose elevation may suggest the
presence of infection. These include white blood cell count with differential, temperature,
neopterin, interleukin-2 receptor, interleukin-6, interleukin-8, tumor necrosis factor-alpha and Creactive protein (CRP). While an elevated white blood cell count (WBC) is commonly used to
predict infection in a normal host, it is not a sensitive marker in the SOT population as the immune
system of SOT recipients is blunted from chronic immunosuppression [6, 7]. Beyond WBC, CRP is a
well-studied inflammatory marker that can be elevated in the setting of surgery, infection, chronic
inflammation, viral illnesses, and even malignancy; however, due to its lack of specificity, it cannot
distinguish infection from other potential causes of elevation in SOT recipients [8, 9]. In particular,
differentiating acute rejection from infection is a challenge as both present with similar
physiologies and similarly elevated CRPs [10].
In recent years, procalcitonin (PCT) has garnered attention as an inflammatory marker that may
aid in the diagnosis of infection and the use of antibiotics [11-13]. In SOT recipients, specifically,
procalcitonin has been shown to be a valuable marker for early identification of systemic bacterial
infection [14, 15]. As in non-immunosuppressed patients, PCT increases in SOT recipients within
three hours of the onset of systemic bacterial infections [16]. Its level is not confounded by graft
rejection or concomitant viral infection [14, 16]. However, in SOT recipients, there is a lack of
consensus regarding PCT cutoff values for the identification of infection. Variables such as the type
of transplanted organ, immunosuppression use, and the timing of transplant have all shown an
effect on PCT levels [17]. Interpretation of PCTs value in the different types of infections,
transplanted organs, and post-operative courses can be challenging. In this article, we review the
role of PCT in the management of infections in SOT recipients.
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2. PCT as A Marker for Bacterial Infection
PCT, a 116 amino acids pro-peptide of calcitonin, is produced under normal conditions in the C
cells of the thyroid gland and K cells of the lung. It does not normally circulate in the bloodstream
of healthy individuals [18]. Its clinical relevance was first identified in 1993, when noted to be
elevated in children with severe bacterial infections [19], though the mechanism of its production
and role in the inflammatory cascade was not well known. In the presence of a systemic bacterial
infection, cytokines such as tumor necrosis factor (TNF), interleukin-6 (IL-6), and granulocyte
colony-stimulating factor trigger non-neuroendocrine tissues to express the CALC-1 gene, which in
turn produces procalcitonin [20-22]. Cytokines associated with infection and bacterial endotoxins
slow the conversion of PCT to calcitonin and therefore, thus raising serum PCT concentrations. The
lag time for PCT induction is approximately 2 to 4 hours after the onset of systemic bacterial
infection, peaking at 24 to 48 hours [23]. After reaching its peak levels, the circulating PCT declines.
Its serum half-life is approximately one day, though this may be prolonged by decreased renal
clearance. Because PCT elevation is triggered by systemic inflammation, local infections such as
abscesses and slowly-evolving infections such as chronic osteomyelitis and tuberculosis may not
raise PCT levels [24]. Additionally, PCT is not elevated in viral infections as interferon gamma
blocks PCT production. It is not affected by anti-inflammatory agents such as steroids or nonsteroidal anti-inflammatory drugs [17] (Figure 1).

Figure 1 Procalcitonin in response to systemic bacterial infection.
3. How PCT is Used
PCT levels can be used in two ways—as individual values with predictive qualities in and of
themselves and as a series kinetic values whose predictive nature lies in their change over time. A
PCT level higher than 0.5ng/mL has a high positive predictive value to rule in systemic bacterial
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infection. A level less than 0.25ng/mL has a high negative predictive value to rule out a systemic
bacterial infection [25-27]. In the outpatient setting, low cut-off values (e.g. <0.25 ng/mL) have
been used to minimize unnecessary antimicrobial therapy [25-27]. In its predictive role as a kinetic
value, a decreasing PCT level provides a means to monitor the success of antibacterial therapy. In
the intensive care unit (ICU), changes in PCT after the initiation of antibiotics have been used to
optimize the duration of antimicrobial therapy. In studies of both general sepsis as well as
pneumonia, it has been shown that antibiotics may be safely stopped once PCT levels decrease by
more than 80% from the peak value after antibiotic initiation [28, 29]. In a systematic review, the
use of algorithms based on the change in PCT values, did not increased mortality but did reduce
antibiotic exposure [30]. While PCT does not identify the organism to adjust antibiotics, it can be a
useful biomarker in deciding to initiate empiric antimicrobial therapy. Combined with the newer
rapid organism-identifying technologies such as matrix-assisted laser desorption/ionization time of
flight and polymerase chain reaction-based methods, PCT may have an important role in directing
antimicrobial use.
4. PCT Levels in SOT
PCT is commonly elevated to levels of 10-1000ng/mL in severe systemic bacterial infections [9].
In healthy individuals, PCT values are normally below 0.5 ng/mL [27, 31]. With its stable
biochemical properties, PCT has been used to differentiate systemic bacterial infections in the
many clinical settings including the transplant population. In a meta-analysis of seven PCT studies,
Yu et al. calculated the predictive value of PCT for infection [32]. PCT demonstrated a sensitivity of
85% and specificity of 81% in identifying bacterial infection after transplantation. These
parameters were similar to the performance of PCT in evaluating bacteremia in the normal host
[8]. When including only liver recipients, the sensitivity and specificity were higher, and, in all
patients, the diagnostic value of PCT was not compromised by long-term immunosuppression.
Despite these promising results, there are unique challenges in the interpretation of the PCT
levels in SOT recipients, especially at the early transplant course. PCT can be elevated after the
major surgery or trauma [33]. Consequently, in heart, lung and liver transplant recipients, PCT is
increased in the first post-operative week. However, after that first week, persistently elevated or
increasing PCT levels can be used to predict infection [34]. This predictive value has been shown to
be superior to CRP for identifying infection [31].
Liver SOT: In liver transplant recipients, PCT levels, in the absence of infection, can be elevated
in the first seven days following transplant, with a peak at day two, before declining to a normal
level. It is postulated that the influx of bacterial endotoxin from the small bowel during the
transplantation and the transiently impaired endotoxin clearance from the graft raises the postoperative PCT level [35, 36]. Kaido et al. observed that deceased-liver transplant recipients had
higher PCT levels than living-liver transplant recipients. This may be explained by an increase in
endotoxin production with longer ischemic times.
Beyond the immediate post-operative stage, an elevated PCT has significant associations with
infection. Among liver transplant patients with bacteremia, PCT levels are significantly increased
compared to patients without bacterial infection, even those with cytomegalovirus (CMV)
antigenemia or with acute rejection. Using low and high cut-off values of 0.5 ng/mL and 2.0 ng/mL,
respectively, PCT demonstrated a high negative predictive value of 96% and a positive predictive
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value of 83% in the diagnosis of bacteremia [14]. PCT has also been studied to predict catheterrelated bloodstream infections in liver transplant recipients. Chen et al. found 25 patients out of
55 patients who developed catheter-related bloodstream infection had higher PCT levels [37].
Perrakis et al. measured post-operative PCT levels in thirty-two liver transplant recipients. Two
patients who had a rapid increase in procalcitonin died. Lower peak procalcitonin levels (< 5 ng/mL)
were observed in ten patients, nine of which suffered no complications. Procalcitonin levels
greater than 5 ng/mL were noted to have an eleven-fold higher risk of complications [38]. They
concluded that a higher initial PCT might be correlated with post-operative complications and
worse outcomes. In another large study of liver transplant recipients, 233 patients were evaluated
[39]. PCT was elevated in patients with significant infections, though was not a statistically
significant marker for infection. However, it was felt that post-surgical elevation of PCT may have
confounded the association as most infections occurred within one week of surgery. Furthermore,
localized infections were included in the study and may have confounded the results [39].
Lung SOT: In lung transplant recipients, PCT is elevated in the early transplant period, peaking
in the first 24 hours before declining over the next seven days [40]. Elevated PCT levels in the
setting of infection have been reported in lung transplant recipients [15, 40, 41]. In 233 patients,
Suberviola et al. found that PCT levels above 0.5 ng/mL on admission and 1.17ng/mL on day one
after transplantation were significantly associated with an increased risk of infection [15]. Besides
infection, PCT has been used to assess pulmonary graft dysfunction, a form of acute lung injury
associated with early post-transplantation morality [42, 43]. Mazo et al. measured PCT in the early
period after lung transplantation and found a PCT level measured to be less than 2 ng/mL with 24
hours of transplant has a highly negative predictive value for grade 3 pulmonary graft dysfunction
[44].
Renal SOT: Unlike liver and lung recipients, renal transplant recipients did not see a significant
post-operative rise in PCT, possibly due to the comparatively less extensive nature of renal
transplant surgery [16]. In a cohort of fifty-seven renal transplant recipients, Eberhard et al.
monitored the PCT level during the first six weeks after the transplantation. Seventeen (31%) of
the patients developed an invasive bacterial infection all of whom had a significantly elevated PCT
level when compared to ones without infection [45]. Similar findings were seen in a study that
evaluated the PCT level in 56 dialysis and 28 renal transplant patients. PCT was significantly
associated with infection. Using the cut off value of 0.5 ng/mL, PCT had a sensitivity of 78.6% and
specificity of 85.7% in predicting infection in renal transplant recipients [46]. In renal recipients,
PCT was also associated with graft outcomes. Van Ree et al. performed a prospective study
evaluating the value of PCT in predicting graft outcome in 575 renal transplant recipients. They
measured a PCT level during outpatient visits when the patients had no evidence of infection.
Doubling of PCT level from baseline correlated with a three-fold risk of graft failure [47].
Heart SOT: In heart transplant recipients, Madershashian et al. evaluated the association of PCT
levels with complications after the heart transplant surgery. Evaluated complications included not
only the infection, but also bleeding, the need for repeat surgery, the development of rejection,
and the occurrence of acute kidney injury. Among the patients who had a complication, PCT level
was elevated on day two (54.6 ng/mL vs. 9.1 ng/mL) and day seven (7.8 ng/mL vs. 0.6 ng/mL).
Similar to the liver and lung transplant recipients, significant elevation of PCT was observed
immediately after the surgery in both group [48] (Table 1).
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Table 1 Summary of procalcitonin studies in SOT (Single allograft).
Transplanted
Organ (N)

Article (Author,
country,
published year)
Liver Transplantation
Liver (22)
Kuse, Germany,
2000 [49]
Liver (61)
Fazakas, Hungary,
2003 [50]

Procalcitonin
Comparison Group

Result and Comment

Microbiologically
documented infection
Post-operative
complication

Liver (67)

Eyraud, France,
2008 [35]

Infection

Liver (64)

Prieto, Spain,
2008 [51]

Infection

Liver (135)

Van den Broek,
Germany 2010
[39]

Liver (32)

Clinically significant
infection (N=30, 8
pulmonary infection,
9 intraabdominal
infection, 13
bacteremia)
Noncomplicated vs.
complicated group

Procalcitonin level >5.9 ng/mL had
more likely to have the infection
Post-operative day two PCT level
was higher in groups that developed
complication than other groups
(30.6 ng/mL vs. 4.8 ng/mL)
High peak PCT level was associated
with infection and cardiac arrest of
donor
23 who developed infection had
higher PCT level than ones did not
have an infection (cut off 1.92
ng/mL)
Patient with clinically significant
infection had higher peak PCT than
non-infected, but it was not an
independent marker.

Perrakis,
Germany, 2010
[38]
Chen, China, 2011 Catheter-related
[37]
bloodstream infection

Liver (55)

Liver (34)

Liver (104)

Grammatikopoul
os, United
Kingdom, 2012
[52]
Kaido, Japan 2014
[14]

Fever, 22 (66%)
developed the
infection
Post-operative
Bacteremia
CMV antigenemia
Acute cellular
rejection

Peak PCT level >5ng/mL had
increased odds ratio of a
complication 11.2.
25 (45%) who developed catheterrelated bloodstream infection had
higher PCT level than those who did
not. (cut off value 3.1 ng/mL)
PCT levels were significantly higher
in bacterial and fungal infection in
comparison to other inflammatory
markers (CRP, IL-6).
Increased (Deceased-donor had
higher level increase than living
donor) in the first 7 days, peak in
day 2 to 3.
45 (43%) out of 104 patients with
bacteremia had higher PCT level.
PCT level did not increased in CMV
antigenemia compared to
bacteremia (0.53 ng/mL vs 5.71
ng/mL)
PCT level did not increased in acute
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Liver (65)

Gur, Turkey 2017
[53]

Infection by culture
positive versus
control

Lung Transplantation
Lung (25)
Suberviola, Spain,
2012 [41]

Infection versus noninfection

Lung (26)

Desmard, French,
2015 [40]

Respiratory infection

Lung (233)

Suberviola, Spain
2017 [15]

Infection

Lung (100)

Mazo, Spain 2018
[44]

ICU survival,
pulmonary graft
dysfunction

Heart transplantation
Heart (52)
Madershahian ,
Germany, 2008
[54]
Kidney Transplantation
Kidney (57)
Eberhard,
Germany,1998
[45]
Kidney (575)

Van Ree,
Netherland, 2009
[47]

Kidney (406)

Dizdar, Turkey,
2014 [55]

rejection compared to bacteremia
(0.42 ng/mL vs 5.71 ng/mL)
Higher PCT level (20.5 ng/ml vs. 2
ng/ml) in the infection group than
the control group
Six developed infections (3
pneumonia, 2 bacteremia, 1
peritonitis) had higher PCT than
control (cut off 8.18 ng/mL)
Doubling PCT level was associated
with respiratory infection (RR 4.2,
95% CI (1.95 to 9.03)
PCT levels above the median
(0.5ng/mL on admission or 1.17
ng/mL on day 1) were associated
with an increased risk of infection
PCT <2ng/mL within 24 hours of
transplant has a high predictive
value to exclude grade 3 pulmonary
graft dysfunction (97%) and for ICU
mortality (100%)

Event (complication
including bleeding,
acute kidney injury,
infection, rejection)

28 pts eventful group had lower PCT
than 24 pts with an event on the
second day and day seven

17 patients with
invasive bacterial
infection compared
with 30 non-infected
Graft failure
(Procalcitonin level
obtained at
outpatient at the time
of no active infection)
82(20%) patients
developed pneumonia

PCT was elevated with invasive
bacterial infection

Doubling PCT level from baseline
was associated with a three-fold
increase of graft failure.

PCT level >8.8 ng/mL increased the
risk of death from pneumonia

5. Non-Infectious Causes of PCT Elevation in SOT Recipients
There are a variety of non-infectious conditions that can lead to an elevation of serum PCT in
SOT recipients. These includes cirrhosis, inhalational injury, obstructive pancreatitis, autoimmune
disorders, trauma, ischemia, malignancy, rhabdomyolysis and the use of immunosuppressive
drugs [17, 34, 45, 56-58]. As with transplant itself, other major surgeries result in an elevation of
PCT levels, especially in the first 24-48 hours after surgery [59]. Transient gut translocation of
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bacterial products into the systemic circulation may also lead to a rise in PCT, even if the
translocation does not lead to other sequelae suggestive of infection [34, 57]. While the above
may confound the clinical utility of PCT as a predictor of bacterial infection, acute rejection
typically demonstrates only a modest increase in PCT [9, 60].
6. The Effect of Antithymocyte Globulin (ATG) on PCT Levels
Antithymocyte globulin (ATG) used during induction or rejection treatment can raise PCT levels
[54, 61, 62]. In heart transplant recipients, PCT levels have been shown to increase after ATG
induction, though trend down on further dosing [54]. Similar PCT kinetics have been observed in
renal transplant recipients receiving ATG, though those who received interleukin-2 receptor
blockade did not demonstrate an elevation in PCT levels [61]. For those receiving ATG, the early
elevation in PCT may have been confounded by post-surgical elevation of procalcitonin. However,
SOT recipients treated for acute rejection, distant from the time of transplantation, had similar
PCT elevation after ATG administration [45, 61, 63]. The mechanism behind this elevation is
thought to be twofold. First, ATG leads to transient elevation of cytokines such as TNF alpha and
interleukin-10, which can in turn trigger PCT production. Also, cytokines produced in the setting of
ATG can transiently increase gut permeability with associated endotoxin translocation. Endotoxin,
as had been noted, leads to a rise in PCT levels [61]. Beyond ATG, other common chronic
immunosuppression like cyclosporine, tacrolimus, azathioprine, and steroids do not affect the
baseline PCT level [16, 26, 44, 60, 64]. If the degree of immunosuppression and the type of
immunosuppression are not changed, the dynamics of the PCT level should remain stable and can
be used as a biomarker to differentiate systemic bacterial infection.
7. Remaining Challenges
There are areas not well described regarding PCT use in SOT recipients. PCT is not well studied
in specific types of infection in different allograft SOT recipients. Most of the studies described
above were retrospective and had different definitions of infection. Therefore, it is hard to
generalize regarding the value of PCT to identify risk for infection in individual patients. Further,
the degree of PCT elevation in different pathogens, by organism or organism type, was not defined.
While it is generally elevated in systemic bacterial infections, it remains an insensitive test for
predicting or identifying localized infection. Also, if PCT is to be used post-operatively for screening
or monitoring, a patient’s baseline, pre-operative PCT level, history of other recent surgeries, and
the presence of rejection may all confound the utility of PCT monitoring. Furthermore, the length
and most appropriate time window for screening is unknown, which may further affect the clinical
usefulness of the test. While all of the above questions relate to PCT levels in recipients, another
area of interest yet to be explored is the association of donor PCT levels on recipient outcomes. An
exploration of the above issues may help establish the value of measuring PCT levels in transplant
patients.
8. Summary
The use of PCT holds potential as a modality for assessing the presence of systemic bacterial
infection in SOT recipients. At this stage, there are a few facts to consider if using PCT to predict
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the presence of infections in SOT recipients. First, the PCT level can be elevated immediately after
transplant surgery, especially in heart, lung, and liver transplant recipients. However, those levels
decline over one week and do not rise significantly unless an individual develops a systemic
bacterial infection. Second, PCT is elevated in systemic bacterial infection, but not in localized
bacterial infections or viral infection. Therefore, clinicians should still take care to rule out
localized bacterial infections or viral infections in patients with low PCT levels. Third, procalcitonin
does not rise significantly during episodes of acute rejection, but it can be elevated with the use of
ATG for induction or rejection treatment. However, PCT is not affected by other
immunomodulators. While issues remain with the use of PCT as a predictive, it may provide an
important piece of information that guides clinical decision-making.
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Abstract
In recent years, several agencies have issued warnings about the spread of Candida auris
infections, a multidrug-resistant yeast that is associated with serious infections and with a
mortality rate that can reach 70%. This problem is especially serious in transplant recipients
receiving intense immunosupressive therapy. There are no established criteria on the
relevance of this colonization or on when the transplant should be contraindicated in these
© 2019 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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cases. Five cases of colonization and two of candidemia have been detected in patients on
the heart transplant waiting list. The clinical characteristics and the evolution after the heart
transplant of these cases are described in this study, and an action protocol is elaborated in
different profiles of patients with colonization and/or infection by C. auris on the HT waiting
list to help improve risk stratification to Transplant Teams.
Keywords
Heart transplantation; urgent transplantation; colonization; infection; Candida auris

1. Background
Colonization / infection of patients in critical units constitutes a problem that is especially
serious in patients waiting for a heart transplant (HT) since they will receive an intense level of
immunosuppressive therapy that will last their whole lifetime. Determining the degree of
colonization from which the transplant should be contraindicated is a controversial aspect and is
far from being resolved. Colonization by Candida has been described in up to 80% [1] of patients
with at least one week of stay in a critical unit. In the last two years, several national and
international agencies have issued alerts for the emergence and expansion of infections caused by
Candida auris, a multidrug-resistant yeast that is associated with serious infections often in the
form of hospital outbreaks in critical care units [2-5]. C. auris can colonize the skin and mucous
membranes, and can infect wounds (especially surgical) or cause candidemia and infections with
invasion of one or several organs. In case of candidemia or invasion of organs the mortality can
reach 70% [3]. This yeast is also multidrug resistant to the antifungals that are considered first line:
it is resistant to fluconazole, and has a variable susceptibility to other azoles, amphotericin B and
echinocandins. Recently, the first cases of nosocomial fungemia by C. auris have been reported in
our center located in the continental Europe [6]. After this, we detected in our center 5 cases of
colonization and 2 cases of candidemia due to C. auris in patients on the HT waiting list who were
hospitalized in the Intensive Care Unit (ICU). Given the impact of C. auris colonization or infection
in this groupof patients in terms of the possibility of performing HT and short-term prognosis, we
describe the clinical and analytical characteristics of these patients, the evolution after HT and the
strategy that is used in these cases to help the Transplant Teams to stratify the risk.
2. Description of Cases
Table 1 summarizes the characteristics of patients colonized / infected by C. auris before HT. All
of these patients were on the urgent HT waiting list with the exception of patient No. 3, who had
an elective HT in which post-transplant C. auris was isolated. All of them were hospitalized in the
ICU. One patient had previously been treated with anti-fungals due to colonization / previous
infection by fungi (not C. auris) while others had previously been treated with antibiotics for some
bacterial infection. All of them had a central venous catheter and bladder catheter, and 6 were
carriers of some ventricular assist device (86%). In the two cases of confirmed candidemia, the
blood culture that was finally positive had been extracted before transplantation, but the result

Page 67/394

OBM Transplantation 2019; 3(1), doi:10.21926/obm.transplant.1901053

was obtained within hours-days after the intervention was finished. These two patients received treatment when candidemia was confirmed. Both
cases resulted in the death of the patients; the first case by rapidly progressive sepsis (24-48 hours); the second due to respiratory infection and
respiratory arrest in the later post-operative period, with no direct relationship with candidemia (Table 1).
Table 1 Clinical-epidemiological characteristics of patients with C. auris colonization or infection.
Case 1

Case 2

Case 3

Case 4

Case 5

Case 6

Case 7

Age / Gender

64 / M

63 / M

66 / M

59 / M

66 / M

60 / M

55 / M

Primary etiology

Ischemic DCM

Ischemic DCM

Ischemic DCM

Ischemic DCM

Non-ischemic
DCM

Acute ischemic
heart disease

Days at intensive
care unit*

11

Post-surgical
valvular
cardiomyopathy
15

30

14

80

24

58

Sample / CFU

Rectal
exudate / 200
CFU

ECMO wound
exudate and
nasal exudate

Urine 100.000
CFU /ml

Negative

Negative

Rectal exudate Oropharyngeal
exudate, rectal
exudate and
tracheal aspirate
Negative
Negative

Rectal exudate

Blood culture

Tracheal aspirate
/ >1000 CFU
Rectal exudate
/ >1000 CFU
Negative

Positive

Positive

MV /days

Yes / 2

No

No

No

No

Central
catheter/days

Jugular/11

Jugular/3

No

Jugular/8
Radial/13

Yes/
Tracheostomy
30 days
Jugular/10

Yes/
Tracheostomy 30
days
Jugular/6

Jugular/3
Cephalic/16
Radial/24
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Ventricular
assistance / days

Levitronix /3

Previous
tratment with
antobiotics /days
Previous
treatment with
antifungic/days
Evolution at 30
days

ECMO/8

No

ECMO/4

Long-term LVAD
as Heart Ware®

ECMO/23

Levitronix
Centrimag®/30

Amikacin/5
Daptomycin/8
Meropenem/5 Ceftriaxone/8

Levofloxacin/5

Ceftriaxone

Meropenem/10

No

Micafungin/8

No

No

No

Linezolid/10
Meropenem/12
Amikacin/4
No

Tigecycline/3
Meropenem/10
Amikacin/10
No

Sepsis by
klebsiella
pneumoniae
and death
because of
respiratory
failure at 90
days

Initially favorable Torpid wound
response. At 60
evolution
days, readmission (ECMO). Alive
by pulmonar
aspergilosis and
death

Favorable

Death at 60 days
because of severe
myopathy and
aspiration with
respiratory failure

Refractory septic
shock and MOF.
Death 48 hours
after HT

Death at 30
days because of
respiratory
sepsis and
respiratory
failure

* Before first isolation
CFU: Colony-forming units; DCM: Dilated cardiomyopathy; ECMO: Extracorporeal Membrane Oxygenation; HT: Heart transplantation; LVAD: Left Ventricular Assist Device;
M: Male; MOF: Multi-organ failure; MV: Mechanical ventilation.
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We have established an action protocol (Figure 1) in different profiles of patients on the HT
waiting list with colonization and / or infection due to C. auris. This paper aims to present our
experience and protocol so that it can be adapted to other similar centers (Figure 1):

Figure 1 Protocol in different profiles of patients on the heart transplantation waiting
list with colonization and / or infection due to C. auris.
(1 Continue with echinocandin and reassess contraindication if there is a clinical and
analytic improvement, with at least 2 negative blood cultures separated by 72 hours.
2
From peripheral blood and central line.
3
Treatment with echinocandin begins at the intensive care unit only if transplant is
immediate, once organ validity is confirmed. It is maintained for 7 days.
4
Candiduria remains after removing/changing urinary catheter.
5
Clinical suspect of sepsis (fever, hypotension, elevation of acute phase reactants,
etc.)+ biomarkers suggesting infection, accompanied by rectal colonization and
colonization in two more foci.
BAS: Bronchial aspirate; BC: Blood culture; HT: Heart transplantation; PCR/T2 Candida:
Detection panel of Candida; TA: Tracheal aspirate.)
 Surveillance cultures are routinely performed at the patient's entrance and once a week in
the ICU. Samples of oropharyngeal exudate and rectal exudate are performed. In patients with
mechanical ventilation, a bronchoaspiration sample is also sent. These cultures are aimed at
systematically detecting the presence of multidrug resistant microorganisms, such as methicillinresistant Staphylococcus aureus and multidrug resistant gram-negative bacilli: Enterobacteriaceae
and Pseudomonas that produce extended-spectrum beta-lactamases (ESBL) and carbapenemases.
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 HT is contraindicated if candidemia by C. auris is confirmed. In these cases, early treatment
with liposomal amphotericin B (5 mg per Kg of weight per day) and an echinocandin are initiated.
The most commonly used echinocandins are: caspofungin (loading dose of 70 mg followed by 50
mg / day), anidulafungin (loading dose of 200 mg followed by 100 mg / day), micafungin (100 mg /
day). Isavuconazole is also used (loading dose of 200 mg / 8 h during the first 48 hours followed by
200 mg / day). We maintain a dual therapy with liposomal amphotericin B and echinocandin for 4
days, and later maintaining only the echinocandin. This is an empirical approach, agreed by a
multidisciplinary team of professionals in infectious diseases, microbiology, intensive care and
cardiologists. In the case of clinical and analytical improvement with two negative blood cultures
separated by 72 hours, the case can be re-evaluated. There are some cases in which C. auris has
reappeared in blood cultures after more than one negative blood culture and, on the other hand,
we cannot forget that these patients are going to receive intense immunosuppression, especially
in the early stages of heart transplantation. Therefore, it is controversial that the negativization of
cultures necessarily implies the eradication of the infection. Therefore, in these cases it is
preferable, if possible, to postpone transplant as far as possible.
 If patients who are candidates for HT are found with colonization but with no candidemia,
then no initial prophylaxis is established. However, a PCR (Polymerase chain reaction)/ T2 will be
performed at the time when a compatible donor emerges. This is a technique that allows to
quickly identify the causative agent of candidemia directly from a blood sample (without a
previous culture) with a predictive value that reaches 99%. If PCR is negative, empirical therapy
with a first dose of echinocandin is administered just before HT with the same doses detailed in
the previous paragraph. This treatment is maintained for at least 7 days, suspending it after 2
negative control blood cultures separated from each other for 72 hours. If PCR is positive,
treatment is started as if it were a confirmed candidemia (see previous paragraph).
 Colonization by C. auris in the urine requires an immediate replacement of the bladder
catheter. In patients who are candidates for a HT with a persistent candiduria due to C. auris
despite the replacement of the bladder catheter, AmB deoxycholate bladder irrigation at 50 mg/L
sterile water daily for 5 days may be useful for the treatment of cistitis due to fluconazoleresistant species (weak recommendation; low-quality evidence) [7]. In this group of patients, as in
the previous profile, PCR is also performed for C. auris at the moment when there is a compatible
donor, and the attitude described in the previous point is carried out. If the number of colony
forming units exceeds one hundred thousand, it is considered urinary infection and, in addition to
establishing anti-fungal treatment as previously described, it is preferable, if possible, to postpone
heart transplantation.
 C. auris in whom there is a high suspicion of candidemia, determined by clinical suspicion
of sepsis (fever, hypotension...) and the presence of biomarkers suggestive of infection: PCR,
leukocytes, percentage of neutrophils and procalcitonin… This situation in our experience occurs
more frequently when the colonization is rectal and in other foci (urine, oropharyngeal exudate,
bronchial aspirate or tracheal aspirate). The management in these cases is similar to that of the
other colonized patients, but the high suspicion of candidemia, although not confirmed, requires
strict microbiological control, periodically repeating the diagnostic tests that are considered
necessary and reassessing the patient's situation on a daily basis. If there is a high suspicion of
candidemia, despite not being confirmed, we must take into account the difficulty in detecting and
identifying this microorganism, and postpone transplantation.
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Daily skin decolonization of colonized patients with aqueous chlorhexidine 2% wipes is
performed. However, some patients presented skin reactions to the aqueous solution. In all cases,
it is important to avoid intrahospital transmission by means of barrier measures, and the early
isolation of all patients infected or colonized by C. auris until having at least 3 consecutive negative
cultures once per week [8].
3. Discussion
The distribution of Candida species has changed in recent decades, with a substantial
appearance of non-albicans Candida species, especially in relation to the use of prophylactic antifungal treatment in high-risk populations [9]. In the last two years, several national and
international agencies have issued alerts for the emergence and expansion of infections caused by
Candida auris. The actual incidence of C. auris infections is probably underestimated, since the
usual techniques do not correctly identify this species. Even so, from the first case described in
2009 [10], cases of C. auris colonization and infection have been increasing in tertiary hospitals in
different countries.
Given the high percentage of transplants performed in urgent code [11], and the increasing use
of circulatory / ventricular assist devices, transplant patients frequently present prolonged pretransplant stays in critical units. In the cases that we present, all of the patients were hospitalized
in a critical unit for refractory cardiogenic shock, with an average stay in this unit of 33 days. This
reflects that, despite the relatively short waiting times for urgent heart transplantation in Spain, as
in all transplant programs, the number of donors is low, and the patients, usually in complex
clinical situations, can spend long periods of time in the ICU before receiving an urgent HT. All of
the patients in our series had some circulatory / ventricular assist device, with the exception of
patient No. 3, who had an elective HT in which post-transplant C. auris was isolated. Patient No. 3
had previously been assisted by Extracorporeal Membrane Oxygenation (ECMO), who had already
withdrawn. All of the patients had been previously treated with antibiotics, which implies the high
frequency of colonization +/- infection from a certain number of days in this type of units.
Patient No.2 had also received treatment with prophylactic anti-fungal (micafungin), because
prior to the isolation of C. auris, had presented with colonization by other candida species in the
oropharynx along with elevation of acute phase reactants in blood tests.
In the two cases of confirmed candidemia, the blood culture that was finally positive had been
extracted before transplantation, but the result was obtained within hours-days after the
intervention was finished. This fact reflects the difficulty in diagnosing this type of candida. The
diagnosis of candidiasis by C. auris requires: clinical suspicion and image and laboratory data
compatible with invasive candidiasis, along with the cultures of the clinical samples and the
detection of fungal biomarkers. This species of candida is not identified by the usual commercial
techniques based on biochemical characteristics. Therefore, it is necessary to confirm the
identification by DNA sequencing of all the isolates resistant to fluconazole [3, 12]. At present,
mass spectrometry and DNA sequencing are the most reliable methods for identification [5, 13]. In
our center, all Candida isolates were identified by phenotypic and biochemical characteristics,
proteomic profiling and DNA sequencing technology. Proteomic profiles were obtained and
evaluated by VITEK MS RUO version (bioMérieux) according to the manufacturer’s instructions.
Definitive identification was performed by sequencing of internal transcribed spacer (ITS) using

Page 72/394

OBM Transplantation 2019; 3(1), doi:10.21926/obm.transplant.1901053

the primers ITS3 -ITS4 and ITS2 -ITS5 as previously described (ref bellamein); sequencing was
performed using GenomeLabTM GeXP (Beckman Coulter, Fullerton, CA, U . S . A .) equipment and
the sequences obtained were compared with those in Microbial Genomes BLAST
(http://www.ncbi.nlm.nih.gov/guide/sequence-analysis/) [14]. The recent introduction of the
Candida T2 panel allows rapid identification of the causative agent of candidemia directly from a
blood sample, without a previous culture, with a predictive value that reaches 99%.
Regarding the fungal biomarkers used for diagnosis (for example, Candida antigen detection,
beta-glucan detection, antibodies ...), although some biomarkers such as antimicelium are
available, they are not routinely performed. The available PCRs used corresponds to the
commercial kits with CEM such as the Auris ID®, which allows for the identification of C. auris in
whole blood, blood culture and swabs with a good performance. In any case, it is important to rule
out infection in patients with colonization, since a candidemia rate of up to 18% is described
among colonized patients [15]. These values are high and represent a serious risk for critical
patients, and make it necessary to reliably rule out the presence of candidemia if the HT option is
considered.
In relation to the treatment, all of our blood isolates independently of susceptibility method
was used, were resistant to fluconazole (minimum inhibitory concentration (MIC) >256 µg/mL)
and voriconazole (MIC >32 µg/mL). Among echinocandins, all isolates were susceptible to
anidulafungin and micafungin (MIC 0.5 mg/L and 0.12 mg/L, respectively). All C. auris
candidemia were initially treated with an echinocandin following susceptibility report and the
recommendations of Infectious Diseases Society of America guidelines [7]. In the cases where
patient did not respond clinically (for example lack of clearance) a combination of antifungals with
a lipid formulation of amphotericin B was considered. None of our C. auris isolates had developed
echinocandin resistance. Two patients with confirmed candidemia was given liposomal
amphotericin B (5 mg per kg of weight per day) and aniulafungin (loading dose of 200mg followed
by 100 mg per day). Both cases resulted in the death of the patients; the first case by rapidly
progressive sepsis (24-48 hours); in the second due to respiratory infection and respiratory arrest
in the later postoperative period, with no direct relationship with candidemia.
This registry is retrospective, however, it is the first study that comments on the pre-transplant
attitude of patients colonized by C. auris and details a concrete protocol of action.
In conclusion, colonization / infection by C. auris in critical units is not uncommon, and in
candidates for heart transplantation requires early detection and treatment. On the other hand, it
is necessary to reconsider whether colonization is a contraindication for HT because of the high
probability of post-transplant infection.
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Abstract:
Background: This presentation of a six-year study processing human islets for research and
transplantation includes a review of multi-center transplant studies identifying key variables
critical for successful islet processing and defines standardized processing procedures
required to provide highly purified, functional Human Islets.
Methods: Human islet processing methods are defined in detail with pancreas retrieval,
shipping, trimming for processing, collagenase distension, controlled digestion by
digestion/filtration method, islet purification and islet culture. Islet processing results are
summarized from 27 published reports (2003-2017) from 21 international clinical islet
transplant centers with 13 single islet centers and 8 from multi-center clinical trials that
averaged islet yields of 5,680 IEQ/Gm (Pre-Purification), 4,101 IEQ/Gm (Post-Purification),
and 3,599 IEQ/Gm (Post-Culture) with 59.2% purity at time of islet transplant into the liver.
© 2019 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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Results: Their results were compared to this study of 226 Non-DM (Non-Diabetes Mellitus)
donor processing islet yields that averaged 6,942.7±201 IEQ/Gm (Pre-Purification),
5,484.5±199 IEQ/Gm (Post-Purification), and 4,351.0±167 IEQ/Gm (Post-Culture) per
pancreas with 90.0% purity at time of islet distribution. Islet processing from 29 Type 2
Diabetes donors resulted in reduced islet yields of 5,797±734 IEQ/Gm (Pre-Purification),
4,371±866 IEQ/Gm (Post-Purification), and 3,323±423 IEQ/Gm (Post-Culture) with similar
purity but reduced insulin content. Glucose Stimulated Insulin Release testing in T2D islets
showed significantly reduced insulin release at 20mM and 20mM+IBMX versus Non-DM
islets and showed significantly reduced Total Stimulated Insulin Release of 0.722±0.142 (T2D)
versus 1.069±0.067 ng insulin/ng DNA (Non-DM).
Conclusions: Of the significant process variables, short Switch Times were predominant in
greatly increasing islet yields, GSIR results, and insulin content with any time <10 minutes
with Donor Age and Body Mass Index also important. Increased Cold Ischemia times
decreased islet yields and insulin content. In terms of pancreas preservation solutions,
University of Wisconsin solution (UW) use was most effective for optimal islet quantity,
quality, and function post preservation.
Keywords
Clinical; collagenase; diabetes; human; islet culture; islet equivalents; islet processing; islet
purification; islets; islet transplantation; manufacture; pancreas; pancreatic islets;
preservation; research; transplantation; transportation

1. Introduction
Prodo Laboratories (Prodo) in Aliso Viejo, CA, has been processing adult cadaver donated
pancreases for distribution of Human Islets for Research (HIR) in conjunction with the Scharp-Lacy
Research Institute (SLRI) since 2007. The first few years were initially focused on establishing the
ability to process human islets to the level required for a weekly distribution of consistently high
quality HIR. The first requirement was to utilize improved islet tissue culture media that Prodo had
developed in 2006: PIM(R)® for islet recovery and culture post-isolation, PIM(S)® for standard islet
culture, and PIM(T)® for islet distribution. The required two supplements for these media are
PIM(G)® (glutamine and glutathione) and pre-tested, high quality human AB serum, PIM(ABS)®. A
tissue culture triple antibiotic product, PIM(3X)®, has recently been released that contains
appropriate levels of Ciprofloxacin, Gentamycin, and Amphotericin B for human islet culture. Due
to limited pancreas procurement opportunities, many human islets were processed in our early
years at longer cold ischemia times than ideal, but permitted a higher quality of HIR, as published
in 2010 [1]. The last seven years have been focused on the standardization of the multitude of
variables involved in human pancreas retrieval, shipping, and pancreas processing into purified,
functional islets that are optimally cultured and shipped weekly on a global basis to diabetes
investigators. Due to these improvements and standardization, the analyses reported here
describe the critical variables involved for each aspect of this process that have resulted in a more
predictive outcome of high quality, adult human islet yields with highly functional results on a
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more consistent basis. This study not only compares the outcomes of islet processing and function
from Non-Diabetes Mellitus (Non-DM) adult cadaver organ donors, but also those from donors
with Type 2 Diabetes (T2D). In addition, an evaluation of organ donors following Donation after
Cardiac Death (DCD) was completed to assess their utility in providing HIR and HIT on a routine
basis.
The USA Federal Drug Administration (FDA) issued a “Guideline for Industry: Considerations for
Allogeneic Pancreatic Islet Cell Products” in 2009 defining all of the aspects that must be
considered to perform clinical islet transplantation under FDA requirements and approval [2]. It is
planning to release a Biological License Approval (BLA) for effective clinical islet transplantation to
a limited number of university-based programs. To optimize islet yields and islet quality in order to
comply with this BLA, the university based islet transplant centers will likely be held to the highest
quality and uniformity of processing human islets. For each center involved, this means that
standardization and introduction of manufacturing technology for process-to-process uniformity
of human islet preparations would be ideally developed, demonstrated, and followed. In order to
achieve this goal, “the first license-enabling trial of a cellular product for treatment of Type 1
Diabetes (T1D) demonstrating multi-site compliance with common manufacturing processes and
release criteria” was published in Diabetes Care in October, 2016 *3+ and the “National Institutes
of Health – Sponsored Clinical Islet Transplantation Consortium Phase 3 Trial: Manufacture of a
Complex Cellular Product at 8 Processing Centers” was published in Diabetes in 2016 *4+. This trial
was focused on islet transplantation to treat impaired awareness of hypoglycemia and severe
hypoglycemic events in 48 T1D recipients that had failed standard medical therapies. It was
designed as a multi-center, single arm, consortium Phase 3 study conducted at 8 North American
clinical islet transplant centers, as the first type of study that can anticipate ongoing, multi-center
clinical trials to develop islet transplantation as a potential therapy. The primary endpoints of
restoring hypoglycemic awareness and prevention of severe hypoglycemic events was achieved in
87.5% of recipients in year one and in 71% in year two with safety events primarily limited to the
infusion procedure and the required immunosuppression. The secondary one-year endpoint of
achieving insulin independence following clinical islet transplantation was achieved in 52.1% of the
recipients with an insufficiency of data response in 14.5% of the recipients. While 33% of the
recipients failed to achieve insulin independence with an average of 1.6 islet transplant doses,
these recipients were still able to demonstrate their ability to eliminate their critical problems of
hypoglycemic unawareness as a major accomplishment that reduces the risks they had
experienced prior to their implants. While Prodo has chosen to not be involved in human islet
processing for research under these new BLA clinical trials, it has already developed much of the
manufacturing improvements that will be required by the clinical centers to routinely produce
islets under these BLA requirements. The primary reason to publish Prodo’s processing technology
information and results at this time is to assist these university BLA programs to adapt their
methods towards more standardized, manufacturing practices as required. Prodo has had to focus
its development of these manufacturing processing steps in order to routinely provide the delivery
of their consistently high quality HIR on a weekly basis to their global corporate and university
based investigators.
Another recent development of note in the human islet processing for clinical transplantation
efforts was published in 2016 as a retrospective, multi-center study by eleven academic islet
transplant centers to establish the North American Islet Donor Score (NAIDS) for optimal selection
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of human pancreases for processing into islets for clinical islet transplantation [5]. In this reference,
the multiple centered authors develop methods to score human pancreases for processing into
islets for clinical applications. They identify variables in pancreas weight and quality that they will
use to scale which human pancreases have the potential of delivering >400,000 Islet Equivalents
(IEQ) per process post-purification. If followed, this approach could reduce the required number of
human pancreases to process per donor successfully down to a single donor to eliminate insulin
requirements when implanted into each diabetic recipient. Of the 1,056 pancreas donors from the
eleven centers reported, 286 processes were successful in achieving >400,000 IEQ per process
post-purification, that was 27% of the processes performed. If they ranked the results of islet
production in these 1,056 pancreas processes using the NAIDS method of predicting human islet
processing success, then they predict that 53.7% of the pancreas processes would have been
successful. Thus, this pancreas selection ranking could reduce the numbers of pancreases to
process with lower scores and end with a much higher percentage of successful quality islets
processed for clinical transplantation.
While the use of the NAIDS ranking could certainly reduce the number of processes from less
promising pancreas donors, their basis of utilizing this pancreas ranking method in their published
opinion is that human pancreas processing into islets has reached its maximal success and no
longer needs to be improved. Thus, they state “…(human) islet processing techniques appear to
have reached a mature and stable stage.” *5+ The recent outcomes in the publication of the first 8
center clinical Phase 3 trial [3, 4] demonstrate that significant islet processing variability clearly
remain in at least 50% of the participating centers involved in that study. The opinion of the
authors reporting this Prodo study is that the field remains far from achieving such a widely
practiced, stable endpoint in processing human islets for clinical islet transplantation with its
required optimal islet yields, quality, quantity, functionality, and sterility for each human pancreas
processed. It is our hope that openly publishing these Prodo islet processing details may permit a
higher percentage of clinical islet transplant centers to optimize their ability to achieve the highest
levels of clinical islet transplant success required for their ongoing participation in these critical
clinical trials.
It is commonly believed in the human islet research community that Human Pancreases for
Research (HPR) are of sufficiently less quality than Human Pancreases for Transplantation (HPT)
and clinical islet transplantation (HIT). Thus, many investigators believe they have to accept the
hypothesis that Human Islets for Research (HIR) are also of poorer quality since they assume that
these poorer quality human islets are all that are available for their research efforts. This report
provides reproducible results that demonstrate this hypothesis is incorrect. Instead, HIR can be of
very high quantity, purity, and functional quality if one properly controls all of the variables known
that affect the processing steps required in islet production, culture, and transportation. If one
successfully stabilizes the donor variables, process variables, and tissue culture variables while
producing at the level of a manufacturing process, then one can predictably provide high quality,
functional human islets for global distribution for research on a weekly basis from HPR. The results
presented here demonstrate that the quality of these HIR is similar to those islets being clinically
transplanted. Since the current islet purity for clinical trials is reported to only be at the 55%-60%,
this study reports islet purity can routinely be increased to >90% purity for shipping HIR for
research. Yet, a legitimate question is whether islets processed for future clinical trials can be
implanted with these kinds of higher purities without giving up significant amounts of total islet
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mass per donor. Those performing clinical islet transplantation are focused on attaining maximal
islet yields per donor that currently means decreased islet purity, while those performing islet
research are focused on attaining maximal islet purity, but not maximal islet yields. A resultant
primary goal of processing human pancreas into islets is to bring these two current, divergent
objectives into one approach that can achieve both high islet purity and large islet yields of
optimally functioning human islets for both research and clinical transplantation.
1.1 Early Efforts in Large Animal and Human Islet Isolation
There have been many improvements since early efforts to isolate human islets for clinical
transplantation were initiated. The original islet isolation techniques were begun with rodent islet
isolations in 1967 with Lacy and Kostianovsky’s demonstration of rat islet isolations *6+ that in
1972 brought the first suggestion that islet transplantation could be feasible by partial reduction
of induced diabetes following rat islet implants [7]. By improving the islet recoveries and, for the
first time, implanting into the portal vein of diabetic rodents [8], it became apparent that these
consistently improved functional results permitted consideration of successful human islet
transplants. Meanwhile, moving to the larger diabetic animal model of rhesus monkeys brought
the new challenge of how to isolate increased quantities of viable islets from a much larger, dense
pancreas [9]. The original rodent method placed chopped pancreas pieces in a tube into which
powdered collagenase was added followed by hand shaking in a 37 oC water bath until the
digestate “looked finished” as an endpoint at which time the enzyme was diluted and the freed
islets were recovered by handpicking. At that point, rodent islet processing was more of an art
than a science. By placing a screen basket within the tube that held the pancreas pieces, it became
possible to add the enzyme, shake the tube, and then empty the fluid around the screen holding
the digested islets that had passed through the screen basket. Then, one simply added more
enzyme solution and shook again repeating this step until all of the pancreatic pieces had been
sufficiently digested to pass through the screen having collected the freed islets at each step. The
final change in this rodent method was to continuously flow the digesting enzyme through the
screen while shaking at 37oC and collecting the freed islets continuously that significantly
increased rodent islet yields. This newly developed method was called Digestion/Filtration and
was developed by Scharp, as a surgical research fellow in Lacy’s lab in 1975 *9+, and was quickly
confirmed by others [10]. The rat islet isolation yields prior to and after the use of the
Digestion/Filtration Chamber (D/FC) for rat islet isolations went from 151 IEQ per rat process (575
isolations) using the original collagenase tube method to 447 IEQ per rat process (50 isolations)
using the D/FC technique [9]. Figure 1Aa presents the first D/FC design developed that permitted
recovering such an increase in viable islets processed from rodent pancreases and documents the
increased islet yields (Figure 1Ab).
The challenge to process the larger and denser primate pancreas into islets by
Digestion/Filtration was met by making a much larger screen basket contained within larger,
protein separation column tubing that permitted sufficient numbers of higher quality islets to be
recovered (Figure 1Ba). These islets were shown to be viable by in vitro glucose stimulation (Figure
1Bb) and were implanted successfully with partial function in the portal vein in 5 diabetic NonHuman Primates (NHP) that reduced their insulin requirements for many weeks [9].

Page 80/394

OBM Transplantation 2019; 3(1), doi:10.21926/obm.transplant.1901052

Over the next several years, a number of improvements and modifications of the
Digestion/Filtration method were made including chamber design, screen types and sizes, marbles,
digestion volumes, pumps, tubings, flow rates, and heating/cooling steps [11-13]. These
improvements resulted in an automated method of large scale islet isolation in both large animals
and human islet isolation in 1984 by the Scharp team [14]. This Digestion/Filtration technology
was applied to dog islet recoveries permitting long-term dog islet auto-transplant success in 1987
[15, 16] and also improved human islet processing as summarized by Scharp in 1988 [17]. This
modified canine Digestion/Filtration device (Figure 1Ca) was shaken by an orbital shaker and
contained 5 screen baskets each with mixing marbles with freed islets collected within the one
outer compartment that connected to 250 ml conicals for tissue recovery in the cold (Figure 1Cb).
This D/FC device permitted extensive digestion of the dog pancreas into islets by its flow into
collection tubes providing viable canine islets for these implant studies in diabetic auto-transplants
and allografts [15-17].
When major efforts contemplated human islet production, a minor modification to the canine
and NHP apparatus was made by Scharp and Lacy producing the chamber in stainless steel and
converting the 5 separate screens into one exit screen, keeping the five mixing marbles for human
pancreas processing and islet recoveries as the human D/FC that was published in 1988 [18] as
shown in Figure 1Da with its flow diagram shown in Figure 1Db.
Camillo Ricordi *19+ entered Dr. Paul Lacy’s laboratory as a post-doctoral fellow at this time
from Milan, Italy. While he published many important research activities with Dr. Lacy, became a
pioneer in islet research and clinical islet transplantation by his own efforts, and continues making
important research and administrative contributions to this field today, his initial laboratory
efforts in human islet processing, while a young research fellow, were to place the two halves of
the collagenase distended human pancreas for processing directly into this human stainless steel
D/FC without cutting open the pancreatic surfaces. While his initial islet yield data were promising,
ongoing islet yield results with his approach were replaced by lightly chopping the distended,
partially digested pancreas surfaces prior to their placement in the D/FC. The observation of the
digesting pancreas that justifies this change is that the outer natural, but this restrictive pancreas
coating layer functions as a bag preventing the freed islets from escaping into the open fluid and
out of the device. Making this change results in not only consistently higher human islet yields, but
also a very important, much quicker release of the digested, free human islets from the chamber.
This mechanical cutting and opening of the natural but restrictive, pancreatic surface mantle
reduced human islet damage and permitted earlier release of the islets from the ongoing digestion.
This chopping the surface of the distended pancreases prior to placing it into the D/FC, stabilized
the human islet yields in our experience and has remained one of the standard processing steps in
our protocols as outlined in the Methods section. It also contributed to the first partially successful
human islets that were implanted in the portal vein as allograft islets processed with the human
D/FC published in 1989 and 1991 [20, 21]. Their success led to the first clinically successful human
islet transplant recipient to achieve insulin independence following islet transplantation into the
portal vein of the liver in 1990 by Scharp and Lacy by supplying the required critical islet mass of
free islets [22].
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Figure 1 Digestion/Filtration history. A: Initial Digestion/Filtration processing designed for
rodent pancreases in 1975 (a: Initial rodent D/FC design; b: Comparative Islet Yields) [9,
10]; B: Original D/FC for processing NHP pancreases in 1975 (a: NHP D/FC; b: Viable NHP
Islets) [9]; C: D/FC and circuit design utilized for canine pancreas processing in 1980 1988 (a: Canine D/FC; b: Processing Circuit for Canine D/FC) [15-17]; D: D/FC and circuit
design used for clinical human pancreas processing and initial clinical trials in 1987-1988
(a: Human D/FC Stainless Steel; b: Human D/FC Circuit Design) [18, 20-22]; E: USPTO
#5,079,160 D/FC for Human Islet Production (a: Human D/FC Patent Design; b: Human
D/FC Patent Circuit Design) [23] (Filed 1987, Approved 1992).
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A United States patent was filed in 1987 with the United States Patent and Trademark Office
(USPTO) entitled “Method to Isolate Clusters of Cell Subtypes from Organs” that was issued in
1992 (#5,079,160) that was not assigned, but was held by Washington University with inventors
Paul E. Lacy (St. Louis), and David W. Scharp (St. Louis), along with Camillo Ricordi (Milano, IT) [23].
The primary purpose in filing this patent was to protect and permit the development of this
technology so that it could remain at the universities in order that this critical technology could
freely be developed without corporate restrictions (Figure 1Ea and Figure 1Eb). As expected, this
technology was developed at multiple global universities, so that Dr. Lacy and Dr. Scharp
purposely never filed any patent infringement actions throughout this patent’s protective life of
17 years.
A more recent USPTO application regarding islet processing was submitted in 2001 and
approved as a patent in 2004 by Ramon Poo and Camillo Ricordi (USPTO #6,833,270) that was
assigned to both Biorep Technologies and the University of Miami [24]. This patent presents
essentially the same design of the digestion chamber and flow through system that was shown
above in Figure 1D and in Figure 1E, except the chamber construction material was changed from
stainless steel to a resin. It appears any claims for the chamber design from this more recent
patent (#6,833,270) were not allowed by the USPTO due to the prior art from both the previous
publication [18] and the previous patent #5,079,160 [23]. Yet, it was at that time, and continues to
be named, the “Ricordi Chamber”. This resin chamber for islet processing, sold by Biorep (#500MVL-03), was a major improvement over the stainless steel chambers and has become universally
acceptable in the university based islet programs. The second major improvement from this
patent was the development of a glass marble replacement as the “agitation member” that is a
non-reactive and relatively indestructible sphere made of silicone nitride that also is sold by Biorep
(#SN-01).
Fortunately, one of the most troubling variables that had affected islet yield and quality during
these development years was the lot to lot variation in the key enzymatic products used in the
digestion of the pancreas: collagenase and thermolysin in 2007 [25] and in 2013 [26]. Thus, highly
improved, microbial produced and highly uniform collagenase and thermolysin lots have become
readily available since mid-2012, greatly reducing this challenge, as captured in Table 1 below.
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Table 1 Recent clinical islet transplant studies with islet processing results.
Islet Transplant
Center

Pub
Date &
Ref #

Collagenase
Types

IEQ / Process
& / or IEQ/Gm
Pre-Pure

IEQ / Process
& / or
IEQ/Gm PostPure
-

IEQ / Process
& / or
IEQ/Gm
Post-Culture
-

IEQ/Kg
BW
Infused
/ % Purity
-

Switch
Time /
Digest Time
(min)
-

GSIR
Result
(Stim
Index)
-

Donor Donor Cold
Age
BMI
Ischemia
(Yrs)
Time
(Hrs)
-

Single
Centers
U Albert
Edmon-ton
Can
U Albert
Edmon-ton
Can

-

-

-

2007
[25]

Roche
Lib HI

348,902 IEQ

24% >300,000
IEQ

-

-

-

-

45.5

26.6

8.3

2013
[26]

Serva
NB1

604,000 IEQ
6,062 IEQ/Gm

429,000 IEQ
4,307 IEQ/Gm

363,000 IEQ
3,644
IEQ/Gm

/ 55.8%

3.6

46.0

27.9

10.0

2005
[27]
2009
[28]

Roche
Lib HI
Roche
Lib Hi

595,440 IEQ

469,560 IEQ

-

-

16.8 min
switch/min
total
-

DRI, U Miami
USA
DRI, U
Miami, USA

3.4

40.6

36.3

9.0

512,919 IEQ

203,124 IEQ

322,261 IEQ

-

2.1

27.9

29.4

7.55

DRI, U Miami
USA

2012
[29]

Serva
NBI.
Roche Hi

Lib HI 434,243
IEQ Serva NB1
375,751 IEQ
5,931.5
IEQ/Gm

Lib Hi 324,256
IEQ Serva NB1
263,389 IEQ
5,672.8
IEQ/Gm

-

-

Lib Hi
1.65
Serva
NB1
2.37

Lib Hi
43.8
Serva
NB1
20.0

Lib Hi
29.9
Serva
N128.
5

Lib Hi
10.3
NB1
10.6

U MN
(1donor

2005
[30]

Roche
Lib HI

-

-

301,428 IEQ

7,271 /
64.0%

16.6 min
switch/
- min total
Lib HI 18.6
min
switch/min total
Serva NB1
14.5
min switch/
- min total
-

3.4

39

34.3

6.6
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tx) USA
UCSF San
Francis
USA

2010
[31]

U IL
ChicagoUSA

2013
[32]

U of PA
Philadel USA
U WS
Madison
USA
Baylor
Tx
USA

2003
[33]
2010
[34]

San Raf Sci
Inst
Milano
Italy
Nordic
Net490 Clin
Islet Tx
Sweden
Centre Hosp
U Lille France

2005
[36]

2010
[35]

2012
[37]

2007
2008
[38]

Roche
Lib HI /
Serva
NB1
Roche
Lib HI /
Serva
NB1 /
Sigma
Roche
Lib HI
-

-

-

472,910 IEQ

11,520 / -

-

3.2

33.9

34.4

6.9

318,630 IEQ,
3,378 IEQ/Gm

286,369 IEQ,
2,881 IEQ/Gm

2,934
IEQ/Gm

-

16.4 min
switch/
- min total

3.6

48.8

29.1

9.2

-

-

414,788 IEQ

-

1.6

49.8

33.6

6.1

-

-

627,330 IEQ

8,294 /
66.3%
9,061 / -

-

-

-

-

-

Serva
NB1 /
Roche
MTF
Roche
Coll P/
Lib HI

798,000 IEQ,
7,510 IEQ/Gm

628,000 IEQ,
5,900 IEQ/Gm

-

10,589 /
56.1%

15.2 min
switch/ 58.2
min total

49.2

28.5

3.7

-

-

347,000 IEQ

5,845 /
50.0%

42

24

6.0

Roche
Lib HI/
Serva
NB1
Roche
Lib HI

-

-

482,324 IEQ

7,670 /
53.0%

24.7 min
switch/
- min total

2.8

52.3

26.7

8.0

502,200 IEQ,
5,680 IEQ/Gm

299,300 IEQ,
3,305 IEQ/Gm

385,560 IEQ

- / 59.0%

-

3.2

41

26.6

5.6

-

/min 2.0
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Univ
Hospital
Geneva
Swiss
Oxford,
UK

[39]
2014
[40]

Serva
NB1
Roche
Lib Hi
Vita-cyte
C1a vs
C1b +/Collagenase
NP/CP,
Serva
+cNP
Serva
NB1
+cNP

341,421
IEQ
4,389
IEQ/Gm

244,167
IEQ
3,194
IEQ/Gm

-

- / 59.6%

18 min
switch/
- min total

3.0

48.5

26.0

6.2

-

-

C1a +NP/CP
3087
IEQ/gm, C1b
-NP/CP 1312
IEQ/gm

-

-

2.4

56.3

24.7

10.8

-

-

13.1

-

-

Insulin
Control
51.2
Clostp
43.4
NProte
44.1
Therm
43.4
-

24.5

-

Viable
Control
72.4%
Clostp
69.6%
NProte
66.1%
Therm
67.4%
-

58

-

Yields
Control
65.2%
Clostp
62.2%
NProtea
53.7%
Therm
52.0%
-

-

-

-

2010
[43]

Roche
Lib Hi
Serva
NB1,
Sigma

-

-

>315,000 IEQ

- / 63.1%

17.7 min
switch/ 59.1
min total

0.147.5

30.8

7.7

2016
[41]

(NP- neutral
protease,cNP
–
clostropaine)
Oxford, UK
2017
[42]
(Clostropaine
,
Neutral
Protease
Thermolysin)

Multiple
Centers
City of Hope
2004-08 14
cent
USA

-
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Internat Trial
Ed Protocol
CITR 19992010 Global

2006
[44]
2012
[45]

CITR
1999-2010

2014
[46]
Am J Tx

Nordic
Network
7 centers

2015
[47]
Transpl
ant

Multi-Center
11 centers
Phase 3
Clinical Trial,
8 centers
CITR

2016
[5]
Cell Tx
2016
[3, 4]
Diabete
s

Multi-Center

2017

Roche
Lib HI
Roche
Lib Hi
Serva
NB1
Roche
Lib Hi
Serva
NB1
Vita-cyte
Vitacyte,
Serva,
Roche
+ or –
Clostripa
in

Serva
NB1,
Vitacyte
Roche
MTF
Serva

-

-

403,500 IEQ

-

-

-

15-70

-

<12.0

-

-

419,200 IEQ

435,200
IEQ /
62.0%

-

3.1

43.1

29.5

7.8

-

-

416,000 IEQ

426,500
IEQ/
61.9%

-

3.3

43.2

29.1

7.6

-

-

-

-

8.0

53

27.2

9.8

10.6

53

27.6

10.2

-

Control
254,765
IEQ
2,498/gm
IEQ/gm
+Clost
391,565
IEQ
3,598/gm
-

-

-

-

-

45.8

28.9

9.4

708,470
IEQ
6,813
IEQ/Gm

582,370
IEQ
5,471
IEQ/Gm

490,174
IEQ
4,730
IEQ/Gm

-

14 min
switch /
48.0 min
total

2.3

42.8

33.4

7.7

-

296,494

21.5 min

3.7

51.4

25.3

7.3
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3 centers

Center
Averages
13 Separate
Centers, 8
Groups of
MultiCenters

[48]
Cell
Tx
-

AF-1
N Prot
-

27 pub- Roche
lica-tions 40.5%,
Serva
NB1
37.5%,
Vita-cyte
10.0%,
Sigma
5.0%,
No ID
7.0%

503,634 IEQ,
5,680 IEQ/Gm
Pre-Pure

IEQ
3,274
IEQ/gm
-

switch/
- min total
-

-

-

-

-

-

-

356,307 IEQ,
4,101
IEQ/Gm PostPure

411,462 IEQ
3,599
IEQ/Gm PostCulture

9,286
IEQ/KgBW
/ 59.2%
Pure
Implant

16.2 min
Switch
Time/ 47.6
min Total
Digest Time

3.5
Stim
Index

42.8
years
donor
age

27.9%
donor
BMI

8.4 hrs
Cold
Ischemia
Time

Pipeleers data were not included since results are reported as Beta cells, not islets [49, 50].
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1.2 Current Publications Processing Human Islets for Clinical Transplantation
Table 1 reviews 27 of the most recently published reports (2005 – 2017) from 13 global Islet
Transplant single centers and from 8 global multiple centers of islet transplantation resulting from
their processing adult human pancreases into HIT. There were 18 published reports presented in
this table originating from these 13 global single centers (9 American and 9 non-American
including Canada, France, Italy, Switzerland, Sweden, and United Kingdom). Most all of the
published multiple center reports included investigators from both American and Non-American
centers, many within the same report. While the islet transplant publications listed in this table
were focused on the details of clinical results, most of these articles also presented some details of
islet processing results that are provided in Table 1. Nearly all of these islets provided for clinical
islet transplantation in these reports were processed by the Digestion/Filtration method with
different modifications from center to center with the collagenase brands and types presented.
The islet yields are expressed as published as IEQ per Process and/or as IEQ/gm of pancreas
processed at three different processing time points: Pre-Pure, Post-Pure, and Post-Culture. For the
islets implanted into diabetic recipients, the infused islets are expressed as IEQ/Kg body weight
and their islet purity. For pancreas processing both the Switch Time from enzyme recycling to
processed islet collection was compared along with the total Digestion time. The final four
evaluations were the Glucose Stimulated Insulin Release (GSIR) of the purified islets expressed as
the first Stimulation Index, Donor Age in years, Donor BMI, and the Cold Ischemia Time in Hours.
The broad discussion of the details in Table 1 shown here were multiple collagenase types
reported for use by these centers as either single or multiple enzyme combinations. Roche
collagenase (Liberase HI or MTF) was used in 40.5% of these processes followed by Serva NB1 in
37.5% of the processes, then by Vitacyte in 10.0%, Sigma in 5.0%, and “not reported” in 7.0% of
these processes. For this study, Prodo was using Liberase HI in 2011 at the start of the study and
switched to Liberase MTF in June, 2012, for the rest of the study duration through 2016. Returning
to Table 1, all islets for clinical transplant (HIT) were purified by density gradients of different
types with some using a second purification as a Rescue COBE process to increase the purity of
their islet preparations [27, 28]. The published average HIT Pre-Purification islet yield was
reported as 503,634 IEQ (n=11) or 5,680 IEQ/gm (n=6) with an average HIT Post-Purification islet
yield of 356,307 IEQ (n=11) or 4,101 IEQ/Gm (n=6). The published HIT Post-Culture results were an
average of 411,462 IEQ (n=13) per process with 3,599 IEQ/Gm (n=2) Post-Culture. For the 8
centers reporting the number of IEQ/Kg Body Weight infused into diabetic recipients at the time
of transplant, the average was 9,286 IEQ/Kg BW (n=8) with an average purity of 59.2% (n=11).
Examining the details of the HIT processing, the Switch Time when the circuit was switched from
recycling to collection mode averaged 16.2 minutes (n=11) with an average total time of digestion
of 47.6 minutes (n=4). The average HIT Glucose Stimulation Index (GSI) reported from the Glucose
Stimulated Insulin Release (GSIR) testing of islets was 3.5 (n=20) confirming their islet viability.
Additional results from all these publications revealed an average donor age of 42.8 years (n=24),
an average donor BMI of 27.9 (n=25), and an average Cold Ischemia Time of 8.4 hours (n=26). The
quoted reference numbers for each of these studies are included in Table 1. It should be noted
that the Pipeleers publications [49, 50] are important in islet transplantation, but were not
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specifically included in Table 1 since their published results are expressed as “Beta Cells”, that
makes it difficult to specifically compare to “Islets” that were noted in these publications.
2. Materials and Methods – Prodo Laboratories
2.1 Pancreas Procurement
2.1.1 Organ Procurement Organizations (OPO’s)
Both Prodo and the SLRI have contracts with several United Network for Organ Sharing (UNOS)
regulated OPO’s to receive HPR. Those that participated in these studies include One Legacy in Los
Angeles, CA; Donor Network West in Oakland, CA; Sierra Donor Service in Sacramento, CA; Nevada
Donor Network in Las Vegas, NV; Texas Organ Sharing Association in San Antonio, TX; LifeGift in
Houston and Fort Worth, Tx; and several others through a contract with the International Institute
for the Advancement of Medicine (IIAM) with their main office in Edison, NJ. Most recently,
Promethera in Durham, NC, began distributing human pancreas for research, but their number of
cases with Prodo accumulated by 2016 were insufficient to analyze for this study. The SLRI has a
contract with the Integrated Islet Distribution Program (IIDP) of the National Institutes of Health
(NIH) to provide human islets along with others to its over 200 investigators funded for islet
research by both the NIH and the Juvenile Diabetes Research Foundation (JDRF). The SLRI
contracts with Prodo to both process the human pancreases and distribute human islets to their
investigators. These Prodo and SLRI contracts with OPO’s define the inclusion and exclusion
criteria for human pancreas acceptance for islet processing as well as methods of intact HPR
removal, packaging, and shipping from the OPO to Prodo in Aliso Viejo, CA. While these methods
are universal in the USA, being similar to those used for kidneys for transplantation, different
OPO’s utilize different organ preservation solutions for flushing the donor and shipping the
pancreases that may affect the results of human pancreas processing into islets.
2.1.2 Human Organ Donors for Research Pancreases
Adult human pancreases were only procured for research from donors that had been approved
for clinical transplant of any organ including whole pancreas and/or for clinical islet transplants,
but were not able to be transplanted. In addition, for our acceptance of a pancreas to be
processed into HIR, each donor providing a human pancreas for islet research must have donated
at least one organ for clinical transplantation under appropriate informed consent from one of the
OPO’s. The details of the organ donors utilized in this study are presented in multiple tables
located in the Results section, including the donor demographics. Since Prodo islet distribution
efforts preceded the formation of the International Islet Distribution Program (IIDP) of the NIH
and has continued as one of the major producers of HIR for this program, Prodo follows a number
of current IIDP Standard Operating Procedures (SOP) for pancreas retrieval, processing, and
shipping. Prodo follows the IIDP SOP for Pancreas Selection [51] specifically for obtaining
appropriate pancreas for research selection.
These studies excluded a number of donors based on our previous experience demonstrating
reduced numbers and qualities of islets isolated. Our selected exclusions of the donors for this
study were based on our previous lower processing results and included age <18 years and >69
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years, BMI >40, Cold Ischemia Time <4 hours and >40 hours, and HgbA1c >12. We purposely
excluded all donors <18 years of age due to our experience that these younger donors have
increasing quantities of embedded islets after processing that are not able to be purified that
reduces their distribution. By age 10 years of age, more than 28% of the islets are embedded. Very
young donors have 60%-80% of the islets embedded that cannot be purified by standard means.
We hope to enable our ability to process younger donors since their islets have the ability to
multiply that needs to be studied since adult islets have lost the ability to multiply. There also is a
fall off in high quality islets that can be processed from donors >69 years of age, so we usually
exclude these older donors in our routine processing for islet distribution. We also exclude all
donors from processing with documented acute and chronic infections that could possibly be
transmitted by the processed islets such as HIV I/II, Hepatitis B & C, Syphilis, Cytomegalovirus,
Epstein Barr virus, Toxoplasmosis, T. Cruzi virus, and West Nile virus. While these research islets
are not being transplanted, we still exclude processing pancreases from these donors since
potential contaminations could be spread to those processing the pancreases as well as to those
receiving these islets for research.
2.1.3 Ethics Statement
Prodo holds an independent Institutional Review Board (IRB) Exemption from Western
Institutional Review Board for the “Use of Human Islets for Research” stating no approval from
human subjects is required since all pancreases are from cadaver organ donors under 45 CFR
46.102h. In addition, all pancreases accepted by Prodo for islet processing for HIR, if they were not
utilized for clinical pancreas or islet transplantation, are approved by the OPO and included in the
informed consent documents for pancreas for research.
The authors have declared that no competing interests exist.
2.2 Human Pancreas Processing
2.2.1 Pancreas Preparation
The donor chart was shipped with the pancreas or electronically submitted from the OPO that
is redacted for donor identification information. It becomes part of a process numbered batch
record that documents the donor history, medical conditions and medications as well as the
documentation of brain death in the heart-beating donors as required. For our accepting
pancreases following Donation after Cardiac Death (DCD) or non-heart beating donors for
pancreas processing into HIR, we restrict them to <15 minutes of downtime without CardioPulmonary Resuscitation (CPR) at the time of the initial hospitalization and, at the time of
pancreas procurement, they are restricted to <31 minutes of duration from disconnecting artificial
respiration until the onset of cardiac arrest. Prior to initiating the pancreas processing,
confirmation of proper informed consent and acceptable serological testing results are confirmed
and recorded in the Batch Record. The procedure for pancreas processing into islets takes place
within a Class 10,000 (Iso Level 7) clean room isolated by an anteroom with HEPA filtered air-flow.
Within the Class 10,000 clean room, there are one 12 foot, one six foot, and three four foot Class
100 (Iso Level 5) laminar flow hoods (Biological Safety Cabinet (BSC), Class 100, Type II-A1). CEPA
Operations, Inc certifies the clean room at Iso 7 and all of the hoods at Iso 5 on a regular basis.
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One four foot, Iso 5, hood is restricted only to the pancreas surgical dissection with appropriate
surgical instruments due to the inherent risk of pancreas contamination coming with the transport
solution, duodenum, and pancreas. There also are 5 tissue culture incubators set at 37 oC for the
culture of the purified islets in flasks. An adjacent anti-room under laminar air-flow contains a
refrigerator for holding reagents and purified islets. A second laminar air-flow room holds all the
recycled sterilized non-disposable items as well as disposable items sterilely stored for the
processes.
Prior to removing the pancreas from the internal shipping container, a pancreas transport fluid
sample is taken for microbiological testing, strictly from the inner bag containing the pancreas [52].
The pancreas is removed, brought into the surgical hood, and placed into an empty sterile
dissecting pan where 60 mls of 2% sterile chlorhexidine digluconate in distilled water (Sigma,
C9394) is injected into the stapled off duodenum through a 18 gauge needle (BD Insyte Autogard,
Ref 381447) inserted at the proximal end. The needle is removed and the injection hole clamped
with a bulldog clamp (John Hopkins Bulldog Clamp, curved 2.25 inches, Medical Supplies
Equipment Co, Cat# 325-546FSI). Prior to this study, we had previously demonstrated 2%
chlorhexidine digluconate in distilled water to be superior over Betadine (Medline, NDC 53329939-25) to rapidly sterilize the duodenal content (unpublished results). The pancreas is then
removed from this pan, rinsed with sterile saline, and placed into a beaker containing 1%
chlorhexidine in distilled water and held there for a couple of minutes to surface decontaminate
the tissues. The pancreas is then removed and placed in a new stainless steel dissection pan with
500 mls of sterile saline (Baxter, NDC 0338-0048-04) that is kept cold with ice packs (Uline, S-7361
(3 cold & 3 frozen) beneath the pan. Initially, if at any time during the dissection step, duodenal
content is released, the hole is clamped and the contaminated surface areas are rinsed with 2%
chlorhexidine digluconate in distilled water and placed into a new sterile pan. The extra pancreatic
fat along with the spleen residual is surgically dissected off the pancreas. The portal vein is
identified, if still present, and used to continue dissection of the non-pancreatic fat and vessels.
The surgical plane between the duodenum and the head of the pancreas is developed to isolate
the primary and secondary pancreatic ducts. Two large bulldog clamps are used on the pancreas
side and a curved surgical clamp on the duodenal side of each duct to enable dissecting the intact
duodenum off the pancreas without spillage of duodenal content. The dissected pancreas is then
weighed (Ohaus Model #Ct1200) with the attached bulldogs within a sterile 500 ml Nalgene
beaker (Nalgene, 2116-0500) and returned to the dissection hood. The pancreas is removed and
placed into another 500ml sterile Nalgene beaker containing 250mls of 1% chlorhexidine in
distilled water that is then removed from the Dissection hood and passed sterilely into the
Distension Digestion/Filtration hood (Baker, BSC, Class 100 Type II-A1, 12 foot. Iso 5).
2.2.2 Pancreas Enzyme Distension
Within the 12 foot, laminar flow, Iso 5 hood, the pancreas is removed from the chlorhexidine
digluconate solution and rinsed through three 500ml Nalgene jars, each containing 333 mls of
sterile, Normal Saline (Baxter, NDC 0338-0048-034) that precipitates out the chlorhexidine
digluconate. It is then placed in a stainless steel pan containing 500 mls of Normal Saline that is
placed on top of refrigerated ULine ice packs in a stainless steel pan. The pancreas is divided in
half by a scalpel with #10 blade on the distal side of the previous site of the portal vein crossing. A
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0.5 gm pancreas biopsy is taken routinely from the cut surface for microbiological testing.
Additional pancreatic biopsies are taken for requested additional research studies from the same
cut surface of the pancreas, prior to pancreas distension. Each of the exposed ducts are
cannulated with a 16 gauge intra-catheter (BD Insyte Autogard Winged, #381447) that are secured
with 3-0 silk suture ligature (Surgic LC, ESILRC18387530). The pancreas distension step is
accomplished manually with the pancreas placed into an empty stainless steel pan. For example,
Roche collagenase (#MTF053398800001, Collagenase Liberase MTF C/T Blend 500mg GMP Grade)
is combined with Roche Thermolysin (#MTF05339880001 Thermolysin MTF GMP 15mg) and is
diluted and filtered through a 0.22 micron filter (Corning, Part #431097), then warmed to 37 oC and
loaded into a 60 ml syringe (Terumo, #SS-60L) connected to tubing with appropriate connectors.
The Collagenase/Thermolysin mixture is injected by hand via the pancreatic ducts of each the
head and the tail sections with injections at increasing flow rates with the endpoint being full
pancreatic distension with obvious intra-lobular distension. Previous evaluation of this technique
measuring injection pressures showed a similar set of pressures generated as is described for
processing clinical grade islets for implantation into diabetic recipients. While the pan initially
received a 37oC collagenase solution, this temperature readily drops to room temperature (25 oC)
during this distension step. Upon completion, the two distended pancreas pieces are secured and
the residual digestion fluid containing collagenase and thermolysin is collected into a 500ml sterile
bottle. The catheters are removed and the residual, non-pancreatic tissue is dissected off,
weighed, and recorded. The two enzyme distended pancreatic halves are divided into 6 to 8 pieces,
followed by surface chopping of these pieces using scissors to penetrate the pancreas outer
capsule that would have restricted and delayed the freed islets from being released during the
Digestion/Filtration step. These partially digested pancreatic pieces are then loaded into the D/FC
including the collagenase/thermolysin digestion mixture used for distension along with DNAse 1
and the 5 mixing silicon nitride marbles (Biorep #SN-01). It should be noted that a recent
publication [53] from the Uppsala group has confirmed that pancreas to pancreas processing
variation in islet yields without obvious explanation may be due to variations in Ca++
concentrations that can fall below the 5mM required concentration for all of the pancreatic
digestive enzymes to be optimally functional.
2.2.3 Digestion/Filtration Chamber Digestion
The current D/FC circuit we utilize in these human islet isolations, previously shown as a
diagram in Figure 1Eb, is also shown as a photograph in Figure S1. The resin D/FC (BioRep
Technologies, Model #500-MVL-03)) has previously been connected into a circuit of tubing
(Tygon3350, SILCNTBG 1/8x1/4), stopcocks (D600 Discofix High flow 4-way, Ref 456060), and two
thermal couples (QOSINA, Cat #13138), one in the tubing outlet from the chamber and one in the
outlet from the cooling coil. One cooling coil (BioRep Technologies, Model #HC-02) is placed in a
4oC water bath in the collection portion of the tubing (sterile ice and water), and one heating coil
(BioRep Technologies, Model #HC-02) is placed in a 50oC water bath (ThermoElectron Corp, Model
#2833) in the recycling portion of the tubing with the D/FC included. The circuit is set initially to
recycle the content from a 250 ml conical (Corning, Ref 430776) through tubing to the heating coil
in the hot water bath into the D/FC past a sampling port and return to the 250 ml conical using a
pump that simultaneously reports the controlled flow rates (Cole Palmer, Masterflex, model
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#77200-60). The initial circulating temperature within the system is held at 40 oC with circulating
HBSS to pre-heat the apparatus. With the distended pancreas enzyme mixture readied, the D/FC is
emptied of the HBSS, opened and loaded with 5 synthetic marbles (BioRep Technologies, Silicone
Nitride marbles, model #SN-01), 5 mls of 1 mg/ml of DNAse (Roche, Ref 10104159001), loaded
with the distended, partially digested pancreas pieces, filled with the collagenase mixture, covered
with a stainless steel screen (450 microns porosity, Prodo custom), and closed tightly. The residual
collagenase mixture is loaded into the recycling 250 ml conical. The initial recycling flow rate of 70
mls per minute is used during the shaking of the loaded D/FC in the recycling mode, monitoring
the D/FC temperature rise to 37oC. Prior to the Switch Time, the digestate samples are taken every
2 minutes and stained with diphenylthiocarbazone (DTZ) (Sigma, D5130 (80mg DTZ prepared in
40mls HBSS, & 10mls DMSO, that stores for 2 weeks @ 10 oC, light protected) [54]. It should be
noted that adding 5 drops of 28-30% ammonium hydroxide (Sigma 320145) to this DTZ standard
formulation will increase the speed of islet staining. This staining is documented under the
microscope (Olympus Model CKX41) that is also electronically connected to a computer and video
screen documenting the digestate components of islets that are free or embedded and the quality
of the islets and the acinar cell aggregates. Selected photos of each observation time are recorded
as part of the batch record (Figure S2 and Figure S3).
The decision to Switch the process from recycling to collection modes, by chamber sample
evaluations is based on the percentage of free islets, the quality of acinar cells, the size of both
islet and acinar aggregates, and the disintegration of the pancreas pieces and free islets. When the
decision to Switch is made from the recycling to the collection mode, the stopcock is changed for
collection of the digestate to proceed to the collection tubes through a cooling coil in a 4 oC water
bath. The digestate collection temperature is kept between 7oC and 10oC by the cooling coil. After
the Switch, Medium 199 (Sigma, M0393) supplemented with horse serum (JR Scientific, cat#44635)
at 6oC-10oC is entered into the circuit towards the chamber at a rate to match the output. The
collection of the digestate is made in 250 ml conicals that contain a collection solution of
supplemented Medium 199 that are placed in containers with cold packs and water. As each
250ml conical is filled for a total of 24 tubes, it is removed from the 10 oC collection cycle and
centrifuged at 180G for 2 minutes at 8oC-10oC. The supernatant is aspirated off and the residual
pelleted islets are rinsed with supplemented Medium 199 and collected into 4 combining tubes
with pelleted digestate volumes recorded. Prior to purification the content of the combining tubes
are combined into one 250 ml conical, mixed properly and a sample taken from the mid-portion of
the conical for recording the islet number, viability, purity, and IEQ calculation. The standard
conversion from islet number to islet equivalent is calculated and recorded as the Pre-Purification
Count. The specific islet staining method for islet identification follows the IIDP Standard
Operating Procedure (SOP) for the use of dithizone [54] plus the addition of ammonium hydroxide.
The viability stain uses the IIDP SOP for the use of inclusion and exclusion of fluorescent dyes [55].
An example of the Digestion/Filtration Recycling and Collection islet preparation is provided in
Figure S2 that is from a representative islet preparation from a 41 year old T2D pancreas donor
(HP-15298-01T2D) not on insulin therapy who developed brain death after a stroke and was 5’ 2”,
251 pounds, with a BMI of 43 and a HgbA1c of 6.5%. Samples (1-2 mls) were taken from the
sample port placed after the D/FC at 2 and 4 minutes during the recycling portion and every 3 to 4
minutes during the collection portion and stained with 5 drops of dithizone and 1-2 mls of HBSS.
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The photos were taken at 4X magnification and clearly show the mix of islet (red), acinar (tan), and
duct cells (clear) occurring throughout the process.
2.2.4 Islet Purification
Following the count sample, the digestate is centrifuged (Beckman Coulter, Allegra 6R) to
remove the supernatant and replace it with University of Wisconsin (UW) Solution (CoStorSol, PS004). Islets are incubated with the UW solution for 100 minutes at 8 oC to 10oC. The COBE 2991
(COBE Blood Processor) is prepared by the removal of the foam core and plastic disc and
replacement with the COBE bag (Termo BCT, Ref 90819) followed by appropriate set up spinning.
Three Density Gradients are made from different combinations of Biocoll and Viaspan that range
from 1.100gm/ml to 1.050gm/ml that are all made fresh on the day of isolation. All the densities
are confirmed using the Mettler Toledo – Densito30PX (cat#LWC75663) out to three decimal
places and recorded. The Density Gradient Maker (Prodo custom) is loaded on the outlet side with
the 1.100gm/ml cushion that is pumped into the COBE. To avoid introduction of air into the tubing,
the fluid level is adjusted backward to the bottom of the gradient maker to prevent air bubbles
from entering the COBE bag. The COBE is then turned on slowly advancing the speed to 3,000 rpm.
The next heaviest solution is loaded into the outlet side of the gradient maker with a stir bar. The
inlet side of the gradient maker is then loaded with the lighter solution. These two loaded gradient
densities can be varied in densities to focus on different sized islets and purities. The gradient
maker is positioned on the magnetic stirrer (Termo Scientific, Variomag Max, order #500 94714)
with the speed set at 400 rpm. The pump is turned to the appropriate speed for loading the
gradient with the mixing lever opened between the inlet and outlet sides and the clamp opened
on the tubing connecting to the COBE bag. As the inlet chamber side empties into the outlet
chamber, the pancreas digestate should be removed from its cold storage. It is added to the outlet
chamber when nearly all of the gradient has completed its loading from the outlet chamber. The
COBE run time is 10 to 12 minutes in duration. The 30 pre-loaded and numbered 50ml conical
tubes in racks are brought into the hood and prepared to receive the gradient off the COBE. The
“Superout” button of the COBE is pushed at the end of the run collecting the output serially into
these consecutively numbered collection tubes. Individual mixed samples are taken from each
collection tube into separate wells of 24 well plates (Millipore Cat#PIMWS2450) for determination
of islet purity and pellet volume. The percent islet purity and pellet volume is used to determine
assignment of each well to the most purified Fraction 1 or lower purified fractions below as
required. Each of the fractions are combined into a 250ml conical, washed, and loaded with
PIM(R)® supplemented medium for taking a count sample from the mixed tube. Highly purified
acinar tissue is removed from the bottom of the gradients and distributed to interested
investigators as requested since the PIM(R)® media also supports the culture of human acinar cells,
unlike the CMRL1066 culture medium.
An example of the human islet Purification is provided in Figure S3 that is from the same islet
preparation from the same 41 year old T2D pancreas donor (HP-15298-01T2D) samples that were
shown in the D/F step (Figure S2). After the purification in the COBE, during the ‘Super-Out” step,
samples are sequentially placed in 30 consecutive 50ml conical tubes containing the collection
medium. The photos were taken at 4x, stained with dithizone with HBSS added for each of the 30
collection tubes. The volume in each tube is recorded on each sub-photograph. For this example,
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Tubes 2-12 were collected with pellets purified as Fraction 1 with 90% purity and distributed to
investigators after 3-5 days of culture. A lower Fraction 2 was collected from tubes 13-16 with a
combined initial purity of 60% that were cultured and distributed to interested investigators.
Purified acinar cells were also distributed to investigators from tube 25. The remaining tubes were
discarded.
2.2.5 Islet Tissue Culture
Corning T150, non-tissue culture treated flasks (Corning, cat#431465) are labelled and placed
into the 12 foot Laminar flow hood following 70% ethanol spraying of the flasks. The islet culture
medium (Prodo Labs, 500 mls, PIM(R)® Recovery, cat#PIM-R001GMP) is supplemented with 5 mls
PIM(G)® Glutamine/Glutathione (Prodo Labs, cat#PIM-G001GMP), and 5% PIM(ABS)® Human AB
Serum (Prodo Labs, cat#PIM-ABS001GMP), along with triple antibiotics, PIM(3X)®, that includes
Ciprofloxacin (Ref 61-277-RF, 10mg/1000ml), Gentamycin (Sigma, G1272, 10mg/1000ml), and
Amphotericin B (Omega, FG-70, 2500mcgm/1000ml) and then pipetted into the T150 flasks at
30ml per flask with the bottoms wetted. The purification solutions are removed from the islets
after centrifugation and replaced with the supplemented islet culture medium. Calculations are
completed using the hand counter to enable placing 10,000 IEQ of purified human islets per each
T150 flask with a total of 40 mls of the supplemented islet culture medium. All of the islet loaded
flasks are wiped with alcohol and placed on the shelves of the 37 oC incubators. From 12-18 hours
after the initial post-processing islet culture, a 50% media change is made using the same newly
supplemented islet culture medium, PIM(R)®. Additional culture time utilizes 50% media changes
every 3-4 days with supplemented PIM(S)®. The majority of highly purified human islet
preparations are distributed after 3 to 5 days of tissue culture, shipping in PIM(T) ® transport
medium using controlled temperature shipping boxes. Glucose stimulated insulin release testing is
performed on the residual islets held for the testing that is completed on the 5 th to the 8th day
post-processing.
2.2.6 Islet Distribution
Prodo has contracts with universities, colleges, institutes, individuals, and pharmaceutical and
biotechnology corporations for distribution of HIR on a global basis. It also has a contract with the
SLRI to process human pancreases into islets for distribution to those investigators with funded
grants from the NIH and the JDRF for HIR through the IIDP. Most islets are distributed from 3 to 7
days after processing that meet release specifications. Islet distribution from Prodo utilizes
Nalgene shipping bottles (ThermoScientific, Sterile Square Media Btl – 30ml-2019-0030, 60ml2019-0060, 125ml-342040-0125, 250ml-342040-0250) containing PIM(T)® Transport
supplemented medium (Prodo Labs, Cat#PIM-T001GMP) with the size of the bottle dependent
upon the number of IEQ per order. These islet-containing bottles are packed in temperature
controlled and specifically packed boxes that maintain the temperature between 6oC and 15oC
from overnight to up to 3 days of transport time on a global basis. For circumstances when
additional islets remain available but are not ordered, Prodo follows the IIDP SOP for the flash
freezing of human islets that can be stored frozen for future shipping [56].
If requested, Prodo also supplies histologic samples of human pancreas, duodenum, and
abdominal fat for research prior to processing the pancreas for islets and utilizes the IIDP SOP for
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preparing pancreas sections for histology [57]. For both human islet culture and cold shipping,
Prodo utilizes IIDP SOP standardized islet culture prior to shipping based on Prodo protocols [58].
It also uses IIDP SOP standardized shipping packaging the islets and maintaining cold temperatures
for shipping based on Prodo protocols [59]. Special shipping requirements are needed for shipping
islets internationally and Prodo utilizes IIDP SOP for standard shipping needs [60]. Throughout all
of these pancreas and islet processing, purifying, culturing, and shipping steps involved, Prodo
utilizes IIDP Guidelines taken from the “2007 Guideline for Isolation Precautions: Preventing
Transmission of Infectious Agents in Healthcare Settings” from the Centers for Disease Control and
Prevention [61].
2.3 Process Confirmation Testing
2.3.1 Islet Yield Determination
Human islet yields are determined at Pre-Purification, Post-Purification, and after tissue culture
(Post-Culture) by counting islet size through the use of a microscope ocular piece that provides a
grid graded with 50 to 100 micron squares to measure islet size. An “Islet Equivalent (IEQ)” is
defined as an islet with a diameter of 150 microns [62+. The number of IEQ’s in each size class is
calculated by multiplying the number of islets by a conversion factor for each micron size.
Performing islet counts has two major opportunities for error: a) properly mixing the final
preparation in a 250ml conical and taking the sample in the quickest time in the mid-portion of
the conical to avoid missing the largest islets that drop more rapidly and b) actually estimating the
accurate count for each islet size observed. Since these two steps can combine to as much as a 25%
error, Prodo has developed a specific image analyzer (Figure S4a) built to reduce this error that
scans each T150 flask (Corning, cat#431465) and counts islet number by size excluding those
below 50 micron diameter with an error margin of ±10%. In addition, it counts all particles up to
600 microns and marks those larger objects for review, such as cotton fibers. It calculates the IEQ
number using the same equation and plots a scan of islet size by particle size (Figure S4b). This
image analysis count confirms the manual counts to reduce the error in estimating IEQ numbers
prior to islet distribution in order to ship the most accurate quantity of islets to each recipient
laboratory. Those human islets of the purest fractions (90% pure and above) are labelled Fraction
1 (Fx1) and cultured in separate T150 flasks. Those of intermediate purity (70-89% pure) are
labelled as FX2 and cultured in separate flasks. Those of lower islet purity (50-69%) are labelled as
FX3 and cultured in separate flasks. Islet containing flasks that contain islets <50% purity are
discarded and are not cultured.
2.3.2 Glucose Stimulated Insulin Release (GSIR) Testing
Prior to the scheduled test date that is usually 5-8 days following the islet processing, the test
volume of islets is removed from cultured flasks and placed in a sterile 15ml conical for GSIR
testing [62]. The GSIR test plates are prepared using 24 well Cell Culture Receiver Plates (TC,
Cat#PIMWS2450) and well-inserts (Millicell Cell Culture Insert, 12mm polycarbonate, 12 μm, Cat#
PIXP01250). Prior to loading the samples, 3 inserts are placed in the 24 well testing plate. There is
0.4ml medium placed into each of 3 wells with inserts to pre-wet, and islets are washed 2 times
with 3mM glucose test medium. Islets (75 IEQ) are loaded in 0.6ml of 3mM test medium into each
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of the 3 wells containing inserts that are covered and cultured at 37oC and 5% CO2 overnight. The
next day, the plate cover is removed and each of the inserts containing islets are transferred out
of their wells with medium and placed one row below into empty wells for the medium to drain
out of the inserts. The residual media is aspirated out in the 3 original wells and discarded. Then,
fresh 3mM glucose medium is added to these wells followed by replacing the inserts with the
islets back into their original wells with the fresh medium. The drained media is aspirated from the
wells where the inserts had been set to drain. These same steps are repeated two more times
with one hour culture periods to enable the islets to reach basal insulin release levels after each,
before starting the test media. After the third media change, the wells with the islets inside the
inserts are incubated at 37oC for one hour. The additional test media for 12mM Glucose, 20mM
Glucose, and 20mM glucose+0.1mM IBMX has to be warmed to 37 OC with 5% CO2 prior to use in
the test. The 3 inserts with islets undergo the same incubation periods for one hour duration with
each of the test media in order. The final incubation returns to 3mM glucose again. Each of the
test media collected from each well is separated from the islets, then sealed, labelled and frozen
for ELISA insulin assay (Mercodia Insulin Assay cat#10-1113-10), and DNA Assay (Life Technologies
– Quant-iT™ Picogram® ds DNA Assay Kit cat#P7589). The residual islets are removed from the
trans-wells, processed and stored for quantifying insulin and DNA content. Prodo utilizes the IIDP
SOP to determine islet secretory potency of insulin release [63], but reduces the high glucose
concentration from 28mM to 20 mM.
2.2.3 Microbiological Testing
Due to potential bacterial, fungal, and yeast contamination from the donor pancreas,
duodenum, and the transport solution as previously presented [52], samples are prepared for
bacterial and fungal microbiological testing. The initial sample of the transport solution is taken
prior to removal of the pancreas from the transport container inner bag enclosing the pancreas. A
second sample is taken from the mid-portion of the pancreas by biopsy prior to inserting the
ductal catheters. A 0.5 gram pancreas biopsy is taken from the cut surface for microbial testing
and divided into three pieces. Microbiologic culturing of these samples is done in agar (Remel –
Tryptic Soy Agar cat#R111570) and read every 2-3 days for 14 days with the first 7 days at 30OC35OC and the second 7 days at 20OC-25OC. A third sample is taken from the fluid in the dissection
pan following duct cannulation. Microbial samples are not only taken during isolation, but also
taken at media changes and from the final islet preparation post-culture and observed for 7 days
for microbial growth. Gram staining is done on the supernatant on the day of shipping and
followed to supplement the culture samples. If microbial contamination is documented prior to
shipping, these islets are not distributed. If discovered after shipping, microbial contamination is
reported to the islet investigators who received them as contaminated islet preparations with the
opportunity to be replaced. Prodo utilizes the IIDP SOP for Microbiology Testing [52]. Since these
samples are tested for distribution of human islets for research and not for clinical transplantation,
USP guidelines are not followed.
2.3.4 Statistical Analyses
Statistical analyses were run on all the results except those not indicated such as those based
on percentage data or those where insufficient numbers of samples per group prevented
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calculation of meaningful results. The majority of Student t tests were 2 tailed and assumed
unequal variances using the Bonferroni correction to reduce p values based on number of
variables. The use of linear regression analysis used scatter plots with calculated straight lines with
the appropriate p value for the regression reported. P values are presented as their calculated
value with p<0.050 and p<0.001 showing statistical significance depending upon number of
variables tested. (see Acknowledgements)
3. Human Islet Processing Results (2011-2016)
3.1 Human Islet Processing Result Details
3.1.1 Human Pancreas Donors
Organ Donors for Current Study. Prodo and the SLRI have been distributing HIR as a service
business since 2007 (Table 2) delivering a total of 78.45 million Islets (IEQ) for Research through
2016 that ranged from 7.33 to 12.10 million IEQ per year. This report focuses on the last six
complete years of distribution: 2011 - 2016, during which 62.8 million HIR were distributed to
both corporate and academic investigators that averaged 10.47 million IEQ per year and
represents 80.1% of the total islets distributed since 2007. The islets distributed from 2011-2016
had very consistent yields of islets delivered compared to the earlier processing years that were
completed without the manufacturing methods and controls. The average IEQ per donor shipped
per year ranged from 218,506 IEQ per year to 335,961 IEQ per year with a 6 year average of
280,333 IEQ per year. The islet purities six year average was 88.4% pure per process, ranging from
86.3 % to 91.9% pure human islets. There was an average of 6.3 different OPO’s delivering HPR to
Prodo with a range of 4 to 9 OPO’s with 9 being the current number. Prodo has contracts with a
number of global pharmaceutical and biotechnology companies, research institutes, universities,
and individual investigators to deliver HIR on a weekly schedule. Prodo also has a contract with the
SLRI to process HPR into islets under their contract with the National Institutes of Health (NIH) for
its International Islet Distribution Program (IIDP) that provides human islets to its funded academic
investigators. All of these islet research recipients are encouraged to report back regarding any
discrepancies in their islets received. If there are found to be major differences from what was
sent, then islet replacements are sent for those islets that were not able to be utilized without
additional charges. The demands of these contracts for weekly distribution of HIR have required
the development of a standardized, manufacturing approach to human pancreas processing so
that consistent, high quality human islets can be distributed on a weekly basis (see Methods). This
report documents the procedures developed and the outcome results achieved by the success of
this standardized islet production effort as well as maintaining control of the critical variables
involved in the success of islet processing and distribution for diabetes research.
Table 3 presents the number of adult human pancreas processed into HIR from both NonDiabetes Mellitus (Non-DM) donors and Type 2 Diabetes (T2D) donors for this six-year study
period. Processes were declared to be “Unsuccessful” if there were insufficient numbers of high
quality islets available to distribute to diabetes investigators. When this effort was initiated in July
of 2011, we had set the criteria of a successful process to be >70% pure that had been achieved in
2010. However, that criteria was raised to the 80% level at the start of 2012 and carried on
through 2016 during which time the average islet purity achieved 91.9% purity level. There were
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242 Non-DM donor pancreases processed, with islets from 226 donors that were distributed
which represents 93.4% of these pancreases processed. Of 35 T2D donor pancreases processed,
islets from 29 donors were distributed which represents 82.8% of T2D pancreases processed. But,
we have chosen to drop the T2D islet processing islet purity to below 80% to the 65-70% purity
level with processing increased numbers of T2D donors in order to ship more of these rarely
processed islets to investigators.
Table 2 Number of HIR distributed to diabetes investigators by Prodo and the SLRI.
Process
Year
# IEQ (x106)
Distributed
for Research
# Pancreas
Processed
for Research
Ave IEQ
/ Donor
Shipped
per Year

2007
6 mo
2.40

2008 2009 2010 2011*

2012*

2013*

2014*

2015*

2016*

Totals

3.10

4.05

6.10

7.33

12.10

11.26

11.10

10.07

10.94

15

30

22

21

36

38

41

42

50

48

78.45x106
IEQ Total
Shipped
343 Total
Processed

160,
000

103,
000

337,
500

290,
476

293,
207

335,
961

296,
433

277,
458

218,
506

260,
431

Ave Islet
Purity %
Shipped
per Year

-

68.5

67.5

78.0

88.1

88.4

86.3

87.3

88.6

91.9

# OPO’s
per Year

2

2

2

3

4

5

5

6

9

9

*

280,332.7
Ave IEQ
/ Donor
Shipped
per Years
of Study
88.4%
Ave Purity
Shipped
Per Years
of Study
6.3 Ave
# OPO’s
Per Years
of Study

Process Years Included in this Study
Table 3 Human pancreas processes from Non-DM donors and T2D donors with the
percentage of successful islet processes.
Year
2011
2012
2013
2014
2015
2016
SUM

Total
Non-DM
28
41
44
43
44
42
242

Islets
Shipped
26
36
38
40
44
42
226

% Success
93
88
86
93
100
100
93

Total
T2D
13
2
3
2
7
8
35

Islets
Shipped
10
2
3
2
6
6
29

% Success
77
100
100
100
86
75
83
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Donor Demographics. The demographics of pancreas donors in this study are presented in
Table 4 and compared to recent Clinical Islet Transplant Reports (CITR) [45, 46]. The average age
of the CITR donors was 43.2±12.2 years for n=1,017 donors. For this study the Non-DM donors
average age resulting in Successful processes (n=226) was 42.4±0.9 years while the Unsuccessful
Non-DM donors (n=15) average age was 48.2±4.1 years. The average age of the T2D Successful
donors (n=29) was 49.8±1.8 years while the average age of the T2D Unsuccessful donors (n=6) was
47.0±4.0 years. For the CITR study there were 55.5% males and 44.5% females. In this study, there
were 140 (61.9%) male donors and 86 (38.1%) female donors in the Non-DM Successful group
with 7 male donors and 8 female donors in the Unsuccessful group. For the T2D donors, there
were 17 males (58.6%) and 12 females (41.4%) in the Successful group and 3 males and 3 females
in the Unsuccessful group. In terms of the race of the donors, the CITR reported 90.9% as NonHispanic, 7.3% as Hispanic, and 1.9% as mixed race donors. For this study, the racial mix of donors
was much broader with 124 (54.9%) Caucasian, 59 (26.1%) Hispanic/Latino Specific, 26 (11.5%)
African American, and 17 (7.5%) Asia/Pacific Islander that provided pancreases for the Non-DM
Successful processes. The CITR study only processed islets predominantly from Caucasians (90.9%)
while this study processed islets from 45.1% of non-white donors. The other races in this study are
generally smaller donors that produce smaller islets. For the T2D Successful Processes, there were
14 (48.3%) Caucasian donors, 13 (44.8%) Hispanic/Latino Specific donors, and 1 (3.4%) Asia/Pacific
Islander donor and 1 (3.4%) African American donor for the T2D Successful processes.
Table 4 Demographics of human pancreas donors for research (2011-2016).
Donor

Age
Sex

Race

Categories

CITR
[45, 46]
Results
n=1017
Ave
Age± 43.2±12.2
SEM (yrs)
Male
55.5%
Female
44.5%
Caucasian/
NonHispanic
Hispanic /
Latino
Specific
African
America
Asian/Pacific
Islander
Mixed Race

Prodo
Non-DM
Successful
n=226
42.4±0.9

Prodo NonDM
Unsuccessful
n=15
48.2±4.1

Prodo T2D
Successful
n=29

Prodo T2D
Unsuccessful
n=6

49.8±1.8

47.0±4.0

61.9%
(140)
38.1% (86)
54.9%
(124)

46.7% (7)
53.3% (8)

58.6% (17)
41.4% (12)

50% (3)
50% (3)

53.3% (8)

48.3% (14)

16.7% (1)

7.3%

26.1% (59)

46.7% (7)

44.8% (13)

33.3% (2)

0%

11.5% (26)

0%

3.4% (1)

0%

0%

7.5% (17)

0%

3.4% (1)

50% (3)

1.9%

0%

0%

0%

0%

90.9%
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Causes of Brain Death. There were significant differences in the primary causes of Brain Death
in donors from the Non-DM, T2D, and DCD groups (Figure 2A). By way of comparison, the Cause of
Death data reported in the CITR study of 2016 was at 55.9% for Stroke, 31.0% for Head Trauma,
and 12.9% for Anoxia [5]. The Phase 3 trial [3, 4] reported the cause of death due to Stroke was
44.0%, Head Trauma was 45.3%, and Anoxia was 5.3% with another 5.3% as “Other”. For this
study, the Non-DM donors’ primary cause of brain death was Stroke at 49.7% followed by Head
Trauma at 29.4% and then Anoxia that includes respiratory and myocardial infarction deaths at
19.3%. The “Other” category of donors in Figure 2A includes those with brain tumors for the NonDM donors (1.5%). The T2D donors’ primary causes of brain death were divided between Stroke at
50.0%, Anoxia at 39.3%, and Head Trauma much lower at 10.7%. This increased incidence of both
stroke and cardiac death in the T2D donors over the Non-DM donors would be expected since
these are the two primary causes of death in diabetics that directly relate to their secondary
complications of diabetes. In contrast in this study, the DCD donors’ primary cause of death was
Head Trauma at 54.8% followed by Anoxia at 25.8% and Stroke as the lowest of these three donor
groups at 19.4%. This suggests that the Stroke cause of death is far more effective than Anoxia or
Head Trauma in resulting in brain death, most likely as a result of intracranial hemorrhage that
frequently is part of stroke and can significantly increase intracranial pressure readily causing
brain stem herniation and brain death.

Figure 2 Organ donor brain death. A: Causes of brain death in Non-DM, T2D, and DCD
organ donors for research pancreases; B: Effect of cause of brain death on IEQ/Gm yields
in Non-DM, T2D, and DCD donor.
A potential variable to examine affecting Islet yields and losses was the Cause of Death of the
donors. This analysis combined all the causes for death together to determine any significant
differences in islet yields based on Cause of Death of the donors. For the Pre-Purification IEQ/Gm
yields and the Post-Purification IEG/Gm yields, there were no significant differences in islet yields.
Analysis of the IEQ/Gm of islet yields (Figure 2B) by 2 tailed t tests only showed one combination
that was significantly different in terms of islet yields in this study based on the causes of death in
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the Post-Culture group. There were no statistically significant differences for Anoxia versus Stroke
in islet yields (p=0.343), nor for Anoxia versus Head Trauma (p=0.156). However, for Stroke versus
Head Trauma, the islet yields were significantly larger for Stroke over Head Trauma (p=0.044). This
was the only combination that resulted in a significant difference in islet yields as IEQ/Gm of the
three causes of death of the donors.
3.1.2 Prodo Labs Processing Islet Yields
Islet Yields from Non-DM and DCD Donors. The overall islet yields are represented as Islet
Equivalents (IEQ) that is defined in the Methods section and reference [62]. These results are
shown for the six processing years (2011-2016) for Non-DM pancreas donors expressed as Islet
IEQ Yield per Pancreas Process (Figure 3A) and as Islet IEQ Yield per Gram (IEQ/Gm) of pancreas
processed (Figure 3B) showing results at the three processing steps: Pre-Purification, PostPurification, and Post-Culture for human islets. These results demonstrate the consistency of the
pancreas processing over the six consecutive years, showing essentially the same islet yields for
Pre-Purification, for Post-Purification, and for Post-Culture for each year. Expressed as Overall Islet
IEQ Yields per process (Figure 3A), there were 460,367±12,732 IEQ Pre-Purification and
354,860±10,418 IEQ Post-Purification followed by 279,083±7,996 IEQ Post-Culture. These islet
yields per pancreas process showed by linear regression analysis there were no significantly
different islet yields per process identified at any of the three processing steps. However,
expressing the islet yields as IEQ/Gm of pancreas processed showed different results (Figure 3B).
By comparison, expressing the overall islet yields as IEQ/Gram of pancreas (Figure 3B)
processed rather than IEQ Yield per Process (Figure 3A), the Overall Results were 6,943±201
IEQ/Gram isolated Pre-Purification and 5,485±199 IEQ/Gram pancreas at Post-Purification with
4,351±167 IEQ/Gram of pancreas Post-Culture. Using two-tailed Student t tests (see Methods), for
the Post-Culture, islet yields expressed as IEQ/Gm for all of the six years (2011 - 2016), showed
several significantly different yields through these years with p<0.050). An explanation of these
differences of expressing islet yields per process versus per Gm of pancreas was discovered when
evaluating the range of pancreas weights of the 226 successful donors for these six processing
years that varied from 40.3 gm to 194.5 gm with an average weight of 89.4gm. With such a wide
range of pancreas weights observed, one has to be concerned about the accuracy of representing
islets yields by using the IEQ yield per pancreas process to represent all of the results. Based on
the islet yields from this study, the more accurate measurement of islet yields should be
expressed as IEQ/Gram of pancreas processed that is utilized throughout the remainder of this
report. Using this IEQ/Gm analysis also demonstrated process variables for Non-DM islet yields
and showed statistically significant process success with shorter Cold Ischemia Times (CIT)
(p=0.027), shorter Switch times (p=0.043), and greater percent of pancreas digested (p=0.006)
than IEQ per process, but no significant difference in islet yields based on pancreas weight alone
(p=0.319). Unfortunately, when reviewing the results of the clinical islet transplant trials in
diabetic patients (Table 1), one discovers that these investigators predominantly express their
results as total IEQ per pancreas processed rather than IEQ per Gram of pancreas processed. As
we have now demonstrated in this publication, the markedly different pancreas weights of
processed pancreases prevents the ability to demonstrate significant differences in the three
processing steps in terms of expressing islet yields per process. Yet, there clearly are significant
Page 103/394

OBM Transplantation 2019; 3(1), doi:10.21926/obm.transplant.1901052

differences in islet yields per process step if the results are expressed as IEQ/Gm of pancreas
processed. It is possible that if the clinical islet transplant centers would consistently express their
processing outcomes as IEQ/Gm of pancreas processed, in addition to their IEQ/Process, their islet
processing outcome results may better clarify center to center clinical results. Clinical islet
transplantation investigators are obviously interested in knowing the total number of islets
implanted and will report that result as IEQ per Process, as they should. Yet, this use of using islet
yields per process is primarily affected by the weight of the pancreases as will be detailed later in
this report. So, in terms of analyzing islet processing success, in our opinion, reporting IEQ per
gram of pancreas is the only effective way to directly compare islet processing effectiveness
between processes and between centers. Thus, all additional islet yield results are expressed in
this report only as IEQ/Gm of pancreas processed throughout the remainder of this report.
Included within these results of the Non-DM pancreas donors, there were a total of 31
pancreas donors that were designated as DCD (Donation after Cardiac Death) or non-heart beating
organ donors included in the total number of pancreases processed from 2011-2016 that were
included in the previous data in Figure 3A, Figure 3B, and Table 4. Based on our preliminary
experiences prior to 2011, we had set the criteria for accepting a pancreas from a DCD donor for
this study as: a) an initial Down Time of <15 minutes without Cardio Pulmonary Resuscitation (CPR)
at the start of hospitalization and b) a DCD declaration of cardiac arrest within 30 minutes of
disconnecting the artificial ventilation that starts the procedure to recover organs for transplant or
research. Of the 34 DCD donors meeting these criteria, three were not utilized in these
calculations. One was a Type 2 Diabetic and two of the Non-DM donors failed to have sufficient
numbers of quality islets to enable shipping. All of the 31 DCD donors utilized in the study were
Non-DM donors with their islet yields shown in Figure 3C. Islet yields in this figure also include the
yields from T2D donors for quick reference with their complete results presented later in Section
3C. The DCD Pre-Purification yields were 6,444±425 IEQ/Gm compared to the 196 Non-DM donor
average yields at this level of 6,949±215 IEQ/Gm (p=0.295). The Post-Purification results for the
DCD donors yield were 5,042±444 IEQ/Gm compared to the Non-DM donor yields of 5,465±202
IEQ/Gm (p=0.391). The Post-Culture islet yield for the DCD donors was 3,567±299 IEQ/Gm that
were significantly lower than the Non-DM donor islet yields of 4,384±167 IEQ/Gm (p=0.013). Thus,
there is a significantly lower islet yield Post-Culture from Non-DM, DCD donors compared to NonDM, Non-DCD donors. These results also confirm the importance of using the two defined,
restrictive criteria for accepting a DCD donor for islet processing with 31 of 34 (91%) DCD donors
providing high quality HIR. Even with this significantly lower islet yield Post-Culture in this DCD
group, we chose to combine them with the Non-DM, Non-DCD donors as a single pool of donors
for islet recovery for research for the remainder of this report.
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Figure 3 Processing human Non-DM pancreases into islets. A: Overall islet IEQ yields per
“pancreas process” – Non-DM successful; B: Overall islet IEQ yields “per gram” (IEQ/Gm)
of pancreas processed – Non-DM Successful; C: Comparison of islet IEQ/Gm yields
between DCD, Non-DM, and T2D donors; D: Overall islet indices from islets processed
from Non-DM donors; E: GSIR from successful Non-DM donors for 2011-2016.
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For comparison, a publication in 2010 for all donors recovered for whole organ transplantation
showed there is an increasing percentage of DCD donors for organ transplantation from 14.8% in
1998-2002, to 48.4% in 2003-2005, and to 60% in 2006-2008 [64]. Another recent publication in
2016 by the Edmonton group for clinical islet transplantation [65] compared islet yields from 418
Non-DM and 15 DCD donors with Pre-Purification, islet processing yields of 576x103 IEQ/Process
(Non-DM) and 608x103 IEQ/Process (DCD) and Post-Purification yields of 386x103 IEQ/Process
(Non-DM) and 379x103 IEQ/Process (DCD) without any significant difference in their yields.
However, they did not report any Post-Culture islet yields nor did they report their islet yields in
IEQ/Gm of pancreas processed. They also recommend the inclusion of DCD donors for clinical
pancreatic islet transplantation. In contrast, the recently published Phase 3 Trial [3, 4] in 2016
excluded DCD donors without explanation, as their pancreas donors selected for clinical islet
transplantation. It would seem appropriate with the DCD donor results reported in this study of
islet processing that DCD donors with specific restrictions should be considered to provide human
islets for clinical transplantation as they already are in use for whole pancreas transplants. In
terms of Non-DM islets from DCD donors, concern about their quality should be minimal with our
report comparing their cultured islet yields with Non-DM donor cultured islets, assuming the same
restrictions for accepting DCD donors would be used.
Returning to the analyses of the Non-DM donors combined with the DCD donors overall results,
the Islet Index is defined as the ratio of Islet IEQ divided by the Islet Number for each pancreas
processed [62]. In most published clinical reports, the size of the islets reduces during the process
and as well as following islet culture, even if that culture is longer than a couple of days using the
basic islet culture medium (CMRL1066 (500ml), Human Serum albumin (10ml), and Lisofyllin
(240uL) as described as the original “CIT Culture Medium” *44+). As shown in Figure 3D, for the
Successful Non-DM processes in this study, the Islet Index for the Pre-Purification step was
0.62±0.02 with the Post-Purification Islet Index of 0.57±0.02, which are statistically not different.
Yet, for the Post-Culture group, the Islet Index increased for these islets to 0.78±0.02 which is a
significant increase from Pre-Purification to Post-Culture as well as from Post-Purification to PostCulture islet yields. In fact, each of these are statistically significantly different from the other with
Pre-Pure greater than Post-Pure (p=0.044), Post-Culture greater than Post-Pure (p<0.001), and
Post-Culture greater than Pre-Pure (p<0.001). In contrast to the published clinical studies using
CMRL culture media, this Post-Culture increased Islet Index appears to be due to the use of
PIM(R)® supplemented islet culture medium that was designed to improve islet recovery postprocessing. Its use over several days to recover islets from processing-induced damage also causes
smaller islets to aggregate with each other or to become larger islets during the usual 3-7 days of
islet culture prior to shipping to research investigators. This explains the significant increase in the
human Islet Index Post-Culture. This effect from using PIM(R)® culture media is consistently
observed throughout this report.
HIR functional analysis was obtained by Glucose Stimulated Insulin Release (GSIR) testing that
was performed routinely on the 5th-8th day post-pancreas processing with results shown in Figure
3E (see Methods). Processed islets were already distributed to recipients prior to the GSIR testing
on most all of the 226 human islet preparations in this study. GSIR results for the Non-DM donor
processed islets given an average 3mM (54mg/dl) glucose stimulation resulted in the basal insulin
release level of 0.093±0.005 ng insulin/ng DNA/Hr. The Glucose Stimulation Index (GSI) is the
glucose stimulated insulin release value at given glucose concentrations divided by the insulin
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release from the average basal (3mM) glucose concentration. The 12mM (216mg/dl) glucose
stimulation released 0.209±0.012 ng insulin/ngDNA/Hr that was significantly larger than the 3 mM
glucose (p<0.001). Dividing the 12mM glucose insulin release by the basal insulin release results in
the 1st GSI of 2.652±0.105. The 20mM (360mg/dl) glucose stimulation released 0.272±0.016 ng
insulin/ngDNA/Hr that was significantly higher than the basal insulin release (p<0.001) and
significantly higher than the 12 mM glucose stimulation (p<0.001). These values resulted in the 2nd
GSI of 3.535±0.156 ng insulin/ngDNA/Hr. The 1st GSI was significantly less than the 2nd GSI
(p<0.001). The 20mM glucose+0.10mM IBMX stimulation released 0.675±0.045 ng insulin/ng
DNA/Hr which was significantly higher than the basal insulin release (p<0.001), the insulin release
from the 12mM glucose stimulation (p<0.001), and the insulin release from the 20mM glucose
stimulation (p<0.001) that also resulted in the 3rd GSI of 8.789±0.405. This 3rd GSI was not only
significantly higher than the 2nd GSI (p<0.001), but was also significantly higher than the 1st GSI
(p<0.001). The Total Stimulated Insulin Release is calculated as the sum of the three insulin levels
released in response to stimulating glucose concentrations as well as glucose+IBMX minus the
average insulin levels released from the two basal glucose levels. The average of the Overall Total
Stimulated Insulin Release for the Non-DM islets under GSIR testing was 1.069±0.067 ng insulin/ng
DNA/Hr. Thus, these Non-DM human islets demonstrate significant increases in insulin release
over basal and over each previous stimulating glucose concentration throughout the entire GSIR
test which was performed after 5 to 8 days of islet culture in PIM(R)® supplemented culture
medium.
Islet Yields from Non-DM and T2D Donors. With the results already presented for the
Successful Non-DM donors, this section expands the study to add results for comparison to the
T2D Successful processes, the T2D Unsuccessful processes, and the Non-DM Unsuccessful
processes. To be included in this study, T2D donors had to meet the first and then one of the next
two criteria for islet processing: a) a clinical diagnosis of T2D prior to death with a HgbA1c value
<10.0%, and b) T2D treatment by diet and exercise alone, or c) T2D treatment by diet, exercise,
and oral diabetes medications. All other T2D donors who had taken insulin injections prior to their
terminal hospitalization were excluded from processing since our previous experience in those
donors has been that very few DTZ positive islets were ever recovered by pancreas processing and
islet purification, especially in those with HgbA1c values of 10% or greater.
The processing details for these four groups are presented in Table 5. In terms of Successful
processes for both the Non-DM and T2D donors, the processing details are very similar. The Cold
Ischemia time for the Non-DM donors was 10.4±0.2 hours and 10.4±0.6 hours for the T2D donors
(p=0.463). The Switch Times were 7.1±0.1 minutes for the Non-DM donors and 7.8±0.5 minutes
for the T2D donors (p=0.070). The digested pancreas weight for the Non-DM donors was 70.7±1.5
grams and 68.5±4.7 grams for the T2D donors (p=0.319). The Percent Pancreas Processed for the
Non-DM donors was 80.1±0.8 percent that was significantly higher than for the T2D donors at
74.2±2.9 percent (p=0.027). So, except for the lower percent of the pancreas processed for the
T2D donors both the Successful Non-DM donors and the Successful T2D donors, the processing
results were essentially the same. Processing Results for Unsuccessful Non-DM had longer Cold
Ischemia times, Switch Times, Pancreas Digested in both Weights and Percent Processed than
Successful Non-DM pancreases. Processing results for T2D pancreases processed showed longer
Switch Times, but shorter Cold Ischemia Times, Pancreas Weights, and Percent Pancreas
Processed than recorded for Non-T2D donors. A major challenge in processing T2D donor
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pancreases under these acceptance criteria is that 17.0% of these T2D pancreases simply did not
digest well with only 42% of their pancreases digesting. At this point of our experience of
processing T2D pancreases, we are not able to predict which processes will fail with similar
characteristics. Since we have limited our acceptance criteria to only processing T2D pancreases
with HgA1c values <10.0%, the islets recovered from these donors perform rather well as shown
below.
Table 5 Pancreas processing details for HIR.
Processing
Details
Cold Ischemia (Hr)
Switch Time (min)
Pancreas Digested (Gm)
Percent Pancreas
Processed (%)

Non-DM Donors
Successful
(n=226)
10.4±0.2
7.1±0.1
70.7±1.5
80.1±0.8

Non-DM Donors
Unsuccessful
(n=15)
12.3±0.9
9.2±0.6
92.4±6.5
86.4±2.1

T2D Donors
Successful
(n=29)
10.4±0.6
7.8±0.5
68.5±4.7
74.2±2.9

T2D Donors
UnSuccessful
(n=6)
9.1±1.3
13.8±2.0
39.7±12.7
42.1±7.5

Figure 4 repeats the Overall results from Non-DM donors shown in Figure 3, but now provides a
side-by-side comparison with the same analyses for the results of pancreas processing into islets
from T2D organ donors. These components of Figure 4A present the overall results from the
Unsuccessful processes for both Non-DM and T2D donors shown as IEQ/Gm per pancreas process.
Comparing the Successful Non-DM donor results to the Successful T2D donor results shows a
significantly decreased islet yield only at the Post-Culture step for the Successful T2D donors. At
the Pre-Purification step, the Non-DM donors yielded 6,942.7±201 IEQ/Gm while the T2D donors
yielded 5,797.0±734 IEQ/Gm, that were not significantly different (p=0.073). At the PostPurification step, the Non-DM donors yielded 5,484.5 ± 199 IEQ/Gm while the T2D donors yielded
4,387.8±866 IEQ/Gm, that were not significantly different (p=0.057). Yet, after islet culture, the
Non-DM donors yielded 4,351 ±167 IEQ/Gm while the T2D donors yielded 3,323.1±423 IEQ/Gm
that showed a significantly greater Post-Culture loss of IEQ/Gm of islets from T2D donors after
islet culture (p=0.014).
Turning to the analyses of the T2D Unsuccessful processes, the Unsuccessful Non-DM donor
results at the Pre-Purification level were at 53.3%, at the Post-Purification level were at 31.3%, and
at the Post-Culture level were at 8.4% of the Successful Non-DM donor yields as IEQ/Gm. In
contrast, the Unsuccessful T2D donor results were at the Pre-Purification level at only 2.0%, with
the Post-Purification level and the Post-Culture level were so low that their numbers were not
definable. Thus, most of the islets were lost in the Unsuccessful Non-DM donors during the
purification and culture steps while most of the islets were lost in the Unsuccessful T2D donors
during the digestion process prior to purification.
The Islet Index values are shown in Figure 4B from T2D donors that have been added to those
from Non-DM donors as previously presented in Figure 3B. For the Non-DM donors, the Islet
Indices for the Pre-Purification Group was 0.62±0.20 while the Islet Indices for the T2D donors was
0.68±0.6 that was not significantly different (p=0.182). For the Post-Purification Group, the NonDM Islet Index was 0.57±0.02 with the T2D Islet Index was 0.56±0.06 that was not significantly
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different (p=0.341). The Post-Culture Group Non-DM Islet Index was 0.78±0.02 while the T2D islet
index was 0.69±0.07 that were not significantly different than the Non-DM islet indices (p=0.150).

Figure 4 Comparing Non-DM and T2D donor islet processing. A: Islet yields as IEQ/Gm
from Non-DM and T2D donors from successful and unsuccessful processes; B: Islet
indices from both Non-DM and T2D donors; Ca: Islet GSIR from successful processes in
Non-DM and T2D donors; Cb: Comparison of the fold change from basal insulin release
by Non-DM islets and T2D islets; D: Total islet insulin content from Non-DM islets versus
T2D islets.
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Glucose stimulated insulin release (GSIR) assay results were presented in Figure 3E for the NonDM donors and repeated here with the added T2D processed islets GSIR results in Figure 4Ca for
ease of comparison. The Stimulated Insulin results are all reported as ng insulin/ng DNA/hr with
the 3mM basal glucose stimulated 0.093±0.01 insulin for the Non-DM islets and 0.090±0.016
insulin for the T2D islets (p=0.872); the 12 mM glucose stimulated 0.209±0.012 insulin for the
Non-DM islets and 0.207±0.046 insulin for the T2D islets (p=0.097); the 20mM glucose stimulated
0.272±0.016 insulin for the Non-DM islets and 0.209±0.041 insulin for the T2D islets (p=0.165), all
of which are not significantly different. However, the 20mM glucose+0.10mM IBMX stimulated
0.675±0.045 insulin for the Non-DM islets that was significantly larger than the stimulated
0.385±0.074 insulin for the T2D islets (p<0.001). Then, the return to the 3 mM glucose stimulated
0.080±0.005 insulin for the Non-DM islets and 0.070±0.014 insulin for the T2D were not
statistically different (p=0.484). It appears that islets from these T2D donors have significantly less
ability to provide sufficient insulin release under elevated glucose levels.
The calculated Glucose Stimulation Indices (GSI) for each are also similar from these results.
The 1st GSI for the Non-DM islets was 2.65±0.10 and for the T2D islets was 2.68±0.23 (p=0.463);
the 2nd GSI for the Non-DM islets was 3.55±0.156 and for the T2D islets was 2.78±0.25 that is
significantly lower (p=0.006); and the 3rd GSI for the Non-DM islet was 8.79±0.405 and for the T2D
was 5.102±0.537 that is also significantly lower (p<0.001). So the T2D islets that were tested at the
same times post-culture of 5-8 days functioned essentially the same as the Non-DM islets at the
lowest glucose concentration (3, 12, and 20mM), but the Non-DM islets stimulated significantly
more insulin release with 20mM glucose+10mM IBMX. Both the 2nd GSI and the 3rd GSI were
significantly higher with the Non-DM than with the T2D GSIR’s. The Total Stimulated Insulin
expressed as ng insulin/ng DNA for each was 1.069±0.067 for Non-DM islets and 0.722±0.142 for
T2D islets and were significantly different with (p=0.032). The protocol for this study was designed
to only test by GSIR at the same 5-8 days post isolation and culture for these two groups. Whether
the T2D stimulated insulin response could have been significantly less in glucose responsiveness
immediately after islet processing rather than after a week of culture was not tested. The role of
PIM(R)® culture medium that is designed to rejuvenate isolated islets was not specifically tested for
there being a potential of its use to have rejuvenated expected significantly lower GSIR results for
T2D donor islets. Thus, the T2D isolated islets only release insulin at the same level as the Non-DM
islets after stimulation by low glucose levels of 12mM glucose. With the higher glucose stimulation
levels, the T2D islets release significantly less insulin and are not able to store as much insulin
compared to the Non-DM islets, as shown below in Figure 4D.
The reduced capability of T2D islets to release glucose stimulated insulin compared to Non-DM
islets is further defined by a second evaluation. This is shown in Figure 4Cb by calculating the
glucose stimulated Fold Increase in insulin release to these different GSIR stimulants. Compared to
basal glucose levels, stimulating these islets by 12 mM Glucose resulted in an increased release of
insulin for Non-DM islets by 2.52 Fold and for T2D islets by 2.30 Fold that were essentially the
same. Increasing glucose stimulation to 20 mM increased the insulin release for Non-DM islets up
to 3.28 Fold, but for the T2D islets, only a 2.32 Fold increase was observed that was essentially
unchanged from the 12 mM glucose stimulation. Adding 0.1 mM IBMX to the 20 mM glucose
levels increased the insulin release by Non-DM islets up to a 8.13 Fold increase but the T2D islets
stimulated insulin release only increased to a 4.28 Fold increase. Evaluating the Fold increase in
Total Stimulated insulin release to glucose challenge resulted in a 12.88 Fold increase for Non-DM
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islets but only an 8.9 Fold increase in Total Stimulated insulin released by the T2D islets. Even
though these T2D islets had been cultured in the PIM(R)® for 5-8 days after processing at the time
of the GSIR testing, this major difference in capacity of glucose stimulated insulin release by T2D
islets compared to Non-DM islets clearly presents a significant reduction in capability of T2D islets
for glucose stimulated insulin release at the higher glucose concentrations.
As the GSIR functional insulin release was presented in Figure 4C, similarly the insulin content
(Figure 4D) for the Non-DM islets was 7.360±0.365 ng insulin/ng DNA that was a significantly
higher value of insulin content than in the T2D islets of 5.512±0.800 ng insulin/ng DNA (p=0.025).
Thus, T2D islets remained with significantly lowered insulin content when compared to Non-DM
islets after culture.
Effect of Donor Hemoglobin A1c Values. To potentially improve the understanding of the
difference in T2D IEQ/Gm yields observed in the Successful T2D donors, we examined the
potential effect of donor Hemoglobin A1c values on IEQ/Gm yields for all T2D donors (Figure 5A).
Using the criteria for including T2D donors into this study meant that some of the T2D donors
could have had HgbA1c levels of less the 6.5% due to their non-insulin treatments and others
could have had levels >10.0% due to insufficient oral diabetes medication. Thus, the T2D donors
were arbitrarily grouped by HgbA1c levels into three groups: <6.5%, from 6.5%-10.0%, and >10.0%.
The results in Figure 4A appear to show a major effect on IEQ/Gm yields from pancreas processed
from these three T2D groups based on the HgbA1c values. Yet, the small numbers of donors per
group and the high SEM prevent the declaration of statistical difference to be made. Those T2D
donors with HgbA1c values <6.5 % had very high islet yields on average of 8,453±3,143 IEQ/Gm
pancreas processed initially with 6,155±1,578 IEQ/Gm remaining Post-Culture, compared to those
with HgbA1c values from 6.5% to 10.0% that yielded only 5,353±499 IEQ/Gm initially which
reduced to 2,895±265 IEQ/Gm Post-Culture. Those T2D donors with HgbA1c values of >10.0%
yielded fewer islets at 4,933±1,289 IEQ/Gm initially and only 2,378±1,223 IEQ/Gm after culture.
Attempting a linear regression analysis of hemoglobin A1c values versus the processing steps did
not show statistical significance with Pre-Purification (p=0.480), Post-Purification (p=0.128), and
Post-Culture (p= 0.143). Adding additional donors to these HgbA1c values from the T2D donor
pool, may in the future demonstrate significant differences in islets yields. However, due to finding
these low islet yields associated with high HgbA1c levels that were demonstrated during this study,
even though not statistically significant, we have established new Exclusion Criteria for processing
T2D donors where we have chosen to eliminate those T2D donors with Hemoglobin A1c
levels >10.0% at the time of brain death.
GSIR stimulated insulin results are shown in Figure 5B comparing Successful Non-DM
stimulated insulin release with those of Successful T2D islets from donors with different
Hemoglobin A1c values. Compared to the Non-DM results, it appears the T2D donors with HgbA1c
values <6.5% may be stimulated to secrete more insulin by GSIR than Non-DM donors. The Total
Stimulated Insulin released from islets from Non-DM donors was 1.069±0.067 ng/ngDNA/hr while
the T2D donors with HgbA1c levels <6.5% released total insulin levels of 1.412±0.667
ng/ngDNA/hr. The T2D donor group with HgbA1c levels of 6.5-10% released less total insulin at
0.510 ±0.104 ng insulin/ng DNA/Hr than the <6.5% HgbA1c group T2D islets. The >10% HgbA1c
T2D group also released a low amount of total insulin in response to GSIR testing at 0.633±0.26 ng
insulin/ng DNA/Hr. Linear regression analysis failed to show any significant difference by HgbA1c
values with Total Stimulated Insulin Release (p=0.413). This study of HgbA1c effects will continue
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adding more process results to determine if a significant difference can be achieved with
additional testing from T2D islet donors.

Figure 5 Effect of HgbA1c levels on T2D islet processing. A: T2D IEQ/Gm yields vs HgbA1c
levels at time of donation; B: The effect of hemoglobin A1c levels on GSIR results; C: Total
islet insulin content levels for T2D donors vs. hemoglobin A1c levels.
Evaluation of the islet insulin content for T2D donors is incomplete in this HgbA1c analysis since
insulin content was not determined in all of 2011 T2D donors when some of these donors were
processed into islets. Of the data available, Figure 5C shows there may be no difference in the
insulin content of the majority of these donors with HgbA1c levels between 6.5% and 10.0%.
There are only 2 of 3 T2D donors with HgbA1c values <6.5% with insulin content data available
from their GSIR with those values being much higher at 6.61 ng insulin/ng DNA than the average.
However, there were 17 T2D donors with HgbA1c values measured that had an average insulin
content of 5.38±0.888 ng insulin/ng DNA. Unfortunately, none of the three T2D donors with
HgbA1c levels >10.0% levels had insulin content measured for comparison. So additional studies of
the T2D islets are required to collect additional results for future analysis.
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Recent Evidence of Reversible and Irreversible Human Beta Cell Destruction from Fatty Acid
Exposure Related to Mechanisms of T2D. There is clear evidence in the literature (70-75), that
human beta cell early exposure to high levels of fatty acids, initially increase insulin secretion. But,
more chronic exposure to fatty acids reduce the beta cell’s ability to function normally and if
prolonged will lead to the loss of islets and their function resulting in T2D islets. The very recent
publication by Sargsyan et al [70] utilizing normal human islets from Prodo showed that acute
exposure to high concentrations of fatty acids initially increased insulin secretion while chronic
exposure led to induction of early T2D responses from these islets from Non-DM donors. Others
had suggested this type of fatty acid exposure would lead to human beta cell dysfunction [71-75],
but this latest paper is focused on understanding the early mechanisms involved so that one can
possibly identify the earliest changes to prevent further islet disorder and loss of function in those
early T2D patients. The very premature results in this publication suggest organ donors with a
history of T2D with HgbA1c levels <6.5% have increased glucose stimulated insulin release (GSIR)
of 1.4 ng insulin/ng DNA/Hr (Non-DM 1.1 ng insulin/ng DNA/Hr and T2D average of 0.5 ng insulin/
ng DNA/Hr) and insulin content of 6.6 ng insulin/ng DNA (Non-DM 7.4 ng insulin/ ng DNA with T2D
average of 5.5 ng insulin/ ng DNA). With Prodo’s commitment to continue to supply islets from
T2D donors as well as from Non-DM donors for research, it is hoped that additional investigators
will take advantage of the availability of these types of islets to further the advancement of T2D
understanding that can lead to improved treatments.
Effect of Tissue Culture Media on Long-Term Islet Function. This portion of the study was
designed to place human islets under the effect of different islet culture media for the purpose of
defining what types of islet culture media would be optimal for the potential use in maintaining
human islets with in vitro functional survival prior to islet allograft implantation [66]. Since there
currently is not a direct comparison of these reagents for islet culture in the literature, this study
was designed with the outcomes added to this report. The traditional clinical method of
maintaining islets in tissue culture prior to islet allograft transplantation into patients is by the use
of culture medium CMRL-1066 with 10% human serum albumen (HuSA) and 260ul of Lisofylline
that was called the original “CIT Culture Medium” *44+. But, the latest “CIT Culture Medium” since
2016 [3, 4] replaced lysofilline with Insulin Growth Factor-1 that is a primary mediator of growth
hormone. It needs to be clear that the currently published clinical protocol use of CIT Culture
Medium only cultures high purity islets at 37oC for 12-24 hours then places them at 22oC until the
islets are implanted which is usually within a few days [3, 4]. The middle and the low purity islets
are never cultured at 37oC and are only cultured in this culture medium at 22 oC for the same time
period. To compare the results of using this current “CIT Culture Medium” to other media
combinations, we processed human islets from a single donor and placed them into 3 separate
aliquots of culture medium: a) PIM(R)® - Prodo Recovery Culture Medium supplemented with
PIM(ABS)® (human AB serum) + PIM(G)® (glutathione and glutamine), b) CMRL-1066 + PIM(ABS)®,
and c) CMRL-1066 + HuSA (human serum albumen), also called the “CIT Culture Medium” *3, 4]. It
also should be noted that PIM(R)® with PIM(ABS)® and PIM(G)® actually promote acinar cells to
survive along with the islets in 37oC tissue culture rather than the observed CIT medium’s acinar
cell damage that promotes acinar cell death in the first 48 hours of tissue culture. All islet cultures
were maintained at 37oC for the 4 weeks with culture media changed at the 50% level every 3-4
days. For each of the 4 weeks of culture, human islets were taken from the flasks and subjected to
GSIR [63] with a protocol that included initial 3mM glucose control media change twice, and then
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exposure to increasing glucose stimulation every hour using 3mM glucose as basal, then 15mM
glucose, then 28mM, then 28mM + 0.1mM IBMX, and followed by basal 3mM glucose. A Total
Stimulated Insulin Release was calculated for each culture media tested.
The first week’s results are shown in Figure 6A that demonstrates significantly different insulin
responses to the increasing glucose concentrations over the basal levels (2-tailed T tests) for the
islets kept in the three different culture medium. For the first week results, the PIM(R) ® media
results were significantly greater than the CMRL+HuSA (p=0.025) but not CMRL+PIM(ABS) ®
(p=0.084). Also, the islets cultured in CMRL+PIM(ABS) ® insulin release were greater than those
cultured in CMRL+HuSA (p<0.001). For the first week, the Total Stimulated Insulin Release as ng
insulin/ng DNA/Hr for PIM(R)® was 2.236±0.738, for CMRL+PIM(ABS)® was 0.765±0.104, and for
CMRL+HuSA was 1.319±0.043.
The second week results of GSIR testing presented in Figure 6B showed the maximal
stimulation of 28mM glucose + IBMX for PIM(R)® was 0.942 ngInsulin/ngDNA/Hr, for CMRL+ABS
was 0.217 ngInsulin/ngDNA/Hr, and for CMRL+HuSA was 0.188 ngInsulin/ngDNA/Hr. Total Insulin
Stimulation Release for the islets kept in PIM(R)® had significantly greater insulin release over
CMRL+PIM(ABS)® (p=0.024) and also had significantly greater insulin release over CMRL+HuSA
(p=0.008).
For the third week of this study, the maximal stimulation by 28mM glucose + IBMX was 0.585
ngInsulin/ngDNA/Hr for PIM(R)®, 0.147 ngInsulin/ngDNA/Hr for CMRL+PIM(ABS)®, and 0.061
ngInsulin/ngDNA/Hr for CMRL+HuSA. GSIR testing presented in Figure 6C showed the Total Insulin
Stimulation Release for the islets kept in PIM(R)® had significantly greater insulin release over
CMRL+PIM(ABS)® (p=0.022) and also had significantly greater insulin release over CMRL+HuSA
(p=0.009). In addition, CMRL+PIM(ABS)® had significantly greater insulin release over CMRL+HuSA
(p=0.002).
For the final fourth week of this study, maximal insulin release from PIM(R) ® was 0.649
ngInsulin/ngDNA/Hr, from CMRL+PIM(ABS)® was 0.152 ngInsulin/ngDNA/Hr, and from
CMRL+HuSA was 0.042 ngInsulin/ngDNA/Hr. GSIR testing presented in Figure 6D showed the Total
Insulin Stimulation Release for the islets kept in PIM(R)® did have significantly greater insulin
release over CMRL+PIM(ABS)® (p=0.050) and did have significantly greater insulin release over
CMRL+HuSA (p=0.007). In addition, CMRL+PIM(ABS)® had significantly greater insulin release over
CMRL+HuSA (p<0.001) for the first week, the second week (p=0.016), and the third week
(p=0.002), but not the fourth week (p=0.262).
The superiority of the PIM(R)® tissue culture group on islet function at all observed times is
confirmed by recording the total insulin released by islets each week of culture. It should be noted
that the “CIT Culture Medium” gave the lowest ability to produce an insulin response after the
first week of culture of the three media and had a significantly lower total insulin response than
the PIM(R)® culture medium at week one. Thus, on a functional basis, the PIM(R)® culture medium
was optimal over the two CMRL media combinations at all times tested after 1 through 4 weeks of
islet culture (Figure 6E).
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Figure 6 Effect of islet culture media on long term islet function. A: First Week GSIR
results of long term cultured human islets; B: Second week GSIR results of long term
cultured human islets; C: Third week GSIR results of long term cultured human islets; D:
Fourth week GSIR results of long term cultured human islets; E: Total stimulated insulin
release by GSIR.
It should be noted that the ongoing clinical choice of CMRL 1066 + HuSA, “CIT Culture Medium”,
is continuing to be favored as the primary culture medium for definitive clinical human islet
transplantation trials [3, 4], with other improved media choices readily available today. As shown
in Table 6, the CMRL 1066 medium was developed in 1960 at Connaught Medical Research
Laboratories with its primary use for mouse L-cells as a less complex culture medium modified
from Medium 199. Medium 199 was formulated in 1950 and is considered to have had a variety of
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cell types responding to its formulation in culture. Medium RPMI 1640 is even more primitive and
was developed in 1966 for the culture of white blood cells, but requires increased Ca++ ion addition
for in vitro human islet culture and function. While early islet culture studies began with CMRL
1066, many studies since have shown other media to be optimal. Yet, it still remains the current
choice for the CIT studies forcing modified culture methods for its use such as decreasing cell
culture temperatures to room temperature in order to prolong islet in vitro survival. Prodo
developed PIM(R)® in 2006 as a proprietary, human islet specific culture medium since the
previous three culture media when studied for human islets were all unable to sustain meaningful
cultured human islet qualities for many days, let alone weeks, as shown in Figure 6, above. These
PIM islet culture media products are continuing to be distributed throughout the islet research
community since their introduction. The proprietary PIM(R)® islet culture media formulation has
been submitted to the FDA as a Biological Master File. The general components of these different
media being used for islet culture are presented in Table 6. It is clear that the PIM(R)® culture
medium with >85 components has the largest number of individual components than any of the
other three culture media that have been used for islets and readily maintains human islet survival
and function for several weeks in tissue culture at 37 oC as shown above. While the PIM(R)®
medium can be used for islet culture prior to implantation for clinical trials, it has not been
approved as the culture medium used to actually inject the islets into patients with diabetes.
Table 6 Commonly used human islet culture media.
Media
Medium
199
CMRL
1066
RPMI
1640
*
PIM(R)®
#

Year
Developed
1950

Number of
Components#
60

Inorganic
Salts
7

Amino
Acids
21

Vitamins

Other

17

15

1960

58

7

21

9

21

1966

42

6

20

11

5

2006

>85

>10

>20

>15

>35

Components of culture media only, not including serum additive or antibiotics

* PIM(R)® has a submitted Biological Master File with the FDA defining and justifying the proprietary human islet
culture components.

3.2 Processing Variables for Optimal Islet Yields from Non-DM Donors
3.2.1 Donor Age
There are some significant differences in Islet Yields based on Donor Age in this study as shown
in Figure 7A. In the Pre-Purification group of islets, there does not seem to be any major difference
in islets released between the arbitrary 6 different age groups (18-19 years, 20-29 years, 30-39
years, 40-49 years, 50-59 years, and 60-69 years). This was confirmed by Linear Regression
Analysis of the Pre-Purification group (p=0.920). Examining Islets IEQ/Gm recovered PostPurification, there is clearly a significant difference of Islet IEQ/Gm by age differences. There were
significantly less IEQ/Gm islets recovered after purification in the 18-19 age (4,192±757 IEQ/Gm)
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and the 20-29 age groups (4,486±305 IEQ/Gm) than any of the other age groups (5,392±360
IEQ/Gm (30-39 years) to 6,721±804 IEQ/Gm (60-69 years). Statistical Analysis for the PostPurification group by Linear Regression Analysis showed a significant positive correlation as a
linear trend for increasing age improving islet yields (p<0.001). The Post-Culture group showed
similar results as the Post-Purification group regarding age differences with the 18-19 age
(3,389±768 IEQ/Gm) and the 20-29 age (3,587±243 IEQ/Gm) groups at the lowest yields with
progressively higher yields out to the 60-69 age (5,571±625 IEQ/Gm). The Post-Culture islet yields
as IEQ/Gm were increased significantly on this Post-Culture group (p<0.001).
Thus, while Pre-Purification results based on age were not significantly different, the PostPurification and the Post-Culture islet yields clearly show a significant increase in islet yields with
increasing age. Linear regression analysis comparing donor age and percent of embedded islets
implies a significant decrease in islets embeddedness as age increases (p<0.001) Thus, the primary
reason for the lower Post-Purification and Post-Culture IEQ/Gm yields and the higher islet loss in
the 18-19 and the 20-29 age groups was that these younger donors had a higher incidence of
embedded islets prior to islet purification as shown in Figure 7Ba and 7Bb.
Figure 7Ba shows the percent of embedded islets in the 18-19 year old group was 28% and in
the 20-29 year old group was 24%. The next three age groups, 30-39 years, 40-49 years, and 50-59
years, respectively, had a range of embedded islets of 16.5% to 15.6%. The oldest group, 60-69
years had the lowest degree of embedded islets at 7.9%. Linear Regression Analysis showed
younger donors have higher levels of islet embeddedness than older donors (p<0.001). When
islets remain embedded, they become entrapped on lower levels in the purification gradients
since they are held further down into the gradient by the attached, more dense, acinar tissue.
Including these embedded islets in the final preparation for research would result in unacceptably
low islet purities. Anecdotal experience with organ donors aged 15-18 show embedded islets up to
50% and higher, making islet isolation with duct distension very inefficient for these young donors.
A possible explanation for this finding is that the pancreatic duct tissue in young donors appears to
be too weak to hold the pressure and activity of the injected enzymes and leaks the enzymes out
of the ducts prior to their effectively reaching the acinar/islet interface. The older donors’
pancreatic ducts appear stronger and hold the injected ductal pressure longer, permitting greater
separation of islets at the islet/acinar interface, resulting in significantly higher islet yields and islet
purity due to the loss of acinar cell surface embedding of islets.
An additional evaluation of Age effects on islet yields is to document the percent of the islet
losses at these different ages as shown in Figure 7Bb. The data were calculated by dividing the
following groups: the Purification Loss as the Post-Pure islet loss divided by the Pre-Pure value, the
Post-Culture islet loss divided by the Post-Pure value, and the addition of these two losses for the
Total percent loss of islets. Focusing on the Total % Loss, and ignoring the 18-19 age group (n=3),
the 20-29 age group lost 56.9% of the islets processed due to islet embeddedness and purification
while the 30-39 age group lost 46.2% of the islets lost due to islet embeddedness and purification.
The next age groups had reduced embeddedness loss with the 40-49 age group total loss of 35.6%,
the 50-59 age group total loss of 34.2%, and the 60-69 age group total loss of 24.8% loss. The
Purification percent Losses were fairly constant across all the age groups ranging from 19.9% loss
to 21.8% loss. Thus, the primary loss of islets based on age is the problem of islet embeddedness
that occurs in the younger age groups. Finding a way to eliminate islet embeddedness during the
pancreas processing and islet purification in the younger donors would provide significantly
Page 117/394

OBM Transplantation 2019; 3(1), doi:10.21926/obm.transplant.1901052

increased numbers of viable islets available for both transplantation as well as research efforts.
However, eliminating embeddedness in younger pancreas donors has not yet been achieved and
should become an important research target.

Figure 7 Effect of donor age on human islet processing. A: The effect of donor age on islet
yields as IEQ/Gm; Ba: The degree of embedded human islets post-purification by age; Bb:
Percent islet losses at the three digestion steps based on age; C: The effect of donor age
on islet indices; D: The effect of donor age on GSIR; E: The effect of donor age on islet
insulin content.
The effect of donor age on Islet Index seems to show a trend of higher islet indices after tissue
culture than after islet purification in Figure 7C, as has been observed several times in this report
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to be a probable effect of culturing islets in PIM(R)®. Comparing the Pre-Purification Islet Indices
with the Post-Culture Islet Indices shows the 18-19 year old group Islet Index was 0.49±0.05 to
0.83±0.14, the 20-29 year old group was 0.59±0.04 to 0.72±0.04, the 30-39 year old group was
0.61±0.04 to 0.81±0.04, the 40-49 year old group was 0.64±0.04 to 0.83±0.05, the 50-59 year old
group was 0.63±0.03 to 0.74±0.03, and the 60-69 year old group was 0.66±0.004 to 0.77±0.06. The
Linear regression on donor age associated with Islet Indices of Pre-Purification confirms Islet Index
were not significantly different (p=0.958). As previously discussed, the Post-Culture Islet Index
increases observed may be explained by the effect of the supplemented PIM(R)® culture medium
on small islets and islet fragments that make then tend to stick together while recovering from
islet processing damage, that can result in a higher Islet Index after culture. Uniquely, the 18-19
age group, has an exaggerated finding. The Islet Index for these donors is lower than any other
group in the Pre-Purification at 0.49±0.05 while the Post-Culture Islet Index is one of the highest at
0.83±0.14. This suggests these islets from younger donors may be more likely to aggregate
together to form larger islet aggregates in culture with the supplemented islet culture medium
than the older age groups after islet processing. This interesting observation needs further
evaluation to statistically confirm this finding and determine the reasons for any increased
aggregation activity in young donor islets.
It appears that all of the Non-DM islets processed and cultured from different age groups
demonstrate similar GSIR results regardless of donor age, as shown in Figure 7D. The highest three
Total Stimulated Insulin Release results were recorded in the 40-49 year old group (1.31±0.19 ng
insulin/ngDNA/Hr), the 50-59 year old group(1.133±0.12), and the 30-39 year old group
(1.053±0.15). While the 60-69 year old and the 18-19 year old and the 20-29 year old had lower
Total Stimulated Insulin Release results, the Linear regression of the Total Stimulated Insulin
Release in terms of age were not significantly different (p=0.275). So islets successfully processed
and cultured show clear ability to respond to glucose stimulated insulin release regardless of
donor age.
As shown in Figure 7E, there is essentially no significant difference in insulin content based on
age with a range from 6.484±0.64 to 9.625±1.95 ng/ng DNA shown by regression analysis
(p=0.275). While the 18-19 year old group (n=5) had the highest value (9.625±1.95 ng/ngDNA)
than any of the other ages, its significance could not be determined due to the small sample size.
3.2.2 Donor Body Mass Index (BMI)
In addition to Donor Age, potential BMI effects on human islets may make it a candidate as a
major variable in islet processing. Most islet processing groups believe that the larger the donor
BMI, the larger the islets will be recovered and the greater the islet yield. Unlike many clinical islet
implant studies, we elected in this study to not process islets from any donors with BMI >40 since
our previous studies had demonstrated that these islets were significantly damaged during
digestion with larger losses Post-Purification. These increased losses seem to be the result of the
increased pancreatic fat content which when released during the process may lead to a more toxic
preparation from free fatty acids potentially reducing islet integrity and viability. There appears to
be evidence in this study’s donor group with the largest BMI group (>35) that the IEQ/Gm yields
are less after purification and after islet culture compared to the other arbitrary BMI groups, as
shown in Figure 8A. The Pre-Purification IEQ/Gm (7,417.6±765) compared to the Post-Culture
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IEQ/Gm (3,499.8±453) values for the BMI>35 group IEQ/Gm are the lowest of the BMI groups. The
three middle BMI Groups (20.0-24.9, 25.0-29.9, and 30.0-34.9) Post-Culture Islet quantities are
respectively 4,349.0±254, 4,365.4±425, and 4,445.1±336 IEQ/Gm with the <19.9 BMI group at
4,932.5±395 IEQ/Gm. The linear Regression Analysis of BMI and Islet Yield show a negative
correlation, but it is not significant.

Figure 8 Effect of BMI on islet processing. A: The effect of BMI on islet yields as IEQ/Gm;
B: The effect of BMI on islet indices; C: Effect of BMI on GSIR; D: The effect of BMI on islet
insulin content.
Experienced investigators would expect the Islet Indices to go up with increasing BMI values.
But, since this study restricted pancreas donors to have BMI’s of <40, the effects of larger BMI’s up
to 50 or higher islet mass were not evaluated. Therefore, according to Linear Regression Analysis,
the Post-Culture Islet Index and the BMI do not have a positive correlation (p=0.290) when
restricting the BMI range to <40 (Figure 8B).
There is not any significant effect of BMI on GSIR results since islets from every BMI group
appear to have a similar response, as shown in Figure 8C. Focusing on the Total Stimulated Insulin
Release in these different BMI groups, one observes that the <19.9 BMI group had 1.017±0.116 ng
insulin/ ng DNA, the 20-24.9 BMI group had 0.939±0.107 ng insulin/ng DNA, the 25-29.9 BMI
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group had 1.174±0.154 ng insulin/ng DNA, the 30-34.9 group had 1.140±0.116 ng insulin/ng DNA,
while the >35 BMI group had 1.061±0.152 ng insulin/ng DNA. Regression analysis on the Total
Stimulated Insulin Release effect by BMI confirmed the lack of any significant differences
(p=0.215).
With the GSIR results of the different BMI groups not showing any significant difference,
neither were there any significant differences of BMI on Insulin Content as shown in Figure 8D. For
the <19.9 BMI group, the insulin content was 6.290±1.63 ng/ng DNA, for 20.0 to 24.9 group the
content was 7.638±1.067, for the 25.0-29.9 group the content was 8.174±834, for the 30.0-34.9
group the content was 6.253±0.562, and for the 35.0-39.9 group the content was 7.028±1.067
ng/ng DNA (p=0.312).
3.2.3 Pancreas Cold Ischemia Time (CIT)
The pancreas CIT starts with the aortic cross clamp in the donor and ends with the first
injection of collagenase into the pancreatic duct. The general consensus within the islet processing
centers is that longer cold ischemia times, especially beyond 12 hours, are quite detrimental to
successful islet isolations. Our previous publication in 2010 (n=21 donors) with relatively high islet
yields for HIR was published with an average of 14 hours of CIT (1). This longer duration was due
to our having at that time, limited access to local pancreases to process with lower cold ischemia
times. Now at the time of this study, our average cold ischemia has significantly dropped since we
have increased the number of pancreases procured predominantly from local centers (2016, n=48
donors), Table 2). Figure 9A shows the results with 4 arbitrary groups of CIT: 4-8 hours, 8.1-12
hours, 12.1-16 hours, and >16 hours. The Pre-Purification islet yields show a progressive and
significant drop from 4-8 hours (7,517.8±394 IEQ/Gm), to the 8.1-12 hour group (6,957.9±298
IEQ/Gm), to the 12.1 – 16 hour group (6,491.9±422 IEQ/Gm) and to the >16 hour group
(5,233±919 IEQ/gm) by Linear Regression (p=0.032). Similarly, the Post-Purification islet yields also
show a significant drop from 4-8 hours CIT (5,934.6±456 IEQ/Gm), to the 8.1-12 hours CIT
(5,536.3±259 IEQ/Gm, to the 12.1-16 hours CIT (5,154.5± 417 IEQ/Gm), and to the >16 hours CIT
(3,266± 505 IEQ/Gm) by Linear Regression (p=0.022). Additionally, the Post-Culture islet yields
show a significant drop from 4-8 hours CIT (4,964.8±359 IEQ/Gm), to the 8.1-12 hours CIT
(4,262.3±236 IEQ/Gm), to the 12.1-16 hours CIT (3,953.4±304 IEQ/Gm), to the >16 hours CIT
(3,407.7±500 IEQ/Gm) by Linear Regression (p=0.018). Statistical analysis showed that the islet
yields Post-Culture from 4-8 hours were statistically significantly greater than the 8.1-12 hours
yields (p=0.040), were greater than the 12.1-16 hours yields (p=0.024), and were greater than
the >16 hour yields (p=0.012). So regardless of the amount of increasing CIT >4-8 hours, islet yields
from Pre-Purification, Post-Purification, and Post-Culture all dropped significantly over the 4
consecutive 4 hour groups to >16 hours CIT.
The CIT results in this study from 4-8 hours out to > 16 hours on Post-Culture Islet Indices
showed a significant inverse relationship with time by Linear Regression (p<0.001) as shown in
Figure 9B. The Pre-Purification Islet Indices for 4-8 hours was 0.66±0.117, for 8.1-12 hours was
0.62±0.02, for 12.1-16 hours was 0.60±0.03, and for > 16 hours cold ischemia time was 0.57±0.08
and was not significantly different by Linear Regression (p=0.117). For the Post-Purification Islet
Indices, the 4-8 hours was 0.62±0.03, the 8.1-12 hours was 0.57±0.02, the 12.1-16 hours was
0.55±0.04, and the >16 hour Islet Index of 0.46±0.04 that also was not significantly different by
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Linear Regression (p=0.078). Yet, the Post-Culture results of Islet Indices for 4-8 hours Islet Index
were 0.86±0.04, the 8.1-12 hours was 0.80±0.03, the 12.1-16 hours was 0.68±0.03, and the >16
hour Islet Index was 0.60±0.04 and by Linear Regression was significantly different (p<0.001).
There was a significant trend for decreasing Islet Indices with increasing CIT at the Post-Culture
level of processing which again suggests ongoing islet damage occuring during these longer cold
ischemia times. Again, the Post-Culture Islet Indices were increased throughout the post-culture,
when compared to Pre-Purification and Post-Purification results, presumbably from the use of
PIM(R)® Culture Medium.

Figure 9 Effect of CIT on islet processing. A: The Effect of CIT on islet yield as IEQ/Gm; B:
The effect of CIT on islet indices; C: The effect of CIT on GSIR; D: The effect of CIT on islet
insulin content.
The GSIR results versus the different CIT have similar functional values regardless of the
duration as shown in Figure 9C. The Total Stimulated Insulin values (ng insulin/ng DNA/Hr) for 4-8
hrs was 1.094±0.115, for 8.1-12 hours was 0.993 ±0.106, for 12.1-16 hours was 1.083 ±0.136, and
for > 16 hours was 1.303±0.274 with no trend with respects to CIT according to Linear Regression
analysis (p=0.349). This suggests that whatever effect the CIT may have had on the islets to reduce
their Post-Culture islet function, the islets that survived the processes were essentially capable of
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normal function after 5-8 days of islet culture with little change in Total Stimulated Insulin release
post-culture using PIM® culture medium.
The Islet Insulin Content for different CIT are shown in Figure 9D. The 4-8 hour and the 8.1-12
hour Cold Ischemia Groups had the highest Insulin Content levels at 8.504±0.860 ng Insulin/ ng
DNA and at 7.316±0.478 ng Insulin/ng DNA, respectively. The 12.1-16 hours group dropped to
6.187±0.629 ng/ng DNA with the >16 hour group with the lowest Insulin Content at 6.053±2.319
ng insulin/ ng DNA. The Linear Regression analysis showed a significant decrease of insulin content
by these increasing CIT (p=0.021). While the GSIR results were not significantly affected by
increasing CIT, the islet insulin content was progressively and significantly decreased following
increasing cold ischemia times.
3.2.4 Process Switch Time from Recycling to Collection Modes
There are major significant differences in the process Switch Time effects on different islet
outcomes in this study as shown in Figure 10A. The islet yields are significantly different according
to the Switch Time as shown in Figure 10A with the maximal islet yields delivered by the shortest
Switch Time and the lowest islet yields delivered by the longest Switch Time. The islet yields for
the shortest Switch Time, the 3-8 minute group, show Pre-Purification yields at 7,190.3±237
IEQ/Gm, Post-Purification at 5,957.0±241 IEQ/Gm, and Post-Culture islet yields at 4,749.5±203
IEQ/Gm. There is a reduction in islet yields with increasing Switch Times as shown by the second
Switch Time group for 8-10 minutes with the Pre-Purification yield at 6,570.3±416 IEQ/Gm, the
Post-Purification yield at 4,565.8±459 IEQ/Gm, and the Post-Culture group yield at 3,369.1±386
IEQ/Gm. However, the largest decrease in islet yields was in the >10 min Switch Time to
4,410.9±392 IEQ/Gm for the Pre-Purification group, 3,505.9±485 IEQ/Gm for the Post-Purification
group, and 2,617.2±366 IEQ/Gm for the Post-Culture group.
Thus, by linear regression analyses, the process Switch Times from the recycling to the
collection mode is shown to be a very significant variable in this study that affects islet yields as
IEQ/Gm. Statistical Analysis by Linear Regression of the Post-Culture yields clearly show there is a
significant inverse relationship between Switch Time and Post-Culture islet yields (p<0.001). The
yields between 3-8 minutes and 8-10 minutes Switch are significantly different as well (p<0.001)
with the islet yields between the 3-8 minutes and >10minutes Switch also significantly different
(p<0.001). But the yields of the 8-10 minutes Switch were not statistically significantly different
from the >10.0 minute Switch (p=0.051, two tailed Student t Tests). Note that 164 (72.6%)
processes were switched by 8 minutes of digestion, 41 (18.1%) processes were switched between
8 and 10 minutes, and 21 (9.3%) processes were switched at >10.0 minutes for this entire study of
226 processed human pancreases. Returning to Table 1 where data from all of the recent clinical
islet transplantation processing is summarized, the average Switch Time recorded for 21 published
reports of clinical islet processing is 17.2 minutes, that is a time that is basically off the chart for
Figure 10A as shown here. So this Switch Time for processing human islets reported in this study
are obviously quite different from the longer processing times used to produce human islets for
research and for clinical transplantation at the other centers. It is probably the most important
processing difference that permits Human Pancreases for Research to achieve islet yields within
those from processing Human Pancreases for Transplant.

Page 123/394

OBM Transplantation 2019; 3(1), doi:10.21926/obm.transplant.1901052

Figure 10 Effect of Switch Time on islet processing. A: The effect of switch time on islet
yields as IEQ/Gm; B: The effect of switch time on islet indices; C: The effect of switch time
on GSIR; D: The effect of switch time on islet insulin content.
The changes in Islet Index resulting from different Switch Times as shown in Figure 10B based
on Pre-Purification (p=0.078) and Post-Culture (p=0.076) do not show a significant positive
correlation between Switch Time and Islet Index. However, for the Post-Purification group, the
Islet Index difference specifically for 3-8 minute Switch Time and the >10 min Switch Time are
significantly different (p=0.005), while the other combinations of Switch Time are not significantly
different at the Post-Culture group. For the 3-8 min Switch Time, the Pre-Purification Islet Index
value was 0.63±0.02, the Post-Purification Islet Index was 0.60±0.02, and the Post-Culture Index
was 0.81±0.02. For the 8.1-10 minute Switch time, the Pre-Purification Index was 0.65±0.05, the
Post-Purification Islet Index value was 0.52±0.03, and the Post-Culture Index was 0.72±0.05. For
the >10 minute Switch time, the Pre-Purification Index was 0.52±0.05, the Post-Purification Index
was 0.52±0.04, and the Post-Culture Index was 0.67±0.05. Thus, increasing Switch Times did show
a significant reduction in Islet Index values as the Switch times increased in the Post-Culture Index.
In addition, all of the Post-Culture Islet Indices were significantly higher for each Switch Time
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group than their Post-Purification Islet Indices as has been reported for most of these studies, due
to the PIM(R)® culture media.
The GSIR results show a major loss of islet function when testing islets that had Switch Times
of >10.0 minutes as shown in Figure 10C. While the average Total Stimulated Insulin Release for
the 3-8 min (n=154) and the 8.1-10 min (n=49) groups were nearly identical with 1.099±0.084 and
1.096±0.125 ng insulin/ng DNA/Hr respectively, the >10 min (n=13) group values fell to
0.720±0.146 ng insulin /ng DNA/Hr. This 34.3% drop in islet function in this >10 min group is more
severe than those resulting from the other islet processing variables affecting islet processing
results. Also, the maximal stimulus of 20mM glucose + 0.1mM IBMX for this >10 min groups is also
the lowest response for the three different Switch Times. Using a Switch Time in this system of
islet processing that is prolonged not only adversely affects islet yields but also severely limits
their function.
The insulin content results relating to different process Switch times, as shown in Figure 10D,
mimic those already observed in the GSIR presented above. The insulin content for Switch Time
for the 3-8 minutes group is 7.598±0.478 ng insulin/ng DNA and 7.198±0.661 ng insulin/ng DNA
for the 8.1-10 minutes group. However, the Switch Time for the >10 minutes group insulin content
dropped to 6.218±1.309 ng insulin/ng DNA. This suggests the ongoing digestion in the D/FC
beyond 10 minutes is detrimental to not only to islet yield and islet function but also to islet
insulin content. Yet, the linear regression was p=0.464, most likely due to the marked variances in
the >10 minute group with a smaller sample size (n=13).
3.2.5 Organ Procurement Organizations (OPO’s) and Organ Preservation Solutions (OPS’s)
Another set of variables that can relate to CIT are the different OPO’s and their location with
different distances from the Prodo processing center in Aliso Viejo, CA. The Organ Procurement
and Transplantation Network (OPTN) has defined 11 regions within the USA. Our center is in
Region 5 that includes Arizona, California, Nevada, New Mexico, and Utah that is where the
majority of pancreases for research for our program are procured by the OPO’s. A second region,
Region 4, includes Oklahoma and Texas where we also receive pancreases for research through 2
of the 3 Texas OPO’s. There are very major differences in the numbers of pancreases processed
during 2011-2016 per each OPO, as shown in Figure 11A. The California OPO’s provided the bulk of
the pancreases with One Legacy at 132 pancreases with Pre-Purification average islet yields of
7,288±247 IEQ/Gm, California Donor Transplant Network (CDTN) now named Donor Network
West (DNW) at 23 pancreases with 7,640±904 IEQ/Gm, the Nevada Donor Network (NDN) with 7
pancreases with 7,672 IEQ/Gm, and the Sierra Donor Service at Sacramento (SDS) at 4 pancreases
with 5,333±789 IEQ/Gm, for a total of 166 pancreases processed from Region 5. The total Region 4
OPO pancreases were 64 divided between LifeGift (Houston,TX) at 23 pancreases with 5,851±464
IEQ/Gm, Texas Organ Sharing Association (TOSA) (San Antonio, TX) at 20 pancreases with
5,412±482 IEQ/Gm, and the International Institute for the Advancement of Medicine (IIAM) had
17 pancreases with 6,474±642 IEQ/Gm (multiple western state OPO’s). In terms of OPS’s utilized,
the Texas OPO’s predominantly used Histidine-tryptophan-ketoglutarate solution (HTK) and Static
Preservation Solution (SPS-1) and had longer cold ischemia times due to the greater distance from
our processing center. The results from One Legacy had the largest numbers of pancreases
processed, were the closest to our processing site, and only utilized University of Wisconsin
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preservation solution (UW) with the best results in the study. DNW had fewer processes but
results quite similar to One Legacy. SDS in California and NDN had few processes in the study. The
two Texas OPO’s had lower outcomes but their choice of OPS’s combined with the longer storage
times may explain these differences. There are no specific patterns or trends in the islet yields as
the OPO potential effect is complicated due to local versus distant states as well as different types
of OPS’s utilized by different OPO’s.

Figure 11 Effect of OPO’s on islet processing. A: The effect of individual OPO’s on islet
yields as IEQ/Gm; B: West coast region 5 versus mid-west region 4 OPO’s effect on islet
yields; C: The effect of the type of OPS on islet yields as IEQ/Gm; Da: Scatter Plot of islet
yields versus CIT’s for UW, HTK, and SPS-1 OPS’s; Db: Regression line (R2) values from
scatter plots for OPS’s UW, HTK, and SPS-1 for protecting islet yields.
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However, if these OPO’s are grouped according to region with the West Coast (Region 5) OPO’s
being One Legacy, DNW, NDN, and SDS (n=166) and the Mid-West (Region 4) OPO’s being limited
to Life Gift, TOSA, and IIAM (n=64), there emerges a significant difference between these two
regional groups at all three processing levels of islet production as shown in Figure 11B. The PrePurification results of 7,258±255 IEQ/Gm for the West Coast are significantly higher than the MidWest yields at 5,844±292 IEQ/Gm (p<0.001). Similarly, the Post-Purification islet yields are
significantly higher from West Coast processing with 5,667±264 IEQ/Gm than the Mid-West
processing with 4,655±250 IEQ/Gm (p=0.002). The Post-Culture islet yields have the highest
significant difference with the West Coast yield of 4,632±277 IEQ/Gm and the Mid-West yield of
3,348±193 IEQ/Gm (p<0.001). With these significantly lower islet yields from pancreases procured
in the Mid-West, Region 4, rather than the West Region, Region 5, for islet processing, the current
question now becomes whether this significant difference in islet yields is due to effects from
longer CIT or the type of OPS’s utilized or a combination of both.
The types of OPS’s used at different centers is becoming controversial in the published
literature as to whether the lower-priced formulations are as protective as the standard UW
Solution for organs being transplanted with longer cold ischemia times [67, 68, 69]. The use of
these lower priced OPS’s is not universal since their use is based on individual OPO and transplant
surgeon preference. The primary OPO for this report over the last six years has been One Legacy,
in CA, that only utilizes UW Solution. A few of our other contract centers have used HTK or SPS-1
at different times. So evaluation of these is limited in number in this study. Nevertheless, their
evaluation on islet processing is interesting. The first comparison is shown in Figure 11C that
presents results on islet yields as IEQ/Gm for the use of these different OPS’s. The UW solution
shows a Pre-Purification islet yield of 7,094±226 IEQ/GM, a Post-Purification yield of 5,619±229
IEQ/Gm, and a Post-Culture islet yield of 4,589±992 IEQ/Gm that represent the highest yields for
the three preservation solutions utilized in this study. The HTK solution shows a Pre-Purification
yield of 5,783±496 IEQ/Gm, a Post-Purification yield of 4,255±409 IEQ/Gm, and a Post-Culture
yield of 3,282±307 IEQ/Gm. The SPS-1 solution shows a Pre-Purification yield of 6,458±635
IEQ/Gm, the Post-Purification yield of 5,310±677 IEQ/Gm, and the Post-Culture yield of 3,717±380
IEQ/Gm. Using 2 tailed t tests to compare UW (n=180) preservation with HTK (n=23) preservation
showed the UW yields at all the three process steps were significantly higher (Pre-Purification
(p=0.022), Post-Purification (p=0.006), and Post-Culture (p<0.001)). Comparing HTK (n=23) with
SPS-1 (n=12) showed there were no significantly different yields with these two preservation
solutions (Pre-Purification (p=0.413), Post-Purification (p=0.182), and Post-Culture (p=0.378)).
While statistical analysis of UW (n=180) versus SPS-1 (n=12) was not able to demonstrate a
significant difference with Pre-Purification islet yields (p=0.182) and Post-Purification yields
(p=0.378), however, the Post-Culture islet yields were significantly greater with UW than with SPS1 (p=0.006). Thus, the UW solution clearly shows statistically higher yields than HTK preservation
or SPS-1 preservation. The choice of OPS’s may also be the primary contributor to the lower yields
observed in the Mid-West processes.
A more specific analysis for evaluating the protection of human islets with longer cold ischemia
times is seen by the use of a scatter plot comparing the use of differing OPS’s: UW, HTK, and SPS-1,
as provided in Figure 11D. The scatter plot is shown in Figure 11Da below that plots the islet yields
in IEQ/Gm versus the specific OPS’s utilized in hours and calculates the linear regression line for
each preservation solution. For UW preservation solution, the R2 value of the linear line is R2 =
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0.0029 that is a minor sloping negative line suggesting excellent pancreas protection from cold
ischemia. For HTK preservation, the linear line is R2 = 0.2787 that is a far more negative line than
observed with UW preservation suggesting less pancreas preservation capability than UW. For
SPS-1 preservation, the linear line is steeply negative with R2 = 0.7389 that suggests very poor
protection with increasing cold preservation times. Since all of these human pancreases were
procured with the intention of clinical transplanting either the pancreas or the isolated islets,
there was no opportunity to compare these results to those organs that did not receive OPS’s in
storage.
Another way to plot these same analyses is to simply plot the R2 values for each of the OPS’s
that is shown in Figure 11Db. This plot emphasizes the major differences in these three OPS’s
regression line values for each of the three islet processing steps. The optimal protection by the
use of UW solution is far superior in these plots than the use of the other two options.
Analysis of these scatter plot results clearly suggest UW preservation solution is optimal for
protecting human islets from the effects of longer cold ischemia times. HTK results show less
protection capability compared with UW solution. The use of SPS-1 suggests limited ability to
protect human pancreases and isolated islets from the damaging effects of increasing cold
ischemia times.
3.2.6 Non-Significant Process Variables
Several additional variables were tested that did not offer any statistically significant different
results in terms of islet yields or islet losses at any of the three process times, nor in islet function.
These variables included minor surgical damage to the pancreas that could be controlled by tissue
clamping during distension, minor superficial hemorrhage, mild pancreatic inter-lobular edema
but not intra-lobular edema, breaks in sterile pancreas dissection by release of duodenal content
followed by 2% chloro-hexadine rinse of the contaminated pancreas, and fatty infiltration of the
pancreas outer surface.
4. Summaries and Discussions
4.1 Processing Outcomes
4.1.1 Non-DM Donors
a) While there are differences in the three primary causes of death (Stroke, Anoxia, and Head
Tauma) in different types of organ donors, the only significant difference in islet yields was at the
Post-Culture step that showed Stroke donors providing higher islet IEQ/Gm yields than Head
Trauma donors.
b) While expression of Islet Yields per Pancreas process failed to provide significantly different
outcomes due to the large variations in pancreas weights, expressing Islet Yields per Gram
(IEQ/Gm) of pancreas processed did demonstrate significantly different results.
c) Islet Indices Pre-Purification and Post-Purification are statistically similar, but both are
significantly lower than Post-Culture Islet Indices due to the use of PIM(R)® islet specific, recovery
culture medium, stimulating islet recovery and aggregation.
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d) GSIR results from purified human islets show that with each increase in the glucose
concentration as well with IBMX has resulted in significantly increased insulin responses. In
addition, each of the three GSI generated by the GSIR assay is significantly increased over the
previous one due to their increased insulin responses to the increasing glucose concentrations.
One of the challenges for processing human pancreases into HIR is that the optimal pancreases
are appropriately reserved for clinical pancreas transplantation or clinical islet transplantation. All
of the pancreases that became available for this study for research originated from organ donors
that had been consented for clinical transplant and had required at least one organ transplant
other than the pancreas to have been accomplished. Less frequently, transplant quality
pancreases do become available for research applications as when a late, failed cross match is
determined. Many investigators assume the results of processing human pancreas for research
into HIR are expected to provide lower quality and quantity of human islets for their research
activities. However, with this review of clinical islet transplantation studies (Table 1), it becomes
apparent that center to center differences in the results of processing human pancreases into
islets followed by islet culture result in significant differences in the quantities of islets that
become available for implantation, even using the optimal HPT donors. In terms of islets
processed for research, the IIDP of the NIH distributing human islets for research to its funded
investigators also struggle with major discrepancies in the consistent quality of human islets
between different pancreas processing centers and within some centers [43]. When Prodo
initiated its efforts to provide HIR in 2007 as a service business, it also had problems providing
reproducibly high quality human islets from process to process. Therefore, a thorough review and
identification of all the known variables involved in this process was done to bring as many
process variables as possible under control. The consistent results from this 2011-2016 study
described in this publication are the result of this effort as well as turning human pancreas
processing methods into manufacturing processes. This has been achieved by defining and
controlling the known process variables and locking them into narrow process limits that are not
altered. Also, as the demand for high quality islets increased, Prodo was able to increase the
number of pancreases processed by expanding the number of OPO’s providing research
pancreases.
Table 7 directly compares the average results of islet processing in the Clinical Islet Transplant
Centers (Table 1) with the average results from this Prodo study. It must be emphasized that the
primary focus of these clinical islet transplant reports were appropriately on islet transplant
outcomes and not on the specifics of clinical islet processing. Thus, there are a number of centers
that only reported partial islet processing outcomes as documented in Table 1. The “Clinical Islet
Transplant Centers Groups” islet yields from Table 1 are reported in Table 7 as IEQ per Process
with the results presented in three groups: a) Pre-Purification at 503,634 IEQ per process, b) PostPurification at 356,307 IEQ per process, and c) Post-Culture at 411,462 IEQ per process with the
discrepancies in these data due to unequal numbers of centers reporting their results at each step.
The Clinical Centers Groups reported their IEQ/Gm process islet yields results as well: a) PrePurification at 5,680 IEQ/Gm, b) Post-Purification at 4,101 IEQ/Gm, and c) Post-Culture at 3,599
IEQ/Gm with a 59.2% islet purity, again with discrepancies in unequal numbers of centers
reporting. This Prodo current study provides their islets yields: a) Pre-Purification at 6,943±201
IEQ/Gm, Post-Purification at 5,484±199 IEQ/Gm, and Post-Culture at 4,351±167 IEQ/Gm with a
90.0% islet purity. This initial analysis suggests the clinical islet centers islet processing results
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were not as efficient in their islet processing methods as the Prodo results presented in this
current report. However, there were many earlier years in the Clinical Islet Centers’ averaged
results from 2003 to 2016 than reported in this Prodo study that was from 2011 to 2016. Table 7
includes a report of Historic Results showing much lower human islet yields from initial human
islet processing efforts from 1988. Instead of just comparing the combined clinical islet processing
results from several years of processing from 2003 - 2016 to those of this more recent six-year
study by Prodo, it may be more appropriate to directly compare the latest Phase 3 CIT study [3,4]
published in 2016 to this current Prodo study. The Phase 3 CIT study published: a) Pre-Purification
results at 6,813 IEQ/gm, b) Post-Purification results at 5,471 IEQ/Gm, and c) Post-Culture results at
4,730 IEQ/Gm. This last comparison between the Phase 3 CIT study islet processing results and
Prodo’s islet processing results expressed as IEQ/Gm are essentially in the same ranges of islet
yields at each of the three processing steps. Statistical analysis is not possible since the complete
data base is not available for the CIT study. However, it is also interesting to note that there is a
major discrepancy in expressing the islet yields per process results between the Phase 3 CIT trial
and Prodo’s yields when expressed as IEQ/Process. The islet yields per process for the Phase 3 CIT
study were: a) Pre-Purification at 708,479 IEQ/process, b) Post-Purification at 582,370 IEQ/process,
and c) Post-Culture at 490,174 IEQ/process. The Prodo islet yields were by comparison: a) PrePurification at 460,367 IEQ/process, b) Post-Purification at 354,860 IEQ/process, and c) PostCulture at 279,083 IEQ/process. So, there are major differences in islet yields expressed as
IEQ/process between the Phase 3 study and this current Prodo study. However, the islet yields
expressed as IEQ/Gm show essentially very little difference in these islet yields between the Phase
3 study and this Prodo study. Is there an explanation for these discrepancies?
The primary explanation for the discrepancy noted in islet yields between these two reports is
found by focusing on the weights of the pancreases processed. This Prodo study reports the total
number of processes at 226 Non-DM donors with a range of pancreas weights from 40 grams to
194.5 grams with an average weight of 89.4 grams as shown in Figure 12A. The results shown in
this figure approach a Gaussian distribution of human pancreas processed weights that would be
expected from the random human pancreas weight choices in processing pancreases into islets for
these efforts. For the Phase 3 trial, their selected optimal donors for processing pancreases for
their clinical trial was to only process islets from the largest pancreas donors available for their
implants since these largest pancreases would produce more islets per pancreas, meeting their
goal to only use one donor per recipient. As shown in Figure 12B, the Phase 3 study of 75 donors
ranged in the eight centers from 93 grams to 124 grams with their average weight of 106 grams
[3,4]. Yet, this Phase 3 study also reported they had to prepare 324 islet lots in order to implant
their optimal 170 islet lots into these 75 patients [3, 4]. In other words, their human islet
processing in terms of transplantable human islet lots was only 52.5% effective that means even
more pancreas donors may be required going forward for the BLA. It is important to note that
their choice of these larger pancreases to process for clinical trials only represents 18.1% of the
pancreas donors that are available, if one accepts the Prodo distribution of human pancreas
weights as being representative (Figure 12A). With the assumption that the IEQ/Gm process
results between this Prodo report and their publications were close in pancreas numbers, then
increasing the size of the pancreases being processed, one would be able to increase the numbers
of islets available, even with the same IEQ/Gm yield.
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Table 7 Comparison of results from clinical islet transplant isolations to this Prodo study of human islets for research.
Centers

Years

IEQ +
IEQ/Gm
Pre-Pure
503,634
IEQ 5,680
IEQ/Gm

IEQ +
IEQ/Gm
Post-Pure
356,307 IEQ
4,101
IEQ/Gm

IEQ +
IEQ/Gm
Post-Culture
411,462 IEQ
3,599
IEQ/Gm

IEQ/Kg BW
Infused/ %
Pure
9,286
IEQ/kg BW /
59.2% pure

Switch Time
/ Length

*Clinical Islet
Trans- plant
Centers
Groups
[3,4,25-49]

2003 2016
12 single &
6 multicenter

*Phase 3
CIT-07
8 Centers
[3,4]

2016
n=48
islet
trans-plants

708,479
IEQ
6,813
IEQ/Gm

582,370
IEQ
5,471
IEQ/Gm

490,174
IEQ
4,730
IEQ/Gm

6,694
IEQ/kg
BW / 61.9%

Prodo Labs 2011 to
Research
2016
Pancreas
n=226
(This
Study)

460,367
IEQ
6,943
IEQ/Gm

354,860 IEQ
5,484
IEQ/Gm

279,083 IEQ
4,351
IEQ/Gm

Historical
Results
Washing-ton
University
[17]

275,800
IEQ
3,917
IEQ/Gm

164,600
IEQ
2,279
IEQ/Gm

na

$


$

1988
n=12

GSIR
Stim
Index
1st SI
2.8

Donor
Age
(Yrs)
42.3

Donor Cold
BMI
Ischemia
Time
29.7
7.7 hrs

14
min /
48.0
min total

1st SI
2.1

42

33.4

7.7 hrs

na / 90.0%
pure

6.3
min /
34
min total

42.4

27.2

10.1 hrs

na /
79.0%
pure

na

1st SI
2.6,
2nd SI
3.5,
3rd SI
8.8
3.5
perifusion
300 G
mg/dl

36.2

na

14.7 hrs

17.2 min /
47.6 min
total

Taken from Table 1 “Clinical Islet Transplant Center Results”
Taken from Figure’s 3A, 3B, 3E, Tables 4 & 6

Page 131/394

OBM Transplantation 2019; 3(1), doi:10.21926/obm.transplant.1901052

Figure 12 Effect of pancreas weight on islet processing. A: Prodo processed human
pancreas weight distribution (n=226); B: Phase 3 study human pancreas weight
distribution (n=75) [3, 4].
More specifically, the results shown in Table 7 confirm larger pancreases produce more islets,
even though the islet yield expressed on the per gram basis are the same. Emphasizing again, the
Phase 3 study averaged 6,813 IEQ/Gm Pre-Purification, 5,471 IEQ/Gm Post-Purification, and 3,599
IEQ/Gm Post-Culture that is compared to Prodo Labs 6,943 IEQ/Gm Pre-Purification, 5,484
IEQ/Gm Post-Purification, and 4,351 IEQ/Gm Post-Culture that essentially the same results.
However, the results of the total IEQ processed per pancreas showed the Phase 3 study averaged
708,479 IEQ/Pancreas Pre-Purification, 582,370 IEQ/Pancreas Post-Purification, and 490,174
IEQ/Pancreas Post-Culture, while this Prodo Study only averaged 460,367 IEQ/ Pancreas PrePurification, 354,860 IEQ/Pancreas Post-Purification, and 279,083 IEQ/Pancreas Post-Culture. Thus,
the clinical centers focusing on only processing the largest pancreases will provide more islets for
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transplant from a single donor to a single recipient, even with the same islet yield expressed on a
per gram basis from smaller pancreases. While this was a great strategy for the Phase 3 clinical
trial of only processing the largest human pancreases for islets to implant successfully at a 50%
process success level, this strategy may fall short for a BLA with the expected increase in the
numbers of T1D patients needing islet transplants that will be required to be uniformly curative,
will drive up the numbers of islet donors needed.
Also included in Table 7 is the last entry entitled “Historic Results” from 1988 that provides the
comparison of these recent studies to the first publication of processing human islets in 12
pancreas donors with the D/FC approach. This current Prodo report shows a 23.9% IEQ per
process loss of islets and a 21.2% loss of IEQ/Gm due to purification. The Historic Results show a
40.3% IEQ per process loss of islets and a 41.7% IEQ/Gm loss of islets due to purification but no
Switch Times were recorded. Interestingly, the purity of this current study was 90.0% pure with
the Historic Results showing 79.0% pure islets, while the current, averaged clinical islet trials
(Phase 3) reports only a 59.1% purity that is being accepted in order to increase the amount of
islet tissue per transplant for diabetic recipients.
The primary challenge for isolating primary islets from human pancreases from organ donors is
the fact that islets, being scattered throughout the pancreas, have to be both mechanically and
enzymatically released from the acinar and ductal tissues with appropriate timing, temperature,
use of enzyme types, mechanical agitation, and the proper balance of purifying the freed islets.
Our hypothesis and practice is that the more rapid this process can be completed with efficient
removal of the isolated islets from the active digestate within the D/FC, the higher the islet yields,
quality, and purity will be realized resulting in better islet implant results, research investigations,
and longer quality islet culture times. As shown in Table 7, this described process does accomplish
that objective of significantly reducing the digestion time compared to the other clinical centers
processing islets for clinical trials. At the time of the Switch, the temperature is lowered to 10 oC
initially reducing both the collagenase relative activity and the thermolysin activity that are then
also diluted out over the combination time. Another primary difference may be the use a
continuous density gradient that permits the recovery of human islets with purities on average of
90.0% rather than the purity for clinical trials of 59.4%. When using these methods, it may be
possible for human islets intended for clinical trials to be processed with islet purities approaching
90% rather than the current 60%, assuming high islet yields per donor can also be accomplished.
Furthermore, reducing digestion switch times to the 6-7 minute level allows one to deliver higher
quality islets by reducing islet damage during this Digestion/Filtration process. In this way, most all
pre-digested pancreas preparations enter the D/FC only under collagenase pre-digestion with the
goal being to make each human pancreas preparation as near to the same as possible prior to the
D/FC 37oC digestion that permits the thermolysin to kick in and rapidly digest the acinar tissue off
the islets. Then, the rapidly cooled islets can be quickly recovered while diluting out the enzymes
to preserve islet integrity.
4.1.2 DCD Donors
Non-DM donors versus DCD donors islet yields are not significantly different in IEQ/Gm islet
yields expressed as Pre-Purification and Post-Purification results, but Non-DM donors have a small
but significantly higher islet yield than DCD donors after Post-Culture analysis.
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To qualify as a DCD donor to be included in this study required the following restrictions based
on our previous experience: a) less than a 15 minute downtime from the original event at the time
of hospitalization without CPR and b) <31 minutes to develop cardiac arrest during the DCD
process. An expansion of the donor pool of human organs for clinical transplantation has been
made possible by the establishment of a controlled recovery of organs from non-heart beating
donors declared DCD. This report also demonstrates that if one restricts specific conditions in DCD
donors, that human pancreases can be successfully processed with the results of islet isolation
nearly at the same level and quality as for non-DCD donors. If one examines the individual DCD
procedure records from these cases, one consistently finds very low oxygenation levels for a
significant period of time prior to the actual cardiac arrest. Thus, the restriction of the DCD time to
<31 minutes until cardiac arrest reduces this period of pancreas hypoxia prior to initiating islet
processing in order to protect the pancreas from increasing autolysis that occurs with longer
donor hypoxic and ischemic times. These results also suggest that islets processed from DCD
donors under these specific restrictions should increase the donor pool for processing islets for
research, as well as for clinical islet transplantation.
4.1.3 T2D Donors
a) For the Successful Non-DM and T2D donors, the processing details were not statistically
different regarding the Cold Ischemia Time, the Switch Time, and the Digested Pancreas Weight,
but the percent of the pancreas processed was significantly lower for the T2D donor than the NonDM donor.
b) For the Successful Non-DM Processes, the significant differences over the Unsuccessful NonDM processes were a shorter Cold Ischemia Time, less of the pancreas processed, and a shorter
Switch Time.
c) For the Successful T2D Processes, the significant differences over the Unsuccessful T2D
Processes were a much larger pancreas weight, a much higher percent of the pancreas digested,
and a much shorter Switch Time.
d) Islet Yields reported as IEQ/Gm from T2D donors were significantly reduced at all the
Processing steps: Pre-Purification, Post-Purification and Post-Culture, compared to Non-DM donors.
e) Islet Indices from T2D donors were not significantly reduced at any of the Processing steps.
f) GSIR results for T2D islets compared to Non-DM islets were not significantly reduced at the 1st
Glucose Stimulated Insulin Step, but were significantly reduced at both the 2nd and the 3rd Glucose
Stimulated Insulin Steps as well as the Total Stimulated Insulin released. The fold increase of insulin
release in response to GSIR testing showed the same responses for the Non-DM and the T2D islets
at 12mM glucose, but larger insulin responses at the higher glucose stimulation steps for the NonDM islets were consistently observed over those able to be achieved by the T2D islets.
g) The Insulin Content of T2D islets compared to the Non-DM islets were also significantly
reduced to the 75.2% level. These comparisons were all made 5-8 days after processing at the time
of the GSIR testing and were not obtained immediately after islet isolation.
h) The effect of T2D donor Hemoglobin A1c levels (<6.5%, 6.51-10.0%, >10.1%) on islet
processing results showed changes related to these A1c levels. But, none of these results were
significantly different by Linear Regression Analysis, predominantly due to the low numbers of
processes in both the lowest A1c level group and the highest A1c level group.
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This study also presents results of processing human islets from organ donors that have a
previous diagnosis of T2D. By eliminating T2D donors under insulin treatment and those with high
hemoglobin A1c levels (>10%) from islet processing, improved islet processing results were
obtained. There was some difficulty in statistically comparing these two processes in that there
were 226 successful Non-DM processes and 29 successful T2D processes in this study. However,
we were able to demonstrate significantly lower islet yields at the different process times, reduced
glucose stimulated insulin release at the higher glucose concentrations, and reduced islet insulin
content in the T2D donor islets compared to the Non-DM donor islets. We purposely reduced
potential differences between these two groups by eliminating processing islets from T2D donors
that were on insulin therapy or had Hemoglobin A1c levels >10% prior to islet processing. We had
previously encountered very marginal yields of viable and functional islets from more advanced
cases of T2D. Another analysis we thought would show significant differences between Non-DM
donors and T2D donors, was based on T2D donors HgbA1c levels. But, the numbers of processes
separated into three HgbA1c levels did not permit statistically meaningful results with the smaller
numbers in each subgroup. Those T2D donors with HgbA1c values of <6.5% had a tendency for
higher islet yields with higher glucose stimulated insulin responses and higher insulin content than
those with HgbA1c values >10%. Those T2D donors with HgbA1c values between 6.5% and 10.0%
had intermediate islet yields and glucose stimulated insulin release levels, but somewhat less than
Non-T2D donors. So additional T2D donors have to be added to those already processed to assure
these preliminary impressions can hold up to statistical analysis.
4.2 Critical Donor Variables for Non-DM Donors
4.2.1 Age
a) There is no evidence of donor age effect on Islet Yields for the Pre-Purification Step. However,
due to the loss of islets with purification, especially from the younger donors from embedded islets,
there now are significant differences in Islet Yields in both the Post-Purification and Post-Culture
groups with increasing age. The embedded islets are predominantly in the 18-19 year old group
and the 20-29 year old group that cannot be further purified by using the current density gradients.
b) Islet Indices were not significantly changed by age for the Pre-Purification, Post-Purification,
and the Post-Culture groups.
c) GSIR Total Stimulated Insulin results were not significantly changed by age as examined by
Linear Regression analyses.
d) Insulin Content was not significantly changed by age differences.
The yields of islets from donors from age 30 years to 69 years were essentially the same in
terms of islet yields and GSIR when divided into arbitrary 10-year age groups. However, in the
younger donors from age 18 to age 29 years, the same quantity of islets were released from the
pancreas prior to purification. Yet, there were significantly less islets available after purification
and recovered after culture from these younger donors. The specific reason for this decrease of
purified islets from young donors is directly related to the pancreatic duct used for enzymatic
distension of the pancreas prior to D/FC digestion. In younger aged donors, the pancreatic duct
appears to be more susceptible to disruption within the pancreas during the ductal injection of
collagenase and thermolysin enzymes. The duct structure apparently fails prior to accomplishing
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adequate islet separation at the islet/acinar cell interface in younger human donors. This results in
what are called embedded islets that are partially or completely surrounded by non-islet acinar
tissue that increases the density of these islet/acinar cell aggregates. Using continuous density
gradient purification takes these embedded islets down to lower layers with much larger
concentrations of acinar cell aggregates significantly reducing islet purity. Since the primary
objective of researchers for human islets is receiving very pure islets, the number of pure islets
available from younger donors using the current methods is certainly less per donor than the older
donors that have lower levels of embedded islets. The clinical investigators transplanting human
islets are focused on high quality and quantity per donor and are thus willing to implant less
purified islets into their diabetic recipients. In Tables 1 & 3, the average islet purity at the 21 islet
transplant centers was 59.2% that compares to the current research islets presented in this report
at 90.0%. Is it possible for the clinical islet transplant centers to improve on their islet purities
without sacrificing significant donor islet yields? While there have been documented
complications relating to the non-islet impurities in some T1D recipients, the percentage is small
even with this low islet purity. However, with improved islet processing and purification, islet
processors should enable higher islet purities that should also reduce post-implant loss of islet
mass for clinical transplantation.
4.2.2 Body Mass Index
a) Islet Yields were not significantly reduced for any of the three processing steps in terms of
overall Linear Regression analysis for donor BMI values. However, there are some of the BMI
groups that have individual significant differences in islet yields with the lowest BMI group (<19.9)
having significantly lower islet yields than the highest BMI group (35.0-35.9). Also, the 20.0-24.9
group has significantly lower islet yields than the 35-35.9 group as well as the 30-34.9 group has
significantly lower islet yields than the 35-35.9 group.
b) Islet Indices were significantly higher at the higher BMI levels at the Pre-Purification and the
Post-Purification steps, but were not significantly different at the Post-Culture step.
c) GSIR results were not significantly different at any level.
d) Insulin Content was not significantly different with any of the BMI groups.
Evaluation of the effects of donor BMI at first analysis shows little differences from BMI levels
from 19.9 to 40 in terms of islet yields and GSIR results. There is a gradual increase in islet indices
in donors with BMI levels >30 as expected by observations of larger islets in these donors during
processing. Since donors with BMI levels > 40 were excluded from processing due to our previous
experience in their lower islet yields, we were not able to document any difference in insulin
content in BMI donors >40 in this study.
4.2.3 Cold Ischemia Time (CIT)
a) Islet Yields from all three processing steps: Pre-Purification, Post-Purification, and PostCulture, were significantly reduced by longer CIT’s.
b) While Islet Indices were not significantly reduced by increasing CIT’s for the Pre-Purification
and the Post-Purification groups, the Post-Culture group demonstrated significant reduction in Islet
indices with increasing CIT’s.
c) GSIR results were not significantly reduced by longer CIT’s.
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d) Islet Insulin Content was significantly reduced by longer CIT’s.
This report demonstrates that one of the two most critical variables affecting human islet yields
is the CIT. All three processing steps resulted in significantly lower islet yields as IEQ/Gm with
increasing times of pancreas cold storage. The Islet Index also showed a significant trend for
decreasing values with longer cold ischemia times. But there was no observable effect on GSIR
results for any of the times, including >16 hours suggesting that islets that were processed and
cultured appropriately were able to function normally after 5-8 days of culture. After the
completion of this study and due to these findings, we have limited our cold ischemia times prior
to pancreas processing to be 12 hours or less and have eliminated accepting pancreases flushed
with SPS-1 in those pancreases stored for 10 hours or more prior to processing. This decrease in
the effects of longer Cold Ischemia Time induced islet damage observed in this study over other
published studies may be the result of the significantly more rapid process of digesting human
islets due to shorter digestion times at 35oC-37oC.
4.2.4 Process Switch Time
a) Islet Yields were significantly reduced by increasing the Process Switch Time at all of the times
recorded (the 3-8 min, the 8.1-10 min, and the >10 min groups) from Pre-Purification to PostPurification and on to Post-Culture levels. More specifically, while the islet yields from the 3-8
minutes were significantly higher than 8-10 minutes and the islet yields from 3-8 minutes were
significantly higher than the >10 minutes, the islet yields from the 8-10 minutes and those from
the >10 minutes were not statistically significantly different. In terms of processing experience,
164/226 (72.6%) of processes were switched by 8 minutes, 41/226 (18.1%) were switched by 10
minutes, and 21/226 (9.3%) were switched by >10 minutes.
b) Islet Indices in the Post-Culture group were found in the 3-8 minute time to be significantly
higher than the >10 minute group suggesting increased damage to the processed islets with the
longest Switch times.
c) GSIR results expressed as the Total Stimulated Insulin release were significantly lower for the
Post-Culture group as the Switch time increased.
d) Insulin Content were not significantly reduced at the >10 minute time.
This report demonstrates that one of the two most critical variables involved in human
pancreas processing into human islets in this study was the process Switch Time when the
recirculating mode through the D/FC is switched to the collection mode that stops recycling the
enzymes, brings colder basic culture media into the chamber, and empties the D/FC content into
collection conicals at 10oC over time. All processes with Switch Times from 3-8 minutes had the
significantly highest islet yields, GSIR results, and islet insulin content. When the process Switch
Time was between 8 to 10 minutes there was a small but significant drop in islet yields and GSIR
responses, but not in insulin content. When the Process Switch Time was increased to >10 minutes,
there was a significant drop in islet yields, GSIR insulin release, and insulin content in these islets.
The Switch Times utilized in this study were only one third to one half of the Switch Times
reportedly used in processing of human islets for clinical islet transplantation as shown in Figure
13. The results from this study suggest efforts to reduce process Switch Times from recirculating
to collection modes in other pancreas processing systems could benefit the quality and
functionality of the islets produced.
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Figure 13 Switch time, collection time, and total digestion time of human pancreas processing.
4.2.5 OPO’s and Organ Preservation Solutions
a) Overall Islet Yields were not significantly affected by comparing the individual, different
OPO’s, but, when the individual OPO’s were grouped into the Region 5 Mid-West OPO group and a
Region 4 West-Coast OPO group, the West Coast OPO’s had significantly higher islet yields than
the Mid-West OPO’s with the West Coast OPO’s located much closer to this islet processing center.
b) The use of UW solution resulted in significantly higher islet yields than HTK at all three
processing steps.
c) Islet Yields using different preservation solutions compared at different preservation times
showed no differences with UW solution nor with HTK solution between the 10.1 – 15 hour and
the >15 hour storage times.
d) However, there was a very significant drop in islet yields using SPS-1 from the 10.1-15 hour
and the >15 hour groups.
e) Use of scatter plot presentation of these results, showed a marked protection of islet yields
using UW solution rather than HTK or SPS-1 solutions with the least protection demonstrated by
the use of SPS-1.
While there were differences in the results from different OPO’s regarding islet yields, these
results were dependent upon the number of donors processed and the location of the OPO’s. Two
of the OPO’s were in Texas rather than California so the effects of longer cold ischemia times and
their preference for using HTK or SPS-1 pancreas preservation solutions were likely additive in
their reduced yields. There was evidence at all three processing steps that preservation with UW
solution rather than HTK or SPS-1 was optimal for islet yields. SPS-1 had the poorest pancreas
preservation at the longest cold ischemia times >15 hours by scatter plot analysis.
Summary of all of the processing donor variables and their significant effects on islet processing
are provided in Table 8.
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Table 8 Summary of processing variables effects on islet outcomes.
Process Results Donor Age
Increases

BMI <40
Increases

CIT Increases Switch Time
Increases

Increased
Distance from
Islet Isolation
Site

Islet Yield
Pre-Pure
Post-Pure
Post-Culture

No Change
Increaseǂ
Increaseǂ*

No Change
No Change
No Change

Decreaseǂ
Decreaseǂ
Decreaseǂ

Decreaseǂ
Decreaseǂ
Decreaseǂ

Decreaseǂ
Decreaseǂ
Decreaseǂ

Islet Index
Pre-Pure
Post-Pure
Post-Culture

No Change
No Change
No Change

Increaseǂ
Increaseǂ
No Change

No Change
No Change
Decreaseǂ

No Change
Decreaseǂ
Decrease

-

GSIR

No Change

No Change

No Change

Decrease

-

Total Insulin
Content

No Change

No Change

Decreaseǂ

No Change

-

* The use of PIM(R)® culture medium for islets increases their size Post-Culture
ǂ

Statistically significant change

4.2.6 Process Variables Not Affecting Islet Yields
The Cause of Death of pancreas donors did not show any significant changes in the process
success of purified, functional human islets. In addition to these factors, we did not notice any
differences with minor pancreas changes such as mild inter-lobular edema, superficial hemorrhage,
or superficial fatty infiltration.
5. Conclusions
The following conclusions are offered from these studies:
1. High quality and highly functional human islets can consistently be produced from Human
Pancreas for Research and no longer need not be considered to be reduced in quantity or in
quality compared to isolated islets processed from pancreases produced for clinical islet
transplantation, assuming strict adherence to optimal pancreas processing, islet recovery, islet
culture, and islet transport steps are accomplished.
2. The identity and control of pancreas and process variables permits the consistent and
predictable outcomes in the production of high quality Human Islets for Research through the
establishment of manufacturing procedures and standards.
3. The expression of pancreas processing islet yields as IEQ/Gm of pancreas is statistically
superior to relying on IEQ per Pancreas process results to compare center to center processing
outcomes due to large variations in the weights of human pancreases being processed into islets.
4. While there are major differences in the cause of death in non-diabetic, DCD donors versus
non-diabetic, heart-beating donors, the proper restrictions of DCD donor conditions can permit
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their consideration for processing into Human Islets for Research. These selected DCD donors have
now been shown in this study to provide the same islet quality and quantities as non-DCD donors,
with a small but significant reduction in Post-Culture islet quantities. The use of two critical
limitations of a) <15 minutes of down time without CPR at the time of hospitalization and b) <31
minutes from extubation to cardiac arrest during the DCD was followed in this study and can
expand the potential pool of Human Pancreas for Research as well as Human Islets for Research. It
may be possible that these same limitations could expand the donated pancreas pool available
for Clinical Islet Transplantation as well, since DCD donor pancreases have recently been published
for both Clinical Pancreas Transplantation and Clinical Islet Transplantation, but are not universal.
5. The demonstration that significant numbers of high quality, functional human islets can be
successfully processed from selected T2D donors increases the possibilities of providing more of
these rarely processed diabetic islets for critically needed research efforts. The demonstrated
limited ability of T2D islets to respond to higher glucose concentrations with lowered insulin
content in this report suggests studies of T2D islets need more detailed investigations into the
critical mechanisms involved. In addition, new studies utilizing T2D islets immediately after
processing as well as after longer times of culture may provide more insights into whether these
effects related to T2D are permanent or can be improved in vitro that could lead to new
approaches for treating T2D in patients.
6. The two most significant process variables were using shorter Switch Times from 3 to 10
minutes to start collecting as well as shorter pancreas Cold Ischemia Times of <12 hours with UW
preservation that resulted in significantly higher yields and quality of islets in this study. The
Switch changes the Recycling Mode of enzyme flow through the D/FC to start the Collection
Mode passing the chamber content out to collection tubes. This finding suggests that reevaluation of human pancreas processing procedures currently using much longer digestion times
may benefit by decreasing their process digestion times. This opportunity requires appropriate
procedural changes in order to increase the quality and the quantity of isolated islets that could be
available for transplantation. The restriction of using pancreas with shorter cold ischemia times to
increase transplantable human islet yields can require that clinical islet processing centers
consider reducing acceptance of pancreases from distant OPO’s.
7. Additional significant processing variables included a positive trend on increasing age for islet
yields after islet purification due to the embedded islets that reduce available islets from younger
donors, and a positive trend on increasing BMI on Islet Indices before and after purification. While
the optimal collagenase type was not evaluated in this study, an optimal islet tissue culture
medium “spacing” was identified. Research efforts need to be focused on how to eliminate islet
embeddedness currently reducing islet yields from young brain dead donors.
8. The optimal preservation solution for preserving human pancreases for processing into
Human Islets for Research was shown to be the UW solution as compared to HTK or SPS-1
solutions, especially with longer cold ischemic duration.
6. Considerations
1. Re-evaluation of large scale processing of adult human islets for acute transplantation into
T1D recipients required for the BLA should consider: a) the assumption that any large-scale islet
processing for this treatment may routinely require two donors for each recipient for long-term
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graft function, b) the routine use of appropriate antibiotics during the processing and culture of
islets for a few days can reduce the relatively high incidence of microbial contaminated islet
products currently being implanted into diabetic recipients under full immunosuppression, c) the
identification of superior pancreas donors for islet processing may reduce the number of
pancreases processed to achieve optimal results, and d) a transition from exploratory clinical islet
transplantation techniques and outcomes to defined and proven effective methods with effective
protocols is needed to develop clinical islet allograft transplantation as an improved therapy for
selected patients with complications from T1D. All of these factors are important for a successful
BLA for future clinical islet transplants.
2. Currently, in clinical islet auto-transplantation for chronic pancreatitis, the poorly purified
islets are placed into the portal vein within a few hours in most centers with little or no islet
purification or culture. Adapting the procedures from this study could permit the culture of more
purified human islets by delaying the implant procedure through the placement of an injection
catheter in a mesenteric vein at the time of pancreatectomy or relying on radiologic guided portal
vein implants. This would permit the implant procedure to be performed several days later under
local anaesthesia after effective islet purification, optimal culture with appropriate antibiotics, as
well as a reduced microbial risk of contamination to the recipient of the cultured islet implant
have been completed. This would result in more compact and highly purified islets that should
have a higher chance of survival and longer function post-implant into the liver by removing the
very large quantities of damaged non-islet tissue during the processing. It should certainly increase
the chance of achieving an optimal success for these islet autograft recipients with anticipated
longer duration of their islet graft function.
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Abstract
Background: Gastroesophageal reflux disease has been associated with the development of
chronic lung allograft dysfunction following lung transplantation. While the mechanisms are
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unclear, it is postulated that microaspiration of gastrointestinal material (GIM) leads to
inflammation and airway remodeling that culminates in obliterative bronchiolitis. As the
expression of the matrix glycoprotein fibronectin has been shown to be an early marker of
this fibroproliferative process, its induction could suggest a causal mechanism for allograft
dysfunction in lung transplant (LTX) recipients experiencing microaspiration.
Methods: De-identified bronchoalveolar lavage fluid (BALF) samples sequentially collected
during surveillance bronchoscopies throughout the first post-transplant year were analysed.
Microaspiration was defined by the detection of bile salts in the BALF via an ELISA assay. An
in vitro bioassay then detected fibronectin expression as a marker of activation of airway
remodeling via incorporation of murine NIH/3T3 fibroblasts transfected with the human
fibronectin promoter connected to the luciferase reporter vector. Fibroblasts were cultured
with BALF for 24 hours and the ability of the BALF to stimulate fibronectin induction was
measured via luciferase activity units.
Results: Sequential bronchoscopies on fifteen LTX recipients yielded 101 BALF samples for
analysis. Six recipients had at least one BALF ‘positive’ for bile salts indicating GIM aspiration
while the remaining nine recipients had no ‘positive’ analyses. Increased fibronectin
induction stimulated by the BALF correlated with the presence of one or more episodes of
GIM aspiration occurring during the first post-transplant year (rs =0.22, p=0.03). Furthermore,
fibronectin luciferase activity in the BALF from recipients experiencing aspiration was
significantly greater than that from those recipients who did not aspirate (1.05 + 0.19 vs.
0.92 + 0.28 luciferase activity units/µg protein) [p< 0.02].
Conclusions: Increased fibronectin induction is implicated in LTX recipients who experience
microaspiration. This may herald early airway remodeling that can lead to later allograft
dysfunction.
Keywords
Lung transplant; fibronectin;
gastroesophageal reflux; bile salt

aspiration;

microaspiration;

remodeling;

luciferase;

1. Introduction
Lung transplantation (LTX) is a critical treatment for patients suffering from chronic progressive
lung disease, with nearly 30,000 procedures having been performed since 1988 [1]. Presently,
recipients of lung allografts can expect median survivals of 85.0% at one year, 68.2% at three years,
and 55.5% at five years post-procedure [2]. The major impediment to long term survival following
LTX is the development of chronic lung allograft dysfunction (CLAD) which predominately
manifests as obliterative bronchiolitis (OB), an immune rejection response characterized by
progressive obliteration of small airways in the lung allograft leading to irreversible airflow
obstruction [3, 4]. Approximately 50% of lung recipients experience OB within five years of their
transplant procedure resulting in median survival being between three and five years once this
diagnosis has been established [5]. The other less common phenotype of CLAD, the Restrictive
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Allograft Syndrome (RAS), is an entity characterized by parenchymal interstitial fibrosis most
commonly involving the upper lobes of the lung allograft.
While the mechanisms leading to OB are not completely elucidated, it is thought to be the
result of repetitive insult to bronchial epithelium through the combined interaction of both
immunologic and nonimmune factors. One of the nonimmune factors that has been strongly
implicated in the genesis and propagation of OB is the clinical development in the transplant
recipient of gastroesophageal reflux disease (GERD). The resulting microaspiration of
gastrointestinal material (GIM) is postulated to be the promoter of chronic inflammation in the
lung allograft [6, 7]. It has been well established that lung recipients experiencing GERD have a
higher prevalence of Bronchiolitis Obliterans Syndrome (BOS) – the clinical manifestation of those
with histologic OB [8-10].
A current hypothesis suggests that repetitive insults arising from microaspiration of GIM
promote local chronic inflammation which is characterized by a fibrotic reparative response of
activated fibroblasts. This inflammatory response stimulates extracellular matrix expression
resulting in remodeling and ultimately obliteration of the airway lumen [11]. A hallmark of this
inflammatory reparative response is the expression of fibronectin, a matrix glycoprotein
upregulated after airway injury and implicated in many pulmonary disorders [12]. Likewise,
fibronectin induction might also be expected to be part of the early injury/reparative events
occurring in the lower airway of LTX recipients who experience microaspiraton. The purpose of
this investigation was to ascertain whether evidence of fibronectin induction was indeed
manifested in the lower airway of LTX recipients experiencing microaspiration of GIM.
2. Materials and Methods
2.1 Patient Population and Sample Collection
For the purposes of this investigation, de-identified samples of bronchoalveolar lavage fluid
(BALF) were retrieved from an Institutional Review Board approved lung transplant specimen
repository. These specimens, along with corresponding clinical data, had been prospectively
collected on participating recipients at pre-determined intervals following their lung transplant
procedure. The collection intervals were designated at 30, 90, 180, 270 and 365 days following
transplantation and took place during routine scheduled bronchoscopies while additional
collections made during clinically indicated bronchoscopies. During each of these bronchoscopies,
BALF was collected by first instilling sequential 60 ml aliquots of normal saline (total instillation of
120 – 180 cc) into either the right middle lobe or the lingula of the lung allograft followed by
suction retrieval of a portion of that fluid. The recovered fluid was then filtered, centrifuged and
stored at -80°C until retrieved for analysis. Specimens were retrieved on all LTX recipients who
completed all of their first post-transplant year surveillance bronchoscopies for the interval June
2015 through October 2017 (i.e. - all recipients utilized in this investigation survived at least one
year following their transplant).
All recipients were maintained with standard immunosuppressive medications including a
calcenurin inhibitor (i.e. tacrolimus), an anti-metabolite (i.e. –mycophenolate or azathioprine), and
a corticosteroid. Additionally, azithromycin was routinely introduced within the first month
following transplantation. Also following transplantation, recipients were assessed for the
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presence of GERD via 24 hour esophageal pH probe monitoring with the results analyzed by an
experienced gastroenterologist who was blinded to other aspects of this investigation.
This study was submitted to the University of Louisville Institutional Review Board (IRB) –
Human Subjects Protection Program Office and to the hospital research review committees for
approval prior to evaluating samples from the repository. The lung transplant biorepository is an
IRB approved (IRB Number 15.0339, approved 15/18/15) function of routine follow up for which
patients provided an informed consent prior to their transplantation.
2.2 Bile Salts and Fibronectin Induction Assay
Supernatant from the LTX BALF samples was assessed for the presence of bile salts using a
commercially available enzyme-linked immunosorbent assay (ELISA) (Bioquant, San Diego, CA).
The bile salts were measured using a Beckman Coulter AD 340C Absorbance detector (Fullerton,
CA) at 540nm and concentrations were expressed as nmol/ml BALF. Concentrations > 0.312
nmol/ml were considered ‘positive’ and thus indicative of aspiration of GIM [13]. An in vitro
luminescent bioassay was used to determine fibronectin luciferase activity in LTX BALF. Briefly,
murine NIH/3T3 fibroblasts permanently transfected with the human fibronectin gene promoter
connected to a luciferase reporter vector (pFN LUC) were used [14]. Here, the transfected
fibroblasts were cultured in the presence or absence of LTX BALF for 24 hours. Afterwards, the
cells were washed, harvested and fibronectin luciferase activity was measured using luciferase
assay reagent (Promega, Madison, WI) and a Luminoskan Ascent luminometer (Labsystems,
Helsinki, Finland). All samples were run in duplicate, normalized to total protein and results were
reported as luciferase activity units/ug protein.
2.3 Statistical Analysis
Data are expressed as means and standard deviations. A statistical difference between the
means of groups was determined by the student’s t-test. Correlations between dichotomous
variables were made utilizing the Spearman’s rho coefficient. A ‘p’ value of <0.05 was considered
significant. All analyses were performed using IBM SPSS 22.0 statistical software package (Armonk,
NY).
3. Results
Outlined in Table 1 are the demographics for the fifteen LTX recipients who met criteria for
study inclusion. Each recipient had between five and nine BALF samples obtained during
surveillance bronchoscopies within the year following their transplant. This yielded 101 BALF
samples for analysis. Six recipients (represented by 42 of the obtained samples) had at least one
BALF ‘positive’ for bile salts via the bile salt assay thus indicating aspiration of GIM. Even though
every BALF sample collected in these six recipients may not have demonstrated a result ‘positive’
for detection of bile salts, for the purposes of this investigation, these recipients were
characterized as those experiencing aspiration. The remaining nine recipients (represented by 59
of the obtained BALF samples) had no ‘positive’ analyses when assessing for bile salts in the BALF,
and were consequently characterized as never having aspirated.
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The relative induction of fibronectin expression (determined by luciferase activity) in recipients
characterized as having experienced aspiration was 1.05 + 0.19 luciferase units/µg protein, and
was significantly greater than the 0.92 + 0.28 luciferase units/µg protein identified in the samples
from recipients without evidence of aspiration (p< 0.02) (Figure 1). Furthermore, this increased
fibronectin luciferase activity positively correlated with the presence of one or more episodes of
aspiration (rs = 0.22, p=0.03).
Table 1 Lung recipient demographics.
Item

Mean/Count

Percent/Range____

Gender
Male
Female

10
5

66.7%
33.3%

Age

56.5 years

25-74 years

_____________________

Indication for Transplant
IPF
7
46.7%
COPD
4
26.65%
CF
4
26.65%
Legend: IPF = idiopathic pulmonary fibrosis; COPD = chronic obstructive pulmonary disease; CF =
cystic fibrosis

1.3
1.25

Luciferase Activity Units/µg Protein

1.2

p < 0.02

1.15
1.1
1.05
1
0.95
0.9
0.85
0.8
0.75
0.7
Luciferase

No Aspiration
9 LTX Recipients
59 Samples

Aspiration
6 LTX Recipients
42 Samples

Figure 1 Fibronectin expression via luciferase activity in lung recipients.
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Thirteen of the fifteen recipients underwent esophageal pH probe monitoring following their
transplant procedure. This esophageal testing occurred at median post-operative day 112 (range
56-305). Eight of these thirteen recipients were interpreted to have pH probe monitoring
consistent with acid-reflux. Of these eight recipients only three also had evidence of
accompanying microaspiration via detection of bile salts in their BAL fluid. Of the five recipients
who did not have evidence of acid-reflux on esophageal pH probe monitoring, two had bile salts
detected in their BALF suggesting some degree of microaspiration.
4. Discussion
The association of GERD with the later development of the BOS phenotype of CLAD is well
known and current clinical practice is to be vigilant in its detection in LTX recipients [15]. Both the
anatomic manipulations inherent in the transplant surgery and the side effects of necessary
immunosuppressive medications required for the health of the allograft have been implicated in
the development of both gastroparesis and GERD [13]. Indeed, GERD has been shown to be twice
as prevalent in LTX recipients [16-19]. While there is general agreement that once identified GERD
should be treated, there is however currently no unanimity regarding the best method of
screening this population. Current practices for screening range from relying on only
symptomology to performing invasive esophageal studies on all lung recipients. Likewise, there is
no unanimity on treatment with some transplant programs employing proton pump inhibitors or
other antacid preparations while other programs perform surgical fundoplication procedures to
halt the reflux [20]. Much of this variability in practice stems from an uncertainty as to what
agent(s) and/or mechanism(s) are responsible for initiating the injury in the lower airway that
leads to the obliteration of bronchioles.
While the use of antacid medications is very effective in reducing the symptoms associated
with GERD experienced by LTX recipients, there is mounting evidence that the simple control of
gastric acid reflux alone may not be sufficient to obviate the inflammatory response in the
allograft. One hypothesis posits that the reflux and subsequent aspiration of particulates rather
than gastric acid may be the primary injurious insult [21]. A second hypothesis proposes that it is
the aspiration of the bile salts themselves that directly leads to impairment in the innate immune
system of the lung tissue, making it the most threatening element to the health of the allograft
[22]. Thus, the implication is that it is not merely the act of GERD, but the consequent
microaspiration of GIM that promotes repetitive insults to the airway that then initiates a cascade
of inflammation and maladaptive remodeling culminating in the dysfunction of the lung allograft.
Recent evidence has accumulated revealing that the examination of BALF may provide the most
sensitive/accurate methods for detecting aspiration of non-acid contents into the lung allograft.
The assay of this lavage fluid for gastric enzymes and refluxed bile salts has been shown to be both
reproducible and definitive for the identification of aspiration resulting from GERD [13, 23, 24]. As
such, analysis of this fluid for these aspirated elements and markers of inflammation may provide
a ‘window’ through which a better understanding of their effects in the lower airways can be
elucidated as well as their potential connection with the development of CLAD.
Although the expression of tissue remodeling genes could have been tested, fibronectin
induction and expression was chosen for this investigation as it is triggered early after lung injury.
It is expressed in many cell types and is involved in several cellular functions which play an integral
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part in the early fibroproliferative process involved in airway remodeling including modulation of
cellular adhesion, migration and proliferation [25]. Fibronectin fragments are also known to be
chemotactic to monocytic cells [26], a process that might help perpetuate inflammation. It is this
altered composition of the extra-cellular matrix, which includes fibronectin that has been shown
to be involved in pathological and functional changes reported in many lung diseases including
asthma [27], chronic obstructive pulmonary disease [28], idiopathic pulmonary fibrosis [29], and
pulmonary arterial hypertension [30]. Because of this proposed role in both acute and chronic lung
injury, fibronectin has importance as an early marker of lung disease [31]. Given these findings in
other lung disorders, fibronectin induction could be expected to signal early events leading to
allograft dysfunction in LTX recipients who experience microaspiration of GIM. In fact, earlier
investigation (which did not evaluate aspiration) has reported greater induction of fibronectin
expression in the BALF from LTX recipients who would later progress to BOS compared to those
who did not develop BOS. These investigators further reported that the induction of fibronectin by
BALF correlated with the amount of transforming growth factor-beta (TGF-β), a pro-fibrotic
growth factor known to stimulate fibronectin [32]. Thus, aspiration of GIM could induce the
production of fibronectin via the upregulation of TGF-β or other agents in lower airway epithelial
cells and/or alveolar macrophages. Furthermore, there has been some preliminary evidence that
similar pro-fibrotic mechanisms may be involved in the development of other CLAD phenotype –
RAS, not only in the pathogenesis of BOS [33-35].
Because fibronectin has been implicated in lung injury and repair, and is considered an early
marker of activation of tissue remodeling, this investigation was performed to test if evidence of
its induction correlated with markers of aspiration of GIM in LTX recipients. Herein GIM was
confirmed via the detection of bile salts in the BALF of six LTX recipients who were sequentially
sampled throughout their first post-transplant year. By using the in vitro bioassay, increased
fibronectin induction was inferred to occur in the lung allografts of these six recipients confirmed
to have one or more episodes of GIM aspiration occurring during that first post-transplant year; an
amount that was significantly greater than that in contemporaneous samples from the nine
recipients who never had identification of bile salts in their sequential BALF samples. Despite
these findings, it should be noted that detection of this activity did not faithfully discriminate
between recipients with aspiration of GIM and those without. However, its positive correlation
with bile salts content in BALF suggests a mechanistic link between aspiration of GIM and
activation of tissue remodeling in the lower airway. It is important to emphasize that this
investigation did not directly measure fibronectin in the BALF samples, but instead tested the
ability of BALF to stimulate fibronectin gene expression in a fibroblast-based bioassay.
The finding that recipients with as few as a single ‘positive’ bile salt assay still had increased
amounts of fibronectin luciferase activity could suggest one of two scenarios. One possibility is
that recipients with one or few ‘positive’ assays in fact experienced many other episodes of
aspiration of GIM throughout the first post-transplant year that were simply not identified due to
the bronchoscopy sampling schedule (i.e. – a given bronchoscopy and recovery of BALF may have
been sufficiently removed from an aspiration episode so as not to have significant bile salts for
detection). A second possibility is that these recipients may have indeed experienced only one or a
few aspiration events, but even in the absence of multiple episodes this was enough insult to the
airway to initiate a continual inflammatory/reparative cascade hallmarked by fibronectin
expression.
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It is still unclear whether it is the injurious effect of the bile salts themselves which initiates this
inflammatory/reparative cascade or whether they simply have a spurious connection to other
particulates that may be aspirated at the same instant. Similarly, as previously mentioned, the
detection of bile salts might simply be a marker for increased concentrations of other fibronectinstimulating agents such as growth factors (e.g. TGF-β) or oxidants. Of course, whether these LTX
recipients ultimately develop clinical manifestations of CLAD out of proportion to the other nine
recipients remains to be seen and will be the subject of future investigations.
There are several potential limitations to this study that deserve notation. While this
investigation has focused on microaspiration of GIM being a potential stimulus to pro-fibrotic
inflammation and airway remodeling, it should be noted that the coexistence of other clinical
entities also associated with the development of CLAD could have potentially affected airway
remodeling and thus confounded the results displayed herein. Among these, are infectious insults
to the lung allograft including bacterial and viral infections, both of which have been implicated in
the later development of BOS [36-39]. Non-infectious complications such as primary graft
dysfunction and high grade acute rejection episodes too have been associated with later allograft
dysfunction [40-44]. Unfortunately, as this investigation involved airway samples from only fifteen
LTX recipients, it was not possible to correct for all of these variables.
With respect to the samples themselves, several potential confounders that could manifest a
sampling error need to be emphasized. First, all of the samples were obtained from very specific
anatomic locations in the allografts (i.e. – either the right middle lobe or the lingula of the left
lung). Obviously, depending on the amount of aspiration and the postural configuration of the
recipient, there could be differences in anatomic distribution of aspirated material that may have
been over or under appreciated because of the sampling technique employed. Second, the
interval at which BALF was collected (i.e. - via routine scheduled surveillance bronchoscopies) may
have been inadequate to detect all of the aspiration episodes. This is particularly germane to the
nine recipients who had no detectable bile salts in the BALF of their lung allografts. Given that the
maximum number of samples obtained from any one recipient in the first post-transplant year
was only nine, there was clearly opportunity to miss detection of episodes of GIM aspiration.
Lastly, although over one hundred BALF samples were analyzed, as a single center study, this
investigation involved only fifteen transplant recipients. Clearly, samples from a greater number of
recipients for confirmatory analysis would be beneficial.
5. Conclusions
In the first year following LTX, recipients who experience microaspiration of GIM demonstrate
an association between increased bile salt content and increased activity promoting fibronectin
expression in the bronchioalveolar milieu. This suggests the presence of matrix-inducing activity
which may reflect maladaptive airway remodeling. The clinical manifestations and consequences
of this paradigm remain to be ascertained.
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Abstract
Despite the advances that have been made in the field of solid organ transplant (SOT), organ
shortage remains a persistent problem. In addition, the donor pool has been changing with
the ongoing opioid epidemic and increase in deaths related to drug overdose each year.
More donors are meeting the 2013 United States (U.S.) Public Health Service criteria for
increased risk donors (IRDs), or donors who are at higher risk for transmission of Human
Immunodeficiency Virus (HIV), Hepatitis C virus (HCV), and other multidrug resistant
organisms (MDROs). While previously not considered due to concerns about recipient and
allograft outcomes, organs from IRDs or donors with HIV, HCV and MDROs are now being
utilized for transplant as therapies for HIV and HCV have improved and more studies have
become available that demonstrate favourable outcomes post-transplant. This paper
reviews the current literature on the use and management of IRDs and donors with HIV, HCV
and MDROs to potentially expand the donor pool for transplant.
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1. Introduction
The number of patients who are awaiting SOT greatly outweighs the supply of available organs.
The Organ and Procurement Transplant Network (OPTN)/Scientific Registry of Transplant
Recipients (SRTR) 2016 Annual Data Report found that the number of new active listings for heart
transplant increased by 57% between 2005 and 2016 [1]. While the total number of kidney, liver,
and lung transplants performed increased from 2015 to 2016 [2-4], many patients still remained
on the waitlist. As of October 2018, approximately 114,500 candidates were waitlisted for organ
transplant. About 95,000 patients were listed for kidney transplant, 13,700 patients for liver
transplant, and 3,900 patients for heart transplant [5].
As the organ shortage persists, expanding the donor pool by using IRDs and donors with known
infections such as HIV, HCV, and MDROs has become more enticing. With the opioid epidemic and
increase in deaths related to drug overdose, there have been more potential donors who are
meeting the U.S. Public Health Service (PHS) criteria for IRDs [6]. New advancements in medical
management have made the use of IRDs and donors with HIV, HCV, or MDRO possible. Detecting
potential donor derived infections prior to accepting an IRD organ has improved with nucleic acid
testing (NAT). Since 2014, the OPTN has required that all potential deceased donors are screened
for HCV using NAT and all IRDs are screened for HIV using NAT. NAT has decreased the time for
detecting infection in a donor after an acute exposure compared to using serology alone [7, 8].
Newer direct acting antiviral (DAA) therapies have high cure rates for HCV, therefore allowing the
possible use of HCV positive organs for transplant. The life expectancy of HIV positive individuals
has increased, and HIV is now a more chronic and manageable disease with the use of
antiretroviral therapy (ART). The feasibility of using liver and kidneys from HIV positive donors for
HIV positive recipients is currently being evaluated in the U.S.
This article will review the current literature regarding use of IRDs and how the drug overdose
epidemic is changing the field of SOT. We will review the use of donors with HIV, HCV, and MDROs,
and discuss the advantages and challenges to consider.
2. Increased Risk Donors
In 1994, the Centers for Disease Control (CDC) published guidelines that identified “high risk”
transplant donors with risk factors for the acquisition of HIV. Guidelines were later modified by
the U.S. PHS in 2013. Criteria in the updated guidelines identified IRDs based on 11 behaviors in
the preceding 12 months that increased a donor’s risk for acute infection with HIV, hepatitis B
virus (HBV), or HCV [7]. This includes donors who used non-medical injection drugs, men who have
sex with men (MSM), sex in exchange for money, newly diagnosed with syphilis, gonorrhoea,
Chlamydia, or genital ulcers, donors on hemodialysis, hemodiluted donor blood specimens, or
when a deceased potential organ donor’s medical/behavioural history cannot be obtained.
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Several challenges with screening IRDs for HIV, HBV, and HCV exist. Challenges may include
maintaining organ perfusion while awaiting the processing of screening laboratory tests. Falsenegative results may occur if plasma is diluted in donors who were transfused large volumes of
blood or administered large volumes of fluid [9]. Tests screening for infections may not be as
accurate if laboratory specimens are collected after blood flow ceases [9]. While routine
serological tests can diagnose donors who are infected with HIV, HBV, or HCV months prior to
transplantation [7], donors who are acutely infected may not be identified by serological testing
alone. This limitation is highlighted by Ison et al in a report of four transplant recipients with cotransmission of HIV and HCV from a “high risk donor” with negative screening serological tests
[10]. To investigate these four cases of transmission further, NAT was performed on donor sera
and was positive for both HIV and HCV. Possible explanations for the negative donor serologies
were that samples may have been hemodiluted after the donor received a massive blood
transfusion and that serologies were likely obtained during the window period. Understanding the
window period and the risk for missing a transmissible virus is important when considering using
IRDs.
The eclipse and window periods occur after a donor is initially exposed to a virus. During the
eclipse period, viremia is undetectable by testing, but the virus can still be replicating in the
bloodstream and has the potential to be transmitted with organ transplantation [9]. The window
period is defined as the time from acquisition to the time when a disease is serologically
detectable. However, during the window period, viremia may potentially be detected with NAT.
While HIV antibodies may take approximately 22 days up to 6 months to develop after an
exposure to HIV, NAT decreases time until detection to 5.6-10.2 days [7, 11]. NAT also reduces the
time to detect HCV from 38-94 days to 6.1-8.7 days and for HBV from 38.3-49.7 days to 20.4-25.7
days [11]. Since 2014, OPTN policy was updated and mandated that NAT for HCV is performed in
all potential deceased donors regardless of risk factors and HIV NAT or HIV antigen/antibody
combination is performed in all IRDs [12].
More IRDs are being identified since the 2013 U.S. PHS guidelines were implemented [13], and
the number of IRDs continues to increase with the opioid epidemic and large number of deaths
related to drug overdose. From 2003-2014, the largest relative increase in cause of death among
organ donors in every OPTN region was due to drug overdose (350% relative increase) [14]. A total
of 7313 overdose death donors (ODDs) were identified through the Scientific Registry of
Transplant Recipients (SRTR) from January 2000 to September 2017. The number of ODDs
increased by 17% per year (66 ODDs in the year 2000 compared to 1263 ODDs in 2016) [6]. A large
proportion of ODDs had HCV infection (18.6%) and were labelled as IRDs (56.4%) [6]. ODDs were
more likely to be Caucasian, from the Northeast and Midwest, and of younger age [6, 14]. Donor
characteristics were found to be favourable for transplant, and ODDs were less likely to have
hypertension, diabetes, or a previous myocardial infarction compared to donors who died from
medical problems. Recipients of organs from ODDs had equivalent or slightly higher unadjusted
rates of 5-year patient survival and graft survival when compared to recipients who had organs
from a donor who died from trauma or medical co-morbidities [6].
While the donor pool has the potential to increase with using organs from IRDs and ODDs, the
risk for donor derived HIV, HBV, or HCV remains a concern. The risk for transmission of infection
with transplant is always a possibility. However, the estimated risk for viral transmission from a
donor with increased-risk behaviors and negative results of NAT testing is low with <1 case per
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1000 donors for HCV and 1 per 10,000 for HIV [15]. To address the concerns for disease
transmission, Massachusetts General Hospital developed a protocol to manage transplant
recipients receiving organs from IRDs. Of the 257 SOT recipients who received organs from IRDs,
there were no cases of transmission of HIV, HBV, or HCV that occurred [16]. Another study in
Canada by L’Huillier et al did not find any cases of transmission of HIV, HBV, or HCV from IRDs
whose pre-transplant testing was negative [17].
Despite data demonstrating a low risk for transmission of HIV, HBV, or HCV, there is still
reluctance to accept organs from IRDs. Goldberg et al found that although donors who died from a
drug overdose had the highest rates of donation, there was a lower average number of organs
transplanted per donor compared to donors who died from other causes (p< 0.001) [14]. In a
review by Durand et al, data showed that compared to organs from donors who died from trauma,
there were higher rates of discard of ODD organs including kidneys (14.1% vs 8.8%), livers (8.8% vs
6.8%), hearts (1% vs 0.6%) and lungs (8.1% vs 5.9%) [6]. In a 2017 retrospective study, 104,988
adult kidney transplant candidates were offered a kidney from IRDs, but only 6521 candidates
accepted the offer [18]. While candidates declining an offer for an IRD organ may potentially avoid
the low possibility of donor derived infection, there may be risks with waiting for a non-IRD organ.
Studies have shown that candidates who accept IRD organs have shorter waitlist times and may
have better survival outcomes than candidates who decline IRD organs. In a study by Bowring et al,
only 31% of renal transplant candidates who declined offers for IRD kidneys were transplanted
non-IRD kidneys within 5 years [18]. Recipients of IRD kidneys had a 48% reduced risk of death
that continued 6 months beyond their decision to accept an IRD kidney compared to candidates
who declined an IRD kidney [19]. In an intention-to-treat analysis evaluating liver transplant
outcomes, candidates who accepted an IRD liver had a significantly higher survival (p <0.001)
compared to recipients who declined an IRD liver [20].
To better utilize available organs from IRDs, providers and teams will need to help educate
candidates about the organ shortage and address concerns regarding accepting organs from IRDs
and ODDs. Candidates should know the potential for having a longer waitlist time if declining an
IRD organ and choosing to wait for a non-IRD organ. Based on current data, the risk for
transmission of infection from IRDs may be lower compared to the risk from dying on the waitlist
[14, 19]. Further studies will need to continue to look at long-term outcomes of using IRDs and
challenges of using IRDs in order to help transplant recipients make the decision on whether to
accept an IRD organ.
3. HIV
An amendment to the National Organ Transplant Act (NOTA) in 1988 banned the use of organs
from donors with known or suspected HIV in the United States [21, 22]. Transplant was not
available to HIV positive individuals due to concerns about allocating scarce organs to recipients
who would be at risk for poor outcomes. Concerns included disease transmission, progression
from HIV to AIDS while on immunosuppression post-transplant, and risk for opportunistic infection
and malignancy [22-24]. However, with the development of effective ART, HIV is now a
manageable chronic disease and is no longer considered a contraindication for transplant. More
HIV-positive individuals are living longer and are dealing with comorbidities that also afflict HIV
negative individuals. Approximately one third (33.3%) of HIV-positive individuals have kidney
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disease, and liver disease is a leading cause of death in patients with HIV [24]. Transplant is now a
viable treatment option for HIV positive patients with end organ dysfunction.
HIV positive patients have barriers to being listed for transplant that HIV negative candidates
do not have to face. Providers need to establish that candidates on ART have well controlled HIV
based on CD4 counts (minimum CD4 count >200cells/mm3 for kidneys and >100cells/mm3 for
livers) and viral loads [25]. In a 2009 single-center, retrospective review of 309 HIV positive
patients who were eligible for kidney transplant evaluation, only 20% were listed for transplant
compared to 73% of HIV-negative patients (p<0.00001) [26]. Transplant evaluations took about 16
months to complete before a candidate was listed. The most common reason why candidates
failed to be listed was that they did not have documentation of their viral load and CD4 count,
thus highlighting the importance of communication of information between HIV providers for
transplant evaluation of HIV positive candidates.
HIV positive patients who are listed and undergo transplant have had favourable outcomes.
Studies have examined the impact of transplantation in HIV positive patients compared to HIV
negative patients. A prospective cohort of 150 HIV positive kidney transplant recipients reported
survival rates of 94.6% at 1-year post-transplant which was similar to HIV negative kidney
transplant recipients [22]. HIV positive patients have a survival benefit from transplant compared
to remaining on the waitlist [21, 24, 27]. Multi-center trials have shown that graft rates were
acceptable with transplant in HIV positive patients. However, HIV positive patients on the waitlist
also face the challenges of a limited supply of available organs for transplant, and compared to HIV
negative individuals, they may have a higher morbidity and mortality while on the waitlist [24].
Transplanting kidneys from HIV positive donors to HIV positive recipients was first considered
to address the clinical needs of the HIV positive population in South Africa. South Africa has a high
incidence of HIV, and HIV-associated nephropathy is a leading cause of end stage renal disease [22,
28]. A large challenge in South Africa is providing renal replacement therapy to HIV-infected
individuals when there are limited resources and where HIV is considered a contraindication for
dialysis. In 2015, Muller et al published a prospective non-randomized study that evaluated the
outcomes of 27 HIV positive individuals in South Africa who underwent kidney transplant from HIV
positive donors [28]. Recipients were only included if they had CD4 counts >200 and an
undetectable viral load while on ART. Rates of survival were 84% at 1 year, 84% at 3 years, and 74%
at 5 years, and rates of graft survival were 93%, 84% and 84%; respectively [28]. Mueller’s study
demonstrated that transplanting kidneys from HIV positive deceased donors into HIV positive
recipients who were carefully selected could be considered a feasible option for treating HIV
positive individuals who require renal replacement therapy.
Based on the experience of South Africa with HIV positive to HIV positive transplant, policy
changes were proposed to explore whether the outcomes seen in South Africa could be
generalized to the U.S. On 11/21/2013, U.S. Congress passed the HIV Organ Policy Equity (HOPE)
Act which had several components, including requiring the Department of Health and Human
Services (DHHS) to revise the United States’ federal ban on HIV positive donors [24]. The HOPE
ACT mandated clinical research involving HIV positive organs with input from the CDC and health
sources, and the OPTN was required to include policies for HIV positive organs. To further
determine the potential benefit of utilizing HIV positive donors in the U.S., HOPE act allowed for a
prospective clinical trial to explore the safety of deceased donor kidney and liver transplant from
HIV positive donors to HIV positive recipients [24]. In 2015, the OPTN implemented the HOPE ACT.
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Transplanting HIV positive organs will expand the donor pool and benefit both HIV positive
recipients and HIV negative candidates who are on the same waitlist [24]. African Americans may
also particularly have a large benefit with the utilization of HIV positive organs, as they are
disproportionately impacted by HIV and have disparities in access to renal transplantation [22].
Boyarsky et al estimated that every year in the United States of America (USA), there are >500
potential HIV deceased donors [29]. A limitation to this estimate was donor demographics and
information that could affect organ quality and donor eligibility were not examined. A study by
Richterman et al 2015 examined HIV patients in 6 HIV clinics in Philadelphia who died from 20092014 to assess the impact of adding HIV deceased donors to the donor pool [27]. Patient specific
data was included in the study. In Philadelphia, annually there were about 4-5 potential deceased
donors with HIV. Data was extrapolated nationally to predict that there may be approximately 356
HIV positive deceased donors annually. Estimates of the number of potential HIV positive
deceased donors are encouraging, but the number of available HIV positive organs for transplant
will also depend on whether HIV positive individuals are willing to be organ donors. In a study
examining the attitudes of HIV positive patients and transplant, HIV positive patients seemed
willing to consider donating an organ to another HIV positive patient. About 113 out of 206
participants (55%) who were surveyed would consider receiving a transplanted organ from a HIV
positive donor [30].
There are potential risks with using a HIV positive organ that need to be considered. Although
there were reasonable outcomes in South Africa, the HIV positive population in the U.S. is
different from South Africa. The U.S. has a lower incidence of HIV but a greater prevalence of
resistant strains [23]. The genotype of a HIV positive deceased donor may not be known at the
time of transplant, and teams may only have a short window period to decide whether to accept
an organ. There is a potential risk for HIV superinfection if a donor has a genotype mutation
causing viral resistance [23]. X4 tropic virus has been associated with rapid progression of HIV.
Cases of superinfection have not been reported yet to date.
Opportunistic infections may occur in HIV positive recipients, especially in the setting of
immunosuppressive therapy post-transplant. A major challenge will be determining if a HIV
positive donor may have an opportunistic infection at the time of transplant which can be
transmitted. In South Africa, Mueller et al found a low incidence of opportunistic infections within
the first year after transplant [28].
Drug interactions post-transplant are a recognized challenge. Antiretrovirals such as protease
inhibitors (PIs) interact with immunosuppressive medications, including calcineurin inhibitors.
Both PIs and calcineurin inhibitors are metabolized through the hepatic cytochrome P450 3A4
pathway, leading to a decrease in calcineurin inhibitor metabolism when co-administered with a PI
[31]. Providers may need to change a recipient’s ART to avoid drug interactions and/or ensure
close monitoring of calcineurin inhibitor levels. Candidates who are on PI based regimens may also
need to consider switching to a non-PI based regimen in order to avoid the increased risk for
mortality. Sawinski et al found that HIV positive kidney transplant recipients who were on PI-based
regimens had a 1.8-fold increased risk for allograft loss and 1.9-fold increased risk of death when
compared to recipients on non-PI based regimens [31].
HIV positive recipients receiving an HIV positive kidney may be at risk for developing recurrent
kidney disease. Recurrent HIV-associated nephropathy (HIVAN) developed in 3 out of 27 HIV
positive kidney recipients in the South African study by Mueller et al even though recipients had
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undetectable viremia [27]. Canaud et al found that 68% of kidney transplant recipients with HIV-1
have detectable virus in the kidney allograft, and this is correlated with the presence of HIV-1 in
the urine [32]. Genetic variants of apolipoprotein L1 in African Americans has been linked to
HIVAN, suggesting that a donor’s race could possibly affect outcomes of HIV positive recipients.
To further evaluate the feasibility of using HIV positive donors in the U.S. and determine the
possible risks of transplant, a multi-center clinical trial looking at HIV positive to HIV positive
kidney and liver transplant is being conducted by Johns Hopkins. Initial data from the HOPE in
Action trial described the cases of 10 suspected false positive donors between March 2016-2018.
These donors did not have any known history of HIV and did not have any risk factors for recent
HIV infection and had discordant HIV testing HIV antibody and NAT results). Their organs were
transplanted in 21 HIV positive patients. There were 8 donors who were HIV antibody positive and
NAT negative, and there were 2 donors who were HIV antibody negative and NAT positive.
Confirmatory tests for all 10 patients were negative indicating false positive HIV tests [33]. None of
the HIV positive recipients had HIV breakthrough or opportunistic infections. Evaluating the true
number of potential donors with false positive HIV screening assays could help to identify organs
that would have previously been discarded but now would potentially be used for transplantation.
While studies have been published using HIV positive deceased donors, data using HIV positive
living donors is limited. Living donors with HIV have not been previously been described except in
a case report from South Africa by Botha et al that described HIV positive living donor liver
transplant [34]. A HIV negative 7-month-old child with biliary atresia was listed for liver transplant.
The child clinically deteriorated while on the waitlist, and after weighing the risks and benefits, the
mother who was HIV positive was approved to be a living donor. The mother was on tenofovir,
efavirenz, and lamivudine throughout her pregnancy and had a CD4 count of 164 cells/µL. The
recipient was started on ART to prevent transmission. Seroconversion was documented within 43
days post-transplant, but by 379 days, HIV antibody titers approached undetectable levels. HIV-1
RNA and DNA were undetectable, and the recipient and donor were doing well at one-year posttransplant. Transplants using HIV positive living donors will be further studied and will potentially
help to expand therapeutic options and alleviate the organ shortage.
4. Hepatitis C Virus
Approximately 4.1% of deceased donors from 1995-2016 were HCV seropositive (hepatitis C
antibody positive) [35]. It is predicted that most HCV positive donors will come from individuals
with undiagnosed chronic HCV who were born in 1945-1965 and injection drug users. Utilizing HCV
positive donors may help to decrease the waitlist times. Accepting a HCV positive organ is very
different for HCV positive recipients compared to HCV negative recipients as the latter will have
high likelihood of acquiring a new infection. New HCV DAAs have made using HCV organs a
considerable option. Unlike other viruses such as HIV that can be controlled but not fully
eradicated with therapy, HCV has high cure rates with the DAA therapy. The OPTN policy was
updated in December of 2014 so that all donors were screened with HCV NAT along with serology
[35]. With the use of the NAT, the window period decreased from 60-70 day to 5-7 days within
viral exposure. In 2017, the American Society of Transplant (AST) published consensus guidelines
for the use of HCV positive donors and clarified several definitions regarding HCV “positive
donors”:
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A positive HCV NAT was considered to be diagnostic of an active HCV infection regardless
of HCV antibody status.
 HCV ab positive/NAT positive donor indicates active infection and high risk for disease
transmission
 HCV ab negative NAT positive donor indicates acute infection in the past 2 months and
therefore is considered higher risk for transmission.
 HCV ab positive/NAT negative donor indicates spontaneously cleared or treated infection
or a false positive antibody result.
The AST consensus guidelines state there is no increased risk for transmission of HCV from
donors who are HCV antibody positive/NAT negative as long as the donor does not have any other
risk factors for HCV [35]. In this scenario, HCV negative recipients are only required to undergo
testing post-transplant if the transplant center is concerned about risk for transmission of HCV. If
the donor meets the criteria for a PHS IRD, then post-transplant screening should comply with the
OPTN policy. A study by de Vera et al 2018 reviewed 32 HCV negative recipients who received a
kidney from donors who were HCV antibody positive/NAT negative. Although 14 patients
seroconverted to having positive hepatitis c antibodies, none of the patients had evidence of
viremia [36].
Concerns have been raised regarding utilization of HCV positive donors. Drug interactions with
protease inhibitors and calcineurin inhibitors are a possibility but are manageable with close
monitoring and dose adjustments [35]. A donor’s genotype may not always be known prior to
transplant, so HCV positive recipients may be at risk for dual infection if they receive an organ
from a donor with a different HCV genotype. Hepatitis in HCV negative candidates post-transplant
is a concerning complication. However, trials evaluating outcomes of patients with HCV who are
treated with DAAs have shown high rates of SVR. The ALLY-1 study evaluated the efficacy and
safety of combination daclatasvir, sofosbuvir, and ribavirin in HCV positive patients with different
genotypes [1-6] and either compensated/decompensated cirrhosis or recurrence of HCV posttransplant [37]. High rates of SVR were achieved in patients with genotype 1 (95%) and genotype 3
(91%) who were treated post-transplant. Although DAAs are effective, obtaining approval for
DAAs could limit the use of HCV positive organs. DAAs are usually restricted to patients with
chronic HCV and advanced hepatic fibrosis, so obtaining coverage for transplant recipients who
have an acute donor derived infection without any liver injury may be a possible challenge [35]. If
there are any difficulties in having DAAs approved by insurance for post-transplant therapy, teams
and physicians will need to rely on protocols to monitor for HCV infection. Side effects with DAAs
may occur, but most DAAS are well tolerated. Chascsa et al reported in a review of HCV positive
kidney transplant recipients treated with DAA therapy that headache and fatigue were the most
commonly reported side effects [38].
Several studies have looked at the impact of using HCV positive donors for different organs
including kidney, liver, lung, and heart and concerns related to using a HCV positive donor. These
studies will be discussed further by organ type.
4.1 Kidney
About 5-10% of ESRD patients in the USA have HCV [35]. Although some HCV positive patients
undergo transplant, many are still on the waitlist and have a higher morbidity and mortality.
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Shelton et al 2017 found that for HCV positive recipients, time to transplantation was shorter
when using HCV positive donors compared to those who used HIV negative donor kidneys (0.6 vs
1.3 years) [39]. These kidney recipients who received HCV positive organs were also more likely to
be African American (P<0.001) and have HIV co-infection. Another study found that about 35% of
HIV positive kidney recipients receive organs from HCV positive donors [40]. 30% of donors who
are hepatitis C antibody positive are not viremic (NAT negative) [40].
Treatment of HCV post-transplant, duration of HCV therapy, and type of DAAs used depends on
the donor’s HCV genotype. Timing of initiating treatment should be individualized. Kiberd et al
2018 used a Markov medical decision analysis model and found that delaying treatment compared
to immediate DAA therapy for HCV positive patients who were waitlisted depends on the
transplant region and individual candidates [41]. Immediate therapy provided more life years
compared to delayed therapy. However, in regions where there was greater access to HCV
positive organs and more candidates with lower mortality associated with HCV, delaying therapy
was preferred. To determine the impact of treating hepatitis C prior to transplant versus posttransplant, Mayo Clinic conducted a retrospective review of 36 hepatitis C positive candidates who
were waitlisted for kidney transplant at 2 transplant centers within the same health care system.
Candidates who were treated with DAAs post-transplant had a shorter waitlist time (P= 0.02) and
had increased access to transplant (P=0.0013) [38]. The THINKER trial was a single-group clinical
trial conducted at the University of Pennsylvania that included 20 HCV negative recipients who
received kidneys from HCV positive donors [41]. All recipients received a course of elbasvirgrazoprevir +/- ribavirin (if NS5A resistant) once HCV transmission was detected. Within a month
of starting a DAA, all recipients achieved undetectable HCV viral loads, and all patients were cured
of acute HCV infection in the first year of their transplants. A previous concern regarding HCV
treatment was that there were no DAAs available for patients with renal insufficiency. Glecaprevirpibrentasvir is a pangenotypic DAA that was developed and is now available for the treatment of
HCV in patients with stage 4 or 5 chronic kidney disease (CKD). In a multicenter trial, 104 HCV
positive patients with stage 4 or 5 CKD were treated with 12 weeks of glecaprevir-pibrentasvir,
and there was a 98% rate of SVR and low rate of adverse events [42].
A possible barrier to treatment for HCV positive recipients is the cost of DAAs. However, a 2018
study by Kadatz et al used a Markov model for a cost-effectiveness analysis and found that
transplanting HCV NAT positive kidneys into HCV negative recipients and then treating with DAAs
was cost saving [43]. It helped to shorten the waitlist time by two or more years. Gupta et al 2018
also found that using DAAs post-transplant for patients who were D+/R- for HCV was less costly
compared to candidates remaining on the waitlist and receiving an organ from a HCV negative
donor [44].
4.2 Liver
It is estimated that 16.9% of HCV positive liver transplant recipients had an HCV positive donor
from 1995-2016, and that only half of the donors were viremic at the time of transplant [35]. A
major concern with using a HCV positive donor is risk for allograft infection and clinical
decompensation if the recipient is not able to complete DAA therapy or achieve sustained
virologic response (SVR). Studies have shown that outcomes in HCV positive recipients with HCV
positive donors are comparable to those with HCV negative donors [45]. In a study by Chhatwal et
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al, a mathematical model simulated HCV positive recipients who were on the waitlist and
compared those recipients who were willing to accept HCV positive/negative livers with recipients
who were only willing to accept a HCV negative liver [46]. It also examined patients who received
HCV positive livers and were treated after liver transplant pre-emptively with 12 weeks of a DAA.
Patients who had MELD scores of 20 or higher had a greater benefit from transplant from HCV
positive or negative donors. The highest benefit occurred in patients with a MELD score of 28 who
received a HCV positive liver. The amount of clinical benefit from using HCV positive liver donors
was proportional to HCV positive organ donor rates per region.
4.3 Lung
There is a high risk of disease transmission from HCV positive donors to HCV negative lung
transplant recipients, and historical data have shown a poorer prognosis possibly be due to side
effects from older HCV drugs and possible pulmonary side effects of HCV [47]. Of 16,604 HCV
negative patients who underwent transplant from 2005-2014, only 28 patients had received a lung
transplant from a HCV positive donor. With the newer DAAs that have a higher tolerability and less
side effects, there is an opportunity to re-evaluate the use of HCV positive donors for lung
transplantation. Khan et al 2017 described a case of a 44-year-old male with pulmonary fibrosis
and chronic lung allograft dysfunction after a left single lung transplant [47]. A deceased donor
who was HCV NAT positive was available, and a single lung transplant was performed due to the
recipient’s risk for death without transplant. The recipient had evidence of HCV viremia 2 weeks
after transplant and was started on DAA therapy 6 weeks post-transplant. He achieved SVR after
completing a 12-week course of ledipasvir/sofosbuvir. A case of donor-derived hepatitis C virus
was reported in a 59-year-old woman with chronic obstructive pulmonary disease who underwent
a left lung transplant [48]. At 66 days post-transplant, she was found to have a hepatitis C viral
load of 536,164 IU/ml, but Hepatitis C antibody remained negative. She was treated successfully
with simepravir and sofosbuvir for HCV genotype 1A. However, she later developed bronchiolitis
obliterans syndrome and worsening graft rejection and died on post-operative day 615.
4.4 Heart
Data from the early 2000s looking at outcomes in heart transplant recipients with HCV-positive
donors had variable results. A retrospective review of seven heart transplant recipients with
Hepatitis C seropositive donors found similar 5- year survival rates compared to HCV–negative
donors [49]. However, other studies demonstrated worse survival. In HCV negative heart
transplant recipients at Cleveland Clinic, there was a 2.8-fold greater mortality and 3–fold-greater
risk for vasculopathy in recipients with HCV seropositive donors compared to controls with HCV
negative donors [50]. A 2006 multicentre cohort study found that 261 heart transplant recipients
with hepatitis C positive donors had a significantly higher mortality compared to recipients with
HCV negative donors at 1 year (16.9%), 5 years (41.8%), and 10 years (50.6%) [51]. The poor
outcomes associated with using HCV positive donors were partly attributed to the poor tolerability
and cure rates of older HCV regimens prior to the availability of DAA therapy. Interferon-based
treatment of HCV was associated with risk of allograft rejection, side effects, drug interactions,
variable response rates, and high treatment dropout rates [52].

Page 170/394

OBM Transplantation 2019; 3(1), doi:10.21926/obm.transplant.1901050

With studies showing increased mortality using HCV positive donors, there was more
reluctance to accept hearts from HCV positive donors. From 2004-2015, there were only 24 heart
transplant recipients in the United States who either had HCV or had a HCV positive donor [35]. In
2016, only 7 out of 220 (3.7%) heart offers from donors who were HCV antibody positive, NAT
negative were accepted [53]. Of the 213 hearts that were not accepted, 51 (24.46%) were
declined due to hepatitis.
However, with the high success rates of DAAs for the treatment of HCV in immunocompetent
individuals, heart transplant using HCV positive donors is of high interest and is being re-evaluated
[54]. In one study, 14 heart transplant recipients with HCV antibody positive/NAT negative donors
were followed up for a median of 256 days. Although 2 recipients became seropositive for HCV
antibody and one recipient had a HCV antibody that was equivocal, there was no evidence of viral
transmission in all 14 recipients [53]. Wetterston et al described a case of a HCV negative patient
with a left ventricular assist device (LVAD) driveline infection and ESRD on hemodialysis who
underwent heart-kidney transplant with organs from a HCV-viremic (NAT positive) donor [55]. The
recipient developed HCV viremia (genotype 1a) the day after transplant and was started on a 12week course of elbasvir-grazoprevir at the time of discharge and achieved SVR. At one year follow
up, the recipient had no evidence of rejection or coronary artery vasculopathy. Two patients at
Stanford University received hearts from HCV ab and NAT positive donors who were genotype 1a,
and they achieved SVR after 12 weeks of treatment with DAAs [56]. Two weeks after heart
transplant, one patient received sofosbuvi/ledipasvir, and the other received
sofosbuvir/velpatasvir. In a case series by Schelndorf et al, 13 hearts were transplanted from HCV
positive donors (11 had a positive HCV NAT), and HCV viremia only developed in 9 recipients who
had HCV antibody positive/NAT positive donors [52]. There were 2 recipients who did not develop
viremia despite having donors who were HCV NAT positive. Possible explanations include one
donor may have had a viral load that was too low for transmission. All 9 recipients who acquired
HCV were able to obtain insurance coverage for DAAs.
The success of transplant cases using HCV positive heart donors is encouraging. Patel et al
predicted that accepting HCV NAT- hearts could possibly increase the number of heart transplants
by 100 per year [53]. However, further studies will have to evaluate the safety and efficacy of DAA
in transplant recipients on a larger scale. More data is needed to ensure that the onset HCV
viremia does not occur in patients who are on immunosuppressive therapy. The optimal timing for
initiating DAA therapy in recipients after transplant has to be determined. With further research,
the use of HCV organs will hopefully help to decrease the shortage of organs.
5. Multi-Drug Resistant Organisms
Bacterial infections may be present in deceased donors, especially if they have risk factors that
include co-morbid conditions, medical devices (central lines etc), and admission to the ICU. A
study by Lumberas et al 2001 looked at 569 patients who underwent liver or heart transplant and
found that at least 5% of donors had bacteremia at the time of procurement [57]. However, there
were no episodes of transmission from donor to recipient. Donors with bacteremia were more
often febrile within 24 hours prior to transplant compared to donors who did not have bacteremia.
The impact of donor-derived bacterial infections on recipient outcomes have varied. Some
recipients have developed sepsis or allograft dysfunction. In a review from China looking at 67
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liver transplant recipients, the most common organisms isolated from donor blood cultures were
gram positive organisms: coagulase-negative Staphylococci and Staphylococcus aureus [58].
However, no episodes of donor-derived infections were due to gram positive organisms. They
were due to Klebsiella pneumoniae and Enterobacter aerogenes. Within 3 months of transplant,
recipients with donor-derived infections had higher graft loss and mortality rates.
Donor-derived
multidrug
resistant
organisms,
including
carbapenem-resistant
Enterbacteriaceae (CRE), are becoming a more concerning challenge in transplant. CRE infections
can have a high mortality rate in transplant recipients. Even patients who are hospitalized for less
than 2 days are at risk for MDROs [59]. The optimal management of MDRO donor-derived
infections is not clearly defined. However, in cases with known bacteremic donors, it is
recommended that recipients receive a 7 to 14-day course of targeted antibiotics [60].
Cases of MDRO transmission are listed in (Table 1) [59, 61-66]. Mularoni et al 2015 reviewed
the clinical course and outcomes of recipients who received organs from donors who were
colonized/infected with carbapenem-resistant gram-negative organisms that were not known
about at the time of procurement [59]. 10.5% (18 out of 750) deceased donors had
colonization/infection with carbapenem- resistant gram-negative organisms. From these 18
donors, 30 organs were transplanted into 30 recipients. In recipients who received early antibiotic
therapy that was appropriate, there was no transmission. A case of donor-derived carbapenem
resistant Acinetobacter baumanii (CRAB) infection of the lungs and surgical wound was
documented in a lung transplant recipient [64]. The isolate contained the blaOXA23 gene. Despite
treatment with polymyxin B, the recipient died from sepsis on post-operative day 65.
The risk for donor-derived infections can be reduced by screening transplant donors and by
using targeted antibiotic prophylaxis after transplant. Ideally, donors who are known to be
infected should receive at least 24-48 hours of antibiotics with some degree of clinical response
[60]. Rapid recognition of infection is critical; however, this depends on clinical suspicion for a
donor-derived infection and the availability of donor cultures. It has been shown that a delay in
communication of possible donor infection can contribute to disease transmission [59]. ArizaHeredia et al reported 4 transplant recipients receiving organs from a donor found to have
Klebsiella pneumoniae carbapenemase (KPC)-producing Klebsiella pneumoniae [62]. Only 2
patients had a donor-derived infection while the other 2 recipients were given tigecycline for
prophylaxis. The cases were reported to OPTN which led to quick communication between
different institutions and teams regarding the isolate’s susceptibilities and likely lead to the early
start of pathogen targeted antibiotics. Establishing protocols for communicating important donor
information should be considered. Source control and draining infected fluid collections can also
help to decrease the organism burden.
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Table 1 Cases of donor-derived MDROs.
Reference [#]

# of infected
donors

# of recipients
infected
1

Mularoni et al
2015 [59]

Giani et al 2014
[61]

Ariza-Heredia et
al 2012 [62]

18

Type of
transplant
Right liver
graft

Martins et al
2012 [64]

1

CRKP

Abdominal drainage fluid

Double Lung

CRKP

BAL

1

Liver

CRKP

Abdominal wound swab,
peri-hepatic fluid

CRKP

Peri-graft fluid, urine,
blood

1

Kidney

1

Kidney

1

Liver

1

Liver-kidney

1

Vein graft

1

Kidney

1

Kidney

1

Lung

1

1

Recipient Site of
infection

1

1

Chung et al 2010
[63]

MDR organism

OXA-48producing
Klebsiella
pneumoniae
KPC-producing
Klebsiella
pneumoniae

MDR E. coli
CRAB
(+blaOXA23)

Bloodstream infection

Antibiotics
Tigecycline +
colistin
Meropenem +
colistin
Meropenem +
Vancomycin
Meropenem +
Ertapenem +
colistin

Outcome
Survived
Survived
Survived
Died 2
months posttransplant

Meropenem

Graft failure

Meropenem
→ Ertapenem

Survived

Preservative fluid for
graft vessel

Tigecycline +
Amikacin +
Meropenem
Amikacin +
Tigecycline

Urine

N/A

Nephrectomy

Perinephric abscess,
wound culture

Piperacillin/taz
obactam

Nephrectomy

BAL and surgical wound

Polymyxin B

Died on POD
65

Peritoneal fluid and perihepatic fluid

Survived
Survived
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Variotti et al
2016 [65]

1

Galvao et al 2018
1
[66]

1

1

Kidneypancreas

CRKP

Duodenoileal
anastomotic leak +
abscess around right
common iliac artery

Heart

KPC-producing
Klebsiella
pneumoniae

Bloodstream infection,
pericardial fluid

Ertapenem +
Meropenem +
Tigecycline

Died on POD
195

Ertapenem +
Meropenem +
Amikacin

Died on POD
50

Abbreviations: BAL= bronchoalveolar lavage, CRAB= Carbapenem resistant Acinetobacter baumanii, CRE= Carbapenem Resistant Enterobacteriaceae, CRKP= Carbapenem
resistant Klebsiella pneumoniae, KPC= Klebsiella pneumoniae carbapenemase, MDR= multi-drug resistant, POD= post-operative day
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6. Conclusion
Opportunities to increase the donor pool are constantly being evaluated. Using IRDs may help
to improve the shortage of organs for transplantation. An ongoing challenge is to address the
concerns for transmission of infection as the number of IRDs and ODDs increase with the opioid
epidemic While data from the South African experience with HIV to HIV positive kidney transplant
has been favourable, data from the HOPE trial will help to show whether or not the same benefits
will be generalizable to HIV positive recipients in the USA. Studies have shown that kidney and
liver transplant recipients with HCV positive donors have comparable outcomes to patients with
HCV negative donors, and DAA therapy can be used for treatment post-transplant. Organs
infected with MDROs have been used, but with variable outcomes. Communication and notifying
transplant centers and OPOs early when organs from a donor infected with a MDRO are used are
critical to initiating therapy early. As the organ shortage persists, IRDs and donors with HIV, HCV,
and MDRO can be utilized with careful consideration. The risk and benefit of using these organs
should be tailored to each individual recipient. Further research should continue in order to
improve the treatment and management of transplant recipients who receive organs from IRDs or
donors with HIV, HCV, or MDROS.
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Heart transplantation (HTx) continues to be the accepted therapy for end-stage heart failure
(HF). Although morbidity and mortality continue to decrease, limited donor availability has led to
an increase in waiting list times and increases in waiting list mortality [1]. Little attention has been
focused on gender differences in post-heart transplant outcomes. Women continue to be
underrepresented in clinical trials, and more HF-related deaths occur annually in women as
compared to men [2, 3]. The fact remains that women are transplanted less frequently than men,
making it critical for researchers to examine why such gender differences continue to exist [4, 5].
In addition, men are more frequently recipients, whereas women are more frequently donors [4].
In a data set of 698 consecutive patients with idiopathic non-ischaemic dilated cardiomyopathy
(DCM) referred for HTx to the German Heart Institute, only 15.6% were women, suggesting a
referral bias against women. Women were more frequently in NYHA functional class III-IV, had
lower exercise tolerance, lower respiratory efficiency, and poorer kidney function but less
commonly diabetic than men [6]. Thus, women were referred at a more advanced disease state
and relative contraindications such as diabetes appear to be taken more seriously in women [6]. In
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Spain, women are more likely to be younger, to have a diagnosis of idiopathic dilated
cardiomyopathy, and to have fewer cardiovascular risk factors [7]. In the USA, heart transplanted
men were generally older and had more chronic cardiovascular conditions [5].
International Society of Heart and Lung Transplantation (ISHLT) guidelines for adult HTx suggest
a donor to recipient body weight ratio (WR) of greater than 0.8. For female to male transplants, a
WR of greater than 0.9 is recommended [8]. According to S.N. Jayarajan et al., HTx can be safely
performed using WRL* donors between sex-matched and male to female transplants [9]. At the
same time, in female to male transplants, WRL donors are associated with decreased survival [9].
Reed et al. believed that organ allocation might be improved by avoiding donor organs undersized
for their intended recipients [10]. The difference in the predicted total heart mass (pHM) between
donors and recipients of orthotopic heart transplants is a risk for decreased survival [10].
Moreover, the male to female ratio for patients who are transplanted in Spain is approximately
5:1. More often they were transplanted in an emergency and with organs from younger males
with a body mass index similar to theirs [7].
According to the results of the Spanish Heart Transplantation Groups, no significant correlation
between sex and mortality has ever been found [11-15]. At the same time, E.S. Weiss et al.
suggested that men receiving organs for same sex donors have significantly improved short- and
long-term survival but no survival advantages for women with same sex donors [16].
Unfortunately, female recipients have decreased survival irrespective of whether they receive
hearts from male or female recipients [16].
In fact, sensitized patients and other high-risk subgroups may have a disparity in heart
allocation, accounting for some of the observed gender differences [17]. Sensitization is the
process by which antibodies are formed against human leukocyte antigens; this can occur from a
prior pregnancy or exposure to blood products [17] and increases the risk of post-transplant
rejection [18]. Thus, female patients who are highly sensitized may remain on the United Network
for Organ Sharing (UNOS) list for a longer period of time due to a smaller donor pool for which
they are compatible. However, in Canada, sensitization has been recognized as a significant
contributor to patient outcomes, especially in women [19]. And sensitized patients have one of
the highest priority categories on the heart transplant waiting list [19].
What is important, men had more chronic cardiovascular conditions after HTx, while women
were more likely to experience moderate or severe allograft rejection and to be hospitalized for
acute rejection [5]. Moreover, donor–recipient gender mismatch is a powerful independent
predictor of early and late rejections and long-term major adverse events following HTx [20].
Using the United Network for Organ Sharing, a database containing information on more than
18,000 heart-transplant recipients, Weiss and colleagues have shown that men who received
organs from male donors had the highest cumulative survival at 5 years (74.5%), while men
receiving female hearts had a 15% increase in the risk of adjusted cumulative mortality [16]. Thus,
the cumulative survival-free of major adverse events was significantly higher in male donor–male
recipient group compared with the female donor–male recipient groups (5 year rates: 84% vs. 62%,
respectively; 10 year rates: 48% vs. 16%, respectively; P = 0.001 for the overall difference during
follow-up, P = 0.001 for the overall difference during follow-up) [20]. No significant increase in the
relative hazard for death occurred for women receiving opposite sex donor organs. According to
another report, female recipients, irrespective of donor sex, had 3.6% lower overall survival at 5
years post-transplant [16]. According to our experience, male gender was associated with poor
Page 182/394

OBM Transplantation 2019; 3(1), doi:10.21926/obm.transplant.1901049

survival, complicated time in intensive care unit (ICU) and more frequent development of cardiac
allograft vasculopathy (CAV).
In conclusion, the impact of recipients’ gender on post-transplant outcomes still remains a
matter of debate. Both gender- and sex-related aspects might affect the donation, the access, and
the outcome of transplantation. In particular, how sex and gender interact and affect graft success
should be taken into account in the management of heart-transplanted patients. We fully agree
with F. Puoti et al. [21] that sex and gender issues appears as a mandatory task to be promoted,
developed, and regulated.
* WRL – donor to recipient body weight of 60% to 80%.
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Abstract
Background: Tuberculosis (TB) is a common infection with challenges in diagnosis and
treatment. Management of TB in solid organ transplant (SOT) candidates and recipients
poses unique challenges not seen in other populations.
Questions and Recommendations: Latent TB infection (LTBI) is important to diagnose pretransplant through history, physical examination, imaging, and laboratory tests. Tuberculin
skin tests and interferon-gamma release assays are important tools but not sufficiently
sensitive nor specific to diagnose LTBI alone. Active TB is more likely to present as a
disseminated or extrapulmonary infection in SOT recipients. Donor-derived infections occur
infrequently though can be serious; these can sometimes be prevented through LTBI
treatment of the donor or recipient. Treatment of active or latent TB is similar to that in
other populations with particular attention to drug interactions and adverse drug reactions.
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Conclusions: LTBI and TB are important infections in SOT candidates and recipients with
unique challenges though substantial literature and experience have emerged to guide
providers.
Keywords
Solid organ transplantation; tuberculosis; latent tuberculosis infection; opportunistic
infections; donor derived infections

1. Background
Tuberculosis (TB) is an endemic infection with significant morbidity and mortality if not
properly treated. Diagnosis and treatment of TB is complex, particularly in solid organ transplant
(SOT) candidates or recipients. Identification and treatment of individuals with latent TB infection
(LTBI) is an important strategy in prevention of TB disease, but is further complicated in the
context of SOT.
TB most often occurs in SOT recipients through reactivation of latent infection in the context of
immunosuppression. Occasionally, patients with unrecognized active, but perhaps subclinical TB
undergo transplantation followed by clinical worsening such that TB is later diagnosed. Another
mechanism of infection, particularly in countries of high TB endemicity, involves de novo infection
after transplant due to contact with an active TB case. Finally, donor-derived infection occurs
though is likely uncommon.
SOT recipients are at a significantly increased risk of TB relative to comparator groups,
occurring at over four times the rate of the general population and in some older studies occurring
at nearly 100-times the rate of comparator populations [1-5]. This increased incidence persists
even when comparing SOT recipients to patients with end-organ disease not undergoing
transplantation [6]. Incidence rates vary widely in different studies depending on study country,
population characteristics, transplanted organ, and protocols (if any) for diagnosing and treating
LTBI. Among SOT recipients, lung transplant recipients seem to have the highest risk for posttransplant TB [7].
2. Questions and Recommendations
2.1 Evaluation and Treatment of LTBI
2.1.1 How Should Providers Screen SOT Candidates or Recipients for LTBI?
Providers should preferentially screen SOT candidates for LTBI before transplantation. In fact,
some patients undergoing evaluation for transplantation may already be at increased risk of TB
reactivation. Patients with end-stage renal disease, diabetes mellitus, and silicosis, for example,
benefit from screening for and treatment of LTBI based on these indications alone regardless of
transplant candidacy [8]. Moreover, some patients being evaluated for transplantation are on
immunosuppressive medications, including corticosteroids, that confer an increased risk of TB
reactivation and warrant LTBI screening and treatment [8].
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Screening for LTBI in SOT candidates involves obtaining a history of prior TB infection and
disease. In patients with an established history of LTBI or active TB, providers should seek records
of prior treatment when available. In such patients, commonly used tests for LTBI such as the
tuberculin skin test (TST) and interferon-gamma release assay (IGRA) are not valid since they
cannot distinguish prior from current infection. Assuming documentation or reliable patient
history confirms adequate prior treatment for LTBI or active TB, there is generally no role for retreatment except in circumstances conferring a very high risk for reactivation, for example,
contact with a known smear-positive TB case. As with any other patient, these patients should be
evaluated clinically and radiographically for evidence of active TB prior to transplant. The
management of patients with self-reported histories of treatment for latent or active TB without
documentation should be individualized. These patients may require serial imaging and collection
of sputum for culture to rule out active disease.
All potential transplant candidates without a known prior history of TB or LTBI should undergo
screening with a TST or IGRA, either an enzyme-linked immunosorbent assay or enzyme-linked
immunospot. These tests generally have only fair or moderate concordance, but any positive test
should likely be considered evidence of LTBI [9-16]. In fact, for patients with high risk of LTBI based
on epidemiologic exposures and a negative MTB IGRA, a TST may be a useful test to detect LTBI.
An indeterminate result obtained from an IGRA, which typically reflects failure of the patient’s
lymphocytes to respond sufficiently to a mitogen due to impaired cellular immunity, can
sometimes be resolved by repeating the test. Both the TST and MTB IGRA predict risk of TB posttransplant, though IGRAs may be more sensitive than TSTs in SOT candidates and demonstrate
greater specificity among those previously vaccinated with the Bacillus Calmette-Guérin vaccine [2,
17-19]. Still, sensitivity of both tests is poor in many populations awaiting transplant, perhaps
under 50% in those on hemodialysis [17].
In all patients, regardless of TST or IGRA results, a single-view or two-view chest X-ray (CXR)
should be obtained unless a recent study is available to assess for evidence of active TB or LTBI.
This imaging is also important for detecting other occult infections requiring evaluation and
treatment prior to transplantation. Signs or symptoms potentially consistent with active TB should
be elicited, such as a cough for more than two or three weeks, fever, sweats, weight loss, dyspnea,
or chest pain. Patients with imaging, signs, or symptoms potentially consistent with active
pulmonary TB should undergo sputum examinations or invasive workup such as bronchoscopy to
evaluate for active TB or other infectious processes. Those with unexplained back, bone, or joint
pain or swelling; lymphadenopathy; meningitis; pericardial or pleural effusions; or ascites should
be evaluated for extrapulmonary TB.
2.1.2 How Should SOT Candidates or Recipients with A Positive Test for LTBI Be Further Evaluated?
As with all patients, those with a positive TST or IGRA should be examined with a CXR to assess
for evidence of active TB. A computed tomography (CT) scan should be considered to characterize
CXR abnormalities. Any CXR or CT findings potentially consistent with active TB—including fibrotic
lesions or other infiltrates, non-calcified nodules, cavities, adenopathy, or pleural effusions—
should prompt collection of sputum for acid-fast bacilli (AFB) smear and culture and TB nucleic
acid amplification testing. Fully calcified lymph nodes or nodules alone are not consistent with
active TB and do not by themselves require sputum culture. Otherwise, radiographic features
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alone cannot reliably distinguish active from latent TB so any of these abnormalities should
prompt sputum examination. While bronchoscopy can be pursued, and may be useful in
evaluating other causes of airspace opacities, bronchoalveolar lavage is no more sensitive than
induced sputum culture for the diagnosis of pulmonary TB [20, 21].
Since imaging, particularly CXRs, can occasionally be normal in patients with active TB,
especially in immunocompromised patients, induced or expectorated sputum should be obtained
for any patient with signs or symptoms potentially consistent with TB, such as cough for two
weeks or more, weight loss, fevers, or night sweats. Moreover, laryngeal TB may result in a chronic
cough with normal findings on chest CT scans.
2.1.3 Should SOT Candidates or Recipients with A Negative Test for LTBI Be Further Evaluated for
Possible Infection?
In SOT candidates with a high pre-test probability of LTBI, such as those from endemic countries
or with prior TB contact, chest CT should be considered (to detect evidence of prior TB infection
such as calcified granulomas) even with negative TST or IGRA results and normal CXR findings [22].
Prior CT or chest CXR studies should be reviewed for radiographic features consistent with prior TB
infection. In fact, patients with CXR findings suggestive of prior TB (fibrosis or calcified nodules) or
CT findings of prior TB (calcified or non-calcified nodules, fibrosis, or irregular linear opacities)
were more likely to develop TB in one study of liver transplant candidates regardless of TST or
IGRA results [23].
2.1.4 What Medication Regimens Should Be Used for Treatment of LTBI in SOT Candidates or
Recipients and When Should Treatment Be Initiated?
Nine months of isoniazid (9H) has traditionally been the mainstay of LTBI therapy due to its
established efficacy and relative safety [24]. Isoniazid has established benefit in prevention of TB
reactivation in SOT recipients [25]. Isoniazid has few significant drug-drug interactions (DDIs), is
widely available, and is generally safe, though the regimen is long with occasional development of
clinically significant hepatotoxicity. To mitigate the risk of peripheral neuropathy, pyridoxine
should be given with isoniazid in this patient population given the frequency of comorbidities
which increase the likelihood of this complication [24]. Based on case reports of failures of
pyridoxine to prevent isoniazid-associated neuropathy in patients on dialysis, some authors have
suggested very high dose pyridoxine in these patients [26].
Rifampin-based regimens have also been used for LTBI treatment, and early studies have
demonstrated similar efficacy with shorter durations of therapy [27]. A large multinational
randomized control trial recently found that 4 months of rifampin (4R) was not inferior to 9H in
prevention of active TB among patients with LTBI and associated with a better safety profile and
higher completion rates [28]. Critically, however, rifampin has many significant DDIs that
complicate its use in SOT candidates and recipients. Rifampin is a potent inducer of proteins
involved in drug metabolism, including cytochrome P450 (CYP) proteins, enzymes involved in
glucuronidation, and membrane transporters like P-glycoprotein [29, 30]. Through these
pharmacokinetic effects, rifampin significantly reduces the effects of calcineurin inhibitors (CNIs),
and to a lesser degree mycophenolate and corticosteroids [31]. Rifampin’s effects on drug
metabolism can persist for up to 4 weeks after drug discontinuation so this agent should not be
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used for the treatment of LTBI in SOT recipients or SOT candidates who may undergo
transplantation in the near future [32]. To account for both brief interruptions of therapy that
sometimes occur and to allow normalization of pharmacokinetic parameters, providers should
probably only start 4R if transplant will not occur in the next 6 months. Rifampin’s effects on drug
metabolism may preclude its use in patients on a variety of other important medications before or
after SOT.
Rifabutin is a rifamycin with an identical mechanism of action to rifampin that can be used in
place of rifampin for treatment of LTBI [24]. Relative to rifampin, rifabutin has less profound
effects on drug metabolism, though it will still lower CNI levels, for example. Disadvantages of
rifabutin relative to rifampin include potentially higher cost, unique but uncommon adverse drug
reactions (ADRs) including uveitis, and bidirectional drug interactions such that certain CYP
inhibitors will increase rifabutin levels [24]. Still, rifabutin may be a useful agent to treat LTBI in
patients who may not tolerate isoniazid but for whom rifampin is contraindicated due to DDIs [33].
A combination of weekly rifapentine and isoniazid for 12 weeks (3HP) is also as effective as 9H
and, like 4R, and is associated with higher rates of treatment completion [34]. While initially
recommended only in the context of directly observed therapy, 3HP has subsequently been found
to be efficacious as self-administered therapy and recommendations now permit both treatment
administration options [35, 36]. While hepatotoxicity is less common with 3HP compared to 9H,
more patients on 3HP had to permanently discontinue the regimen due to ADRs [34]. Moreover,
3HP is associated with a “flu-like syndrome” consisting of fevers, chills, myalgias, and headache,
constituting over two-thirds of the systemic drug reactions in 3HP patients [37]. Finally,
rifapentine is associated with similar DDIs that characterize rifampin.
Overall, we generally favor either 9H or 4R, though 3HP and 4 months of rifabutin are
advantageous options in select patients. When no concerns for rifamycin DDIs exist (including
knowing that SOT will not occur for six months), many treatment choices exist and the regimen
should be selected based on patient and provider preferences and individual patient
circumstances. Patients with an increased risk for isoniazid-associated hepatotoxicity by virtue of
advanced age, concomitant hepatotoxic medications, or other factors, should generally be treated
with 4R given a lower incidence of drug-induced liver injury (DILI). The 9H regimen is generally
preferred in SOT recipients or SOT candidates who may undergo transplantation in the near future.
In select patients who are unable to tolerate 9H or who have particular risk factors for
hepatotoxicity, in whom rifampin would normally be considered but for whom the drug is
contraindicated due to DDIs or impending transplantation, 4 months of rifabutin can be used,
understanding DDIs still occur.
While LTBI treatment can often be started immediately, sometimes delaying treatment is
prudent. In patients with cough or abnormal chest imaging, LTBI treatments should be withheld
until active TB can be fully excluded to avoid development of drug resistance through the
unintentional treatment of active TB with only one or two drugs. Even if transplant is imminent,
there is usually no urgency in proceeding with LTBI therapy. In fact, the median time to clinical
presentation of TB after SOT is 22.5 or 17.5 months based on cohort studies and case series,
respectively [38]. Among the nearly 2,000 SOT recipients in cohort studies who developed TB, the
earliest case of TB occurred 2.4 months after transplant [38]. This delayed development of TB in
SOT patients, in contrast to the rapid reactivation after a median of 12 weeks in those treated with
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infliximab, allows transplant providers the confidence to delay treatment until it can be done
optimally.
2.1.5 Can Patients with Cirrhosis or Acute Liver Failure Be Treated for LTBI?
Given the potential hepatotoxicity of mediations used for the treatment of LTBI, liver transplant
candidates with LTBI can be particularly challenging. Some liver transplant candidates, namely
those whose indication for transplant is hepatocellular carcinoma, may have preserved synthetic
function and minimal fibrosis and may tolerate LTBI treatment as well as other SOT candidates.
Many others, however, have cirrhosis or acute liver failure. Given the potentially devastating
consequences that DILI could have on those with decompensated cirrhosis or acute liver failure,
LTBI treatment in these patients should generally be deferred until after liver transplant when the
liver function stabilizes: many providers wait one to two months post-transplant to start LTBI
therapy. Similarly, LTBI therapy is sometimes best deferred in patients with compensated cirrhosis
but with significantly abnormal baseline liver tests (for example alanine transaminase values of
greater than 3 times the upper limit of normal or bilirubin values greater than 2 mg/dL).
Patients with compensated cirrhosis can often be safely treated for LTBI pre-transplant. As
discussed above, 4R is a particularly attractive regimen in these patients, assuming transplantation
will not occur in the next 6 months and no other significant drug interactions preclude its use.
Otherwise, 9H can often be safely used with close monitoring [39-41]. Rifabutin for 4 months can
also be used with the caveat that DDIs still do occur [33].
Levofloxacin and moxifloxacin are active against MTB and have been attractive candidate drugs
for LTBI treatment in liver-transplant candidates or recipients given lower rates of hepatotoxicity
than isoniazid and significantly fewer DDIs than rifampin. Fluoroquinolone-based regimens have
been used for LTBI treatment among contacts with multi-drug resistant TB, though evidence for
efficacy is sparse relative to the standard LTBI treatment regimens [42, 43]. A promising multicenter study comparing levofloxacin versus isoniazid in liver-transplant candidates and recipients
was stopped early due to a high incidence of sometimes-severe tenosynovitis though a small case
series also reported infrequent ADRs with a fluoroquinolone-based regimen [44, 45]. Still, because
efficacy and safety have not been sufficiently demonstrated relative to 9H, 4R (or 4 months of
rifabutin), or 3HP, fluoroquinolone-based regimens cannot be routinely recommended.
2.2 Prevention of Donor Derived Infection
2.2.1 Can TB Be Transmitted through SOT?
Over 30 cases of donor-derived TB have been reported [38, 46]. Viable TB bacilli from
transplanted organs, lymphatic tissue or other structures associated with transplanted organs, or
presumably uncommonly in blood are likely sources of donor-derived TB. While lung transplant
recipients accounted for more cases than other SOT recipient groups, kidney, heart, and liver SOT
recipients have also developed donor-derived TB [38, 46]. Donor-derived TB often occurs early,
with a median time to occurrence of approximately 3 months after SOT [38, 46].
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2.2.2 Should Organ Donors Be Screened for LTBI?
Though no evidence is available to guide recommendations on prevention of donor-derived TB,
a consensus conference report outlines a sensible approach [47]. These recommendations
prioritize avoiding SOT in the context of a donor with active TB. To this end, providers should use
history, physical examination, and CXR to evaluate for active TB among living and deceased donors.
Bronchoscopy should be performed on lung donors for AFB cultures in case of unrecognized active
TB. Among donors from TB-endemic countries, particularly in the context of kidney
transplantation, urine studies (including urinalysis and AFB urine cultures) and genitourinary
imaging should be considered to rule out genitourinary TB. Living donors should also generally be
screened for LTBI with an MTB IGRA or TST; there is insufficient evidence to recommend routinely
performing MTB IGRA or TST on deceased donors.
For deceased donors with a history of LTBI who were insufficiently treated, LTBI recipient
should be considered for the recipient, particularly in the case of lung transplant. Living donors
with a positive MTB IGRA or TST can undergo a full course of treatment before donation if time
allows. Alternately, SOT can proceed and the recipient can be treated subsequently.
2.3 Diagnosis and Treatment of TB Disease
2.3.1 How Does Active TB Present after SOT and How Should Diagnosis Be Pursued?
Compared to immunocompetent patients with TB, SOT recipients with TB are more likely to
present with extrapulmonary or disseminated disease (in nearly half of cases) [38]. Pulmonary TB
occurred in over three-quarters of lung transplant patients with post-transplant TB [38]. While
pulmonary TB was the most common manifestation of post-transplant TB in kidney transplant
recipients, among patients with extrapulmonary TB, the urinary tract was a frequent site of
involvement [38].
Radiographic findings in pulmonary TB can be subtle or non-specific; CXRs can be normal or can
have lobar consolidations, interstitial infiltrates, or nodules [38, 48]. Cavitary disease occurs but is
less common than other radiographic features; still, upper lobe disease predominates as with
immunocompetent patients with pulmonary TB [38, 48, 49]. Patients with donor-derived TB
sometimes present with organ-specific manifestations, for example allograft-related wound
dehiscence or abscess due to TB [50, 51].
2.3.2 How Should Patients with Active TB after SOT Be Treated?
Treatment of SOT recipients with TB mostly follows general principles for treatment of TB [52].
Multidrug therapy is initiated pending antimicrobial susceptibility testing results; therapy is
initiated empirically after specimens are obtained for culture when there is a high suspicion for
active TB without waiting for culture confirmation. Still, some unique features of SOT recipients
influence therapeutic considerations. Daily, rather than intermittent therapy, should likely be used
as in the case of other immunocompromised patients [52]. Pyridoxine should be universally
administered given the frequent multiple comorbidities of SOT recipients [52]. These patients
should be evaluated at least monthly with blood counts and chemistries [52].
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Drug interactions pose particular challenges in this population. As discussed previously,
rifampin is associated with significant decreases in CNI effectiveness, and to a lesser extent the
effectiveness of mycophenolate and corticosteroids. Still, given the critical role of rifamycins in
treatment of TB and prolonged duration of treatment required when using rifamycin-sparing
regimens (at least 12-18 months), regimens should almost always contain a rifamycin [52].
Rifabutin should generally be used in place of rifampin since rifabutin is a less potent inducer of
drug metabolism, though its effects can still be pronounced. Rifamycins (particularly rifampin) also
substantially induce metabolism of mold-active azoles frequently used for prophylaxis or
treatment in the context of SOT [53, 54]. In patients for whom mold-active azole use is important,
rifabutin should similarly be preferentially used. Isavuconazole should likely be avoided given lack
of widely available therapeutic drug monitoring (TDM); posaconazole suspension and itraconazole
are relatively poorly absorbed. Posaconazole tablets and voriconazole are more likely to attain
therapeutic levels when co-administered with rifamycins. Unlike rifampin, there are bidirectional
DDIs with rifabutin: mold-active azoles are CYP inhibitors which may increase rifabutin levels;
rifabutin TDM may be indicated in these cases.
Renal and hepatic disease, not uncommon in SOT recipients, pose additional management
challenges. Among first-line drugs, ethambutol and pyrazinamide require dose adjustment in the
context of renal insufficiency [52]. Ethambutol can be particularly dangerous in the context of
renal impairment given risk of optic neuropathy; TDM or replacing ethambutol with moxifloxacin
or levofloxacin can be considered in these patients [52]. Patients with baseline liver disease should
be monitored closely since DILI associated with TB medications could be devastating. In patients
with severe baseline liver disease, some providers omit pyrazinamide, which requires extending
total treatment to 9 months [52]. Another option for patients with severe baseline liver disease
involves avoiding isoniazid and pyrazinamide by treating with rifampin, ethambutol, and
levofloxacin or moxifloxacin though treatment is typically extended to 12 months [52]. Finally, for
patients with severe, unstable liver disease who have no physiologic reserve for any DILI, a
regimen with little or no potential for hepatotoxicity could be employed, such as ethambutol,
levofloxacin or moxifloxacin, cycloserine, and an injectable agent with a total treatment duration
of 18 months [52].
2.3.3 Can Patients with Active TB Undergo SOT?
Active TB has historically been considered a relative contraindication to SOT. Ideally, TB
treatment would be completed before SOT to reduce the risk of worsening infection, DDIs, and
ADRs associated with hepatotoxic or nephrotoxic medications. Still, SOT during treatment for
active TB could be considered in selected patients, particularly among patients with drugsusceptible TB who are responding to TB therapy and when delaying SOT would be dangerous.
Successful outcomes of SOT in the context of active TB are encouraging, including in patients with
acute liver failure due to DILI associated with anti-TB drugs [55].
3. Conclusions
SOT is an important risk factor for TB reactivation and can often be prevented with screening
and treatment of LTBI. Occasionally, TB can develop due to donor-derived infection. TB can
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present differently in SOT recipients than in others; treatment is complicated by drug interactions
and ADRs, though is usually successful.
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Abstract
Nontuberculous mycobacteria (NTM) infections are relatively rare but carry significant
morbidity in solid organ transplant (SOT) recipients. Given the rarity of disease and
diagnostic limitations, a high index of suspicion is required for accurate diagnosis and
initiation of appropriate treatment. We discuss the challenges in diagnosis and management
of NTM infections specific to the SOT population.
Keywords
Nontuberculous mycobacteria; solid organ transplant; infectious complications

1. Introduction and Epidemiology
Nontuberculous mycobacteria (NTM) are ubiquitous in the environment and have been isolated
from soil and water from both natural and treated sources. With increased awareness and
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improvement in microbiologic techniques and detection, an explosion in the number of identified
species has occurred over recent years, with now greater than 150 species described. Despite the
breadth of species in this group, the majority of infections are caused by a relatively small number
of species, most commonly Mycobacterium avian complex (MAC), M.kansasii, M. marinum,
M.haeophilum, M.xenopi and the rapid growing mycobacteria (RGM) including M.abscessus, M.
chelonae and M. fortuitum [1]. A total of approximately 25 NTM species have been previously
reported to cause NTM disease in solid organ transplant (SOT) recipients [2]. Most infections occur
as a result from exposure to the environment. There exists regional variation in species and
consequently regional variation in predominant pathogens. Outbreaks related to environmental or
nosocomial exposure have been described. A recent nosocomial outbreak of 126 patients with M.
abscessus, which included 70 SOT recipients, was associated with a contaminated water source [3].
An outbreak of M. chimaera infection has affected patients requiring cardiopulmonary bypass
utilizing Sorin 3T heater cooler devices, but no infections in heart or lung transplant recipients
have been reported to date [4]. Although the vast majority of NTM infections are secondary to
environmental exposure, there is now also report of possible person to person transmission
involving M.abscessus in cohort of cystic fibrosis patients [5].
NTM infections across the general population are on the rise [6]. Incidence of disease in the
SOT population is difficult to definitively determine. NTM infections are not communicable and
although reporting of extra-pulmonary infection is mandated in at least one state, Oregon, this has
not been required on a national level. A large single center study of SOT recipients of all organ
types noted an incidence of NTM infection, defined as any positive culture for NTM, of 1.5% [7].
Incidence of NTM infection varies based on transplanted organ, with the highest being in lung
transplant patients. Prior reports suggest incidence of 0.04% in liver transplant patients, 0.16-0.38%
in kidney transplant patients, 0.24-2.8% in heart transplant recipients, and 0.46-8% in lung
transplant patients [1].
SOT patients are at increased risk of NTM infections due to impairments in cellular immunity
from immunosuppression. Lung transplant itself is a risk factor for NTM infection [8]. This may be
related to multiple factors unique to this patient population: structural lung disease which is a
known risk factor for NTM infection, direct exposure of allograft to the environment, a relatively
high net state of immunosuppression in these patients, and the unique state of airway injury
associated with chronic rejection manifesting as bronchiolitis obliterans. Among the lung
transplant population, risk factors for NTM infection include cystic fibrosis (CF) as underlying
diagnosis, use of anti-thymocyte globulin for induction immunosuppression, NTM disease or
colonization pre-transplant, and single lung transplant [9].
2. Clinical Manifestations
Late presentation of NTM disease after SOT is common, with median onset ranging from 10-20
months post-transplant across different organ types [10]. NTM infections can have protean
manifestations in the SOT population. Presentations can vary based on type of organ transplanted.
Fever and constitutional symptoms can be absent due to underlying immunosuppression.
Disseminated disease is common, and the most commonly isolated organisms in this setting
include M abscessus and M. chelonae [2, 11]. In a recent systematic review of renal transplant
patients with NTM, disseminated disease was the most common manifestation, affecting 40% of
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patients [12]. Cutaneous disease, either localized or disseminated, is the most commonly reported
manifestation of NTM in heart transplant recipients [11]. Skin lesions present as erythematous or
violaceous subcutaneous nodules which often progress to form abscesses or ulcerations.
Osteoarticular disease presenting as tenosynovitis or arthritis is also possible. RGM species
(M.abscessus, M.chelonae, M. fortuitum) are the most common cause for NTM soft tissue and
joint infections in SOT recipients [2]. Pleuropulmonary disease is the most commonly reported
manifestation of NTM in lung transplant patients and also a significant cause of disease in heart
transplant recipients [11]. Symptoms include cough, often productive of sputum, and dyspnea.
The most common organisms to cause pulmonary disease include MAC, M.kansasii, M.abscessus
and M.xenopi [2].
3. Diagnosis
NTM infection post-transplant is relatively rare; as such, it is crucial to maintain a high index of
suspicion so timely diagnosis can be made and appropriate treatment started. If NTM disease is
suspected, tissue or fluid sample of affected area (i.e. bronchial lavage or skin biopsy) should be
submitted to the lab for histopathology, fluorochrome staining and mycobacterial culture. Culture
should be performed in both liquid media and solid media. Some NTM species require specialized
media, temperatures, or longer duration of incubation for growth; an awareness of this and
potentially alerting the microbiology lab of suspicions can be paramount in making the
appropriate diagnosis (Table 1). For example, M. haemophilum requires media supplementation
for growth, and M. marinum and M. haemophilum grow at temperatures lower than the standard
incubation temperatures. Furthermore, the required incubation period varies depending on
species. RGM typically grow within 7 days, whereas slow growers take longer, up to 8-12 weeks
for M. genavense [13]. Given this slow growth, awaiting identification and susceptibilities can
delay treatment decisions. More advanced molecular techniques such as DNA probes, PCR, and
high-performance liquid chromatography are used to rapidly identify some NTM species once
growing on media [13].
Diagnosis of NTM disease is fairly straightforward when NTM is isolated from a sterile site.
However, diagnosis of disease is more challenging when NTM is isolated from a non-sterile site,
such as sputum or bronchoaveolar lavage fluid. In the lung transplant population a positive culture
is not always indicative of disease. Colonization of the airway by NTM is common in lung
transplant patients, comprising 75-89% of cases with positive culture in two single center studies.
Only 11-25% of lung transplant patients with positive cultures had disease that required treatment
[9, 14]. Similarly, another small single center study found the same percentage of pulmonary
colonization amongst all organ types (75%) [8]. Joint American Thoracic Society (ATS) and
Infectious Disease Society of America (IDSA) guidelines suggest that the following criteria are
required to diagnose pulmonary NTM disease: positive cultures from at least two separate
expectorated sputum samples or one BAL specimen, clinical symptoms associated with NTM
disease, and characteristic radiographic findings of NTM pulmonary disease such as
bronchonodular or fibrocavitary changes [13]. Although there are limited data for applying these
criteria to the immunocompromised patient, it is reasonable to use them as a framework for
diagnosis of NTM disease in SOT patients. It needs to be recognized, however, that following these
guidelines too strictly may miss cases of invasive disease in this population. There are
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circumstances, particularly in the setting of potentially virulent organisms, such as M.abscessus in
the setting of lung transplant where treatment may be warranted even in the absence of fulfilling
all ATS criteria for disease. In any instance, burden of infection, radiographic changes and clinical
symptoms should be taken into account for treatment decisions and treatment often
individualized.
Table 1 NTM with special growth requirements.
Specialized growth media
M. genavense

iron-containing compound

M. genavense

mycobactin J

M. avian subs. paratuberculosis

mycobactin J

M. ulcerans

egg yolk

Specialized growth temperatures
M. haemophilum

28-30º C

M. ulcerans

25-33º C

M. chelonae

28-33º C

M. marinum

28-30º C

Duration of incubation
M. ulcerans

8-12 weeks

M. genavense

8-12 weeks

Any clinically significant NTM isolate should be identified to the species level because, with the
exception of MAC, this portends important information regarding prognosis and treatment.
Furthermore, in certain cases, sub-speciation can be critical to optimal management. For example,
M. abscessus complex is made up of subspecies abscessus, bolletii, and massiliense. Isolation of
these various subspecies imparts important prognostic and treatment information since
M.a.massiliense, which tends to be macrolide susceptible, portends a better prognosis than the
other two subspecies [15]. In M. abscessus complex, a surrogate to this sub-speciation is
molecular testing for the presence of a functional erm(41) gene. This gene is typically functional in
M. abscessus subspecies abscessus and bolletii, but not in massiliense. The erm(41) gene confers
inducible resistance to macrolides, such that the initial macrolide testing may appear susceptible
but if incubated over a longer time period the organism will display macrolide resistance.
An additional challenge in diagnosis of NTM infection in SOT is the number of new species
being discovered. It is inevitable that we isolate some of these new species in our SOT population
and will be met with the challenge to determine the clinical significance of a positive culture and
derive an effective treatment regimen for newly described organisms.
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4. Outcomes and Management
These infections are often difficult to treat. Disease cure rates in the literature range from 3244%, although a greater number do have some clinical improvement without complete resolution
of infection on NTM therapy [11]. Outcomes in transplant patients with NTM disease are highly
variable: depending on the extent of infection, susceptibility of the organism and level of
immunosuppression of the host [9, 11, 12]. Early infection (within the first year post-transplant)
has been associated with decreased survival in SOT patients, although NTM infection itself was
listed as a cause of death in a minority [16]. Immunomodulatory effects of the infection, rejection,
or development of secondary nosocomial infections are all thought to contribute to this mortality.
Interestingly, there is no significant difference in survival between patients infected with
M.abscessus or other non-M.abscessus NTM infections [16]. In lung transplant patients specifically,
one study suggests increase in mortality associated with NTM isolation, although cause of death
was more commonly related to a non-NTM infection [9]. Other studies in the lung transplant
population did not show any increased mortality associated with NTM isolation, but one did
suggest trend towards increased incidence of bronchiolitis obliterans syndrome (BOS) [14, 17].
Detailed specific drug regimens targeting individual NTM is outside the scope of this review;
however, Table 2 provides recommended initial empiric regimens for the most commonly isolated
organisms. Empiric regimens may differ based on site of infection. A key principle in the treatment
of NTM infections is that a multi-drug regimen for prolonged period is required for cure and to
avoid development of antimicrobial resistance. It is also important to recognize that there is
discordance between in vitro drug susceptibilities and clinical response. For MAC, clinical response
correlates only to macrolide in vitro susceptibility but other drug susceptibilities do not reliably
predict clinical outcome. For many NTM species, laboratory determined susceptibility breakpoints
have not been confirmed to be clinical meaningful. Therefore, it is necessary to approach
interpretation of this data with an appreciation of the limitations. It is also worth noting the
possibility of inducible macrolide resistance in RGM. A functional erm gene confers inducible
macrolide resistance, and can be found in M. fortuitum and M. abscessus subspecies abscessus
and bolletii. If present, these organisms can be resistant to macrolides even when they appear
susceptible in the laboratory. To evaluate for inducible resistance, isolates either need to be held
for two weeks to evaluate for phenotypic evidence or molecular diagnostics utilized to evaluate
for presence of a functional erm gene.
Interactions between NTM therapy and immunosuppressive medications complicate the
treatment of this disease (Table 3). Azithromycin is the preferred macrolide for treatment of NTM
over clarithromycin since it is a less potent inhibitor of cytochrome P450 (CYP450) and thus, has
less of an impact on calcineurin inhibitor (CNI) levels. Rifampin is a potent inducer of CYP3A4
resulting in decreased CNI and sirolimus levels which can lead to organ rejection. Rifabutin has less
of this effect, and is thus the preferred rifamycin in SOT recipients. Close monitoring of drug levels,
medication side effects, and allograft function during treatment for NTM infection is critical.
Careful consideration should be given to the appropriateness of intermittent or three times a
week therapy in this population given the potential for fluctuating levels of immunosuppression if
thrice weekly antibiotics are administered and also the potential absorption issues associated with
complications of lung transplantation.
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Table 2 Initial Antibiotic regimens for treatment of common NTM infections*.
NTM Species

Recommended Regimen

Alternative Agents

Considerations

M.abscessus
subsp.
abscessus or
bolletii

Cefoxitin or Imipenem
Amikacin
plus additional
alternative agent
+/-Azithromycin

Linezolid
Tigecycline
Clofazimine

Presence of Erm(41) gene
confers inducible
resistance to macrolides.
Some experts still include
Azithromycin as part of
regimen.

M.abscessus
subsp.
massiliense

Azithromycin
Cefoxitin or Imipenem
Amikacin

Clarithromycin
Linezolid
Tigecycline
Clofazimine

MAC

Azithromycin
Rifabutin
Ethambutol
+/- Amikacin

Clarithromycin
Rifampin
Amikacin

M. chelonae

Azithromycin
plus either Tobramycin,
Linezolid, or Imipenem

Clarithromycin
Amikacin
Tigecycline

M. fortuitum

Amikacin
Ciprofloxacin
Sulfonamides

Cefoxitin
Imipenem
Doxycycline

Isolates contain erm(39)
gene which confers
inducible resistance to
macrolides so use these
agents with caution.

M.
haemophilum

Azithromycin
Rifabutin
Ciprofloxacin

Rifampin
Clarithromycin
Amikacin
Sulfonamides
Doxycycline

Variable susceptibility to
doxycycline and
sulfonamides

M. kansasii

Rifabutin
Ethambutol
Isoniazid

Rifampin
Clarithromycin
Azithromycin
Moxifloxacin
Amikacin
Sulfomamides

Amikacin should be
included in initial
regimen if pulmonary
cavitary disease present,
or considered in setting
of severe or disseminated
disease
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M. marinum

Azithromycin
Ethambutol
+/- Rifabutin

Rifampin
Clarithromycin
Azithromycin
Sulfonamides
Doxycycline
Minocycline

Rifabutin can be
considered for extensive
disease.

*Based on ATS/IDSA and AST guidelines for treatment of NTM infections. Doses: Amikacin 10-15 mg/kg IV daily
or three times per weak, Azithromycin 250-500 mg PO daily, Cefoxitin 8-12 g IV in divided doses daily,
Ciprofloxacin 500 mg PO BID, Clarithromycin 500 mg PO BID, Clofazimine 50-100 mg PO daily, Doxycycine 100
mg PO BID, Ethambutol 15 mg/kg PO daily, Imipenem 1g IV BID, Isoniazid 300 mg PO daily, Levofloxacin 500-750
mg PO daily, Linezolid 600 mg PO daily, Minocycline 100 mg PO daily, Moxifloxacin 400 mg PO daily, Rifabutin
150 mg PO daily, Rifampin 600 mg PO daily, Trimethoprim/Sulamethoxazole 800-1600 mg sulfa component PO
BID, Tigecycline 50 mg IV once or twice daily, Tobramycin 5mg/kg IV daily or three times per week.

Table 3 Interactions between antibiotics used to treat NTM and immunosuppressive agents.
Antibiotic

Immunosuppressive agent

Interaction

Macrolides (clarithromycin >
azithromycin)

CNI

Increased CNI level

Rifamycins (rifampin >
rifabutin)

CNI

Decreased CNI level

Sirolimus

Decreased sirolimus level

Steroids

Decreased effectiveness

Aminoglycosides

CNI

Increased risk of renal
dysfunction

Levofloxacin

CNI

Increased CNI level

Imipenem

Cyclosporine (CsA)

Increased risk of neurotoxicity

Tigecycline

CsA

Increased CsA level

Whenever possible, a reduction in the intensity of immunosuppression should be employed as
part of the treatment of NTM infection. However, similar to Mycobacterium tuberculosis in SOT
patients, paradoxical Immune Reconstitution Inflammatory Syndrome (IRIS) has been described in
a kidney patient with M. kansasii infection [18]. Therefore, a worsening in clinical status after
initial improvement with appropriate antibiotic therapy and reduction in immunosuppression with
the absence of positive culture results should prompt consideration of IRIS. In the case described
by Lemoine et al, an increase in immunosuppression led to favorable response.
Optimal duration of therapy in this patient population is not clear. Guidelines recommend 12
months of therapy from date of culture clearance for pulmonary disease and at least 4-6 months
for soft tissue disease or bone disease respectively. Ongoing disease surveillance with follow up
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imaging and microbiologic testing whenever possible can be helpful in determining duration of
therapy. In the setting of pulmonary disease, ATS/IDSA guidelines suggest monthly sputum
samples for monitoring of infection, with the first negative sputum counting as day zero for the
length of treatment [13]. Due to underlying immunosuppression, the duration of therapy may
need to be longer in SOT patients than what is suggested in guidelines. It is reasonable to consider
these recommended durations as the minimum in this patient population [11]. Relapse is possible
after completion of therapy so patients should have ongoing clinical and possibly microbiologic
monitoring.
5. Prevention
A specific challenge is the management of transplant candidates who are colonized or infected
with NTM organisms pre-transplant. This occurs most commonly in the lung transplant population
as many of these transplant candidates have structural lung disease, such as CF or chronic
obstructive pulmonary disease (COPD), which is a risk factor for presence of NTM. NTM infection
incidence in the CF population is as high as 20% [19]. The transplant candidacy of patients infected
with M.abscessus has been controversial. The presence of M.abscessus pre-transplant is
associated with post-operative thoracic cavity infection including mediastinal and sternal wound
infections [20, 21]. Patients with a positive culture pre-transplant are more likely to develop posttransplant disease [22, 23]. Despite the increase in post-operative morbidity, survival has not been
significantly altered in single center studies [10, 23, 24]. As such, International Society of Heart and
Lung Transplantation (ISHLT) guidelines suggest that M.abscessus is not an absolute
contraindication to transplantation unless there is progressive disease despite therapy or when
therapy is tolerated poorly [25]. In general, lung transplant candidates with M.abscessus infection
should be started on therapy as soon as transplant is being considered with the goal to lessen
burden of infection and assess tolerability of an effective anti-mycobacterial regimen [21, 22, 24].
If a patient is transplanted with positive AFB cultures for M.abscessus, experts recommend chest
cavity irrigation with an anti-mycobacterial agent and close attention to surgical technique to
avoid contamination. Post-operative management should include close monitoring of surgical
wounds and pleural space, monitoring of BAL specimens for NTM, and continuation of perioperative anti-mycobacterial antibiotics [26]. The significance of colonization with other NTM
including MAC pre-lung transplant is also unclear. Practices vary from no treatment with
monitoring to pre-transplant and/or peri-transplant anti-mycobacterial therapy. The American
Society of Transplantation recommends that lung transplant candidates colonized or infected with
MAC should be treated with multi-drug therapy prior to transplant [1].
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Abstract
In the U.S., older adults aged 65 or above comprise nearly one quarter of the solid organ
transplant (SOT) waitlists, and the number of transplants performed in this age group
continues to increase. There are no specific guidelines for the assessment and follow up of
the older SOT candidate or recipient. Older adults are at increased risk of infectious
complications after SOT. Despite these complications and even with the use of suboptimal
donors, overall outcomes are favorable. We provide an overview to specific consideration as
they relate to the older SOT candidate and recipient.
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1. Introduction
Over 114,000 people are currently on the transplant waitlist; nearly a quarter of these (23.4%)
are 65 years of age or older. Additionally, the number of transplant recipients in this age group has
steadily increased over the last 20 years (Figure 1). There are no good estimates of people living
with end-stage-organ disease in general as many are not transplant candidates for different
reasons, but due to an increasing life expectancy [1] with subsequent end-stage-organ disease, it
is only reasonable to assume that this number is increasing as well [2].

Figure 1 Transplants in the united states by recipient age, all organs. Based on OPTN
data as of November 26, 2018.
Age alone is no longer a contraindication for transplantation. In many centers, it has become
the treatment of choice for end-stage-organ-disease for people deemed capable of tolerating the
procedure. However, infectious complications threaten favorable outcomes in organ transplant
recipients of any age, and this is exacerbated in older adults due to their higher risk of infections in
general [3, 4]. There are many challenges and differences in epidemiology, pathogenesis,
diagnostic approach and treatment of infections in older adults [3], organ transplantation adds
another level of complexity. Older adults present for solid organ transplantation (SOT) as a result
of a wider array of diseases and disorders resulting in a variety of infections compared with the
general populations [5-7].
In this paper, we will provide an overview to specific consideration as they relate to the older,
65 years and above, SOT candidate and recipient.
2. Special Pre-Transplant Considerations for Older Recipients
Pre-transplant evaluations for older adults often vary somewhat from their younger
counterparts. While center-specific standard evaluation protocols should be followed, there are
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several considerations related to the selection of older donors and recipients, as well as some
particular terms that the reader should be familiar with. These special considerations are not only
related to frailty and resilience, but also need to include assessing activities of daily living, physical
and cognitive function, and goals of care. Older SOT candidates must be able to perform day-today tasks such as complex medication and dietary management, and have ability to attend follow
up clinic visits even in the early post-transplant period. Social support systems must be in place
and potential social barriers need to be identified.
A greater number of comorbidities typically occurs in older transplant candidates, e.g. diabetes
mellitus, renal dysfunction, cardiovascular disease, hypertension, prior malignancy etc. [8-10]. In
order for older adults to be evaluated for transplantation, their life expectancy should be longer
than the average time on the waitlist. Certain comorbidities might be more or less impactful
depending on the type of SOT, as such e.g. kidney transplant candidates might require abdominal
imaging to look at the vascular bed [11] and testing for cardiovascular disease [12]. Societal and
center-specific guidelines are followed for the different organ groups.
Frailty is generally defined as a syndrome of physiological decline in late life, characterized by
vulnerability to adverse health outcomes. Its definition has slightly varied over the last decades
and there have been numerous ways of evaluating frailty in a more standardized way [13, 14].
Distinguishing frailty from comorbidities, cognitive decline, impaired or lack of functionality or
disability might become difficult [15]. Regardless of which scale or mechanism is used, it becomes
clear that frailty is related to post-transplant outcomes [16] and operative mortality [17, 18]. A
functional and cognitive assessment pre-transplant could improve post-transplant outcomes in
this vulnerable population. This should also include screening for depression and underlying
psychiatric illnesses. Comorbidities should be taken into account but some comorbidity indexes
might not be accurate in the pre-transplant setting of end-stage-organ-disease(s) [19, 20].
Additionally, for example, gait speed may be difficult to assess in patient with end-stage heart or
lung disease; weight loss may be hard to interpret for patients that are receiving diuretics or are
on dialysis.
Resilience has been described as the capacity to maintain or regain well-being during or after
adversity. Physical resilience [21] is a newer concept that might be applicable to older transplant
recipients as well, yet there is no consensus in how to define or best measure it [22].
Assessing activities of daily living, physical and cognitive function should include objective
measures. Self-reported functionality often differs from actual measured performance [23] which
can be objectively evaluated using various tests or scales. Additionally, functional or cognitive
decline can present earlier in the life, e.g. cognitive impairment in end-stage-renal-disease [24].
Our center requires older lung transplant candidates to remain out of the hospital to remain
actively listed.
An additional important consideration in the United States is the patient transitioning to
Medicare-based care at age 65. Given this transition, the increased recognition of cost and
potential post-transplant medication coverage need to be pro-actively addressed in the pretransplant setting. Medicare Part A covers organ transplants in certain conditions, and so does
Medicare Part B for certain follow up visits, testing and lab work. Medicare Part D might become
necessary for extended medication coverage. As in any patient, medication coverage needs to be
assured to avoid potential post-transplant complications due to infections and/or rejection due to
unaffordability of drugs. Recipients should understand and know what copays they might face.
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Although end-of-life wishes and/or considerations should be addressed in any hospitalized
patient, especially those about to undergo significant surgery with the potential of morbidity and
mortality of SOT, it likely becomes even more important in this age group. A good understanding
of the transplant process and potential physical and psychological burden that it can imply is
imperative to minimize preventable difficulties.
Finally, there is an absence of alternative measurements for transplant success, and older
adults might consider endpoints other than long-term survival as critically important (e.g. quality
of life, independence). These are important considerations for transplant recipients of all ages but
younger recipients might consider long-term survival as highly important. Measuring success is a
major opportunity for future research.
Deceased donor considerations
Increased recipient age generally allows for the use of a wider pool of donors, e.g. in the U.S.
this might include older [25], expanded criteria and increased risk donors [26-28]. Certain organs
from donors where graft survival and longevity might not be as long as classically from younger
donors, e.g. high kidney donor profile index (KDPI) kidneys, might be safe to use in these older
recipients [29, 30]. This has also led some programs to accept kidneys from hepatitis C (HCV)
infected donors for older recipients, therefore expanding the donor pool and utilizing a kidney
that otherwise would have been discarded [31].
3. Organ Specific Considerations in Older Recipients. Peri- and Post- Transplant Period.
Age itself is an independent risk factor for postoperative morbidity and mortality [32-39]. The
fact that transplant surgery is often long, involves patients with several comorbidities, often
results in high volume transfusions in certain cases, especially increases the perioperative
infection risk [33, 40]. But even taking this into account, after about 3 months there is a survival
benefit from transplant over dialysis in patients with end-stage-renal-disease [33, 41]. Short term
outcomes in the peri-transplant period for other SOTs are less well studied in this age group [42],
but e.g. in lung transplant recipients the increase mortality is mainly seen after the first three
months of surgery [43].
A natural timeline of infectious complications in SOT recipients has been accepted for many
years [44]. It suggests a dynamic assessment of infection risk over time and divides the posttransplant period in several time frames. During the first month after transplant, the main
infections will be either donor derived or nosocomial related to the procedure or the hospital stay.
An exception to this would be patients that are colonized prior to transplant, such as it often
happens with certain lung transplant candidates, e.g. older adults presenting with complications of
chronic bronchiectasis. The period between 1-6 months sees a variety of bacterial, viral or fungal
infections that will largely depend on the type of prophylaxis used. After the initial 6 months,
patients will present with any type of community-acquired infection and/or reactivation of latent
infections such as of the herpesviridae group (mainly cytomegalovirus (CMV), HSV, VZV). Types of
infection will also depend on the donors and recipients’ CMV serostatus as well as the prophylaxis
and its duration that varies by organ and center.
Interestingly, while the transplant community has accepted this changing timeline, there are
many distinctions that make specific infections in older adults potentially more frequent as this
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population is already at increased baseline risk e.g. for pneumonia, urinary tract infections (UTIs),
Clostridium-difficile infections [3].
Knowledge of local prophylactic protocols, resistance patterns and allocations is therefore
imperative when evaluating the aged SOT recipient.
3.1 Heart Transplantation
One of the most remarkable demographic trends in heart transplantation according to the
latest SRTR/OPTN Annual Data Report is a steady increase in the proportion of heart transplant
candidates aged 65 or older, with a growing proportion from 9.7% in 2005 to 17.4% in 2016 [36].
Also see Figure 2. Survival at 5 years was 76.6% in this age group. Cardiomyopathy and coronary
artery disease are the main reasons for end-stage-heart-disease. Particular to the heart
transplants and due to the scarcity of organs overall, in older adults, end-stage-heart-disease has
led to more destination left ventricular assist devices (VADs) which can provide a good alternative
to transplant, with manageable symptoms yet without the risks of immunosuppression. VADs have
also been associated with a risk of infection [45] and an increase in suppressive T-regulatory cells
[46]. Overall, the distribution of adults on the waitlist has shifted to more patients being
transplanted from VAD support [36], despite evidence that older patients have worse outcomes,
and higher risk of stroke and gastrointestinal bleeding with VAD therapy [47].

Figure 2 Type of organ transplant by recipient age, United States, year 2017. Based on
OPTN data as of November 26, 2018.
Infection remains the number one reason for one-year cumulative incidence of death by cause
among adult heart transplant recipients [36], and continuous over several decades after
transplantation [48]. Non-CMV infections are predominant in the early period after
transplantation [49]. Type of infections depend on the clinical scenario. For example, a patient
that has a VAD as a bridge to transplantation with a potential history of driveline or pump
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infection(s) will have a different risk, typically with more bacterial complications than someone
that requires extracorporeal membrane oxygenation versus someone with an uneventful peritransplant course. These patients are at risk for early infections, especially bacterial pathogens
from the driveline or pump pocket and Candida spp. Interestingly, older adults seem to have a
much lower incidence of driveline infection when compared with younger patients, possibly a
reflection of the younger patients being more ill at the time of VAD implant [47] or potentially
more active and less compliant with dressing changes.
Another unique risk associated with heart transplants is their predisposition to toxoplasmosis
or Chagas disease [50] as the allografts themselves can carry it. Clinical toxoplasmosis more
frequently occurs following recent seroconversion [51], with the risk in this group of seronegative
recipients being as high as 50-75% in the absence of antimicrobial prophylaxis [52]. Chagas disease
can reactivate at any time after transplantation, primarily in the early post-transplant period and
in instances where increased immunosuppression is needed [53]. There is limited data on the
outcomes of disseminated toxoplasmosis or Chagas in older adults although drug tolerability
might become an issue.
Finally, as a heart transplant candidate ages, they have a greater chance of cumulative
exposure and infection with Tuberculosis, endemic fungi like Coccidioides immitis or helminths
such as Strongyloides stercoralis [54-57]. A more detailed geographic history pre-transplant
especially when weighing up whether the immunosuppressive reactivation of some of these
devastating latent infections lends itself to believing that a VAD becomes a better option. Overall,
identifying which older adults would be more appropriate for transplantation versus VAD therapy
could help inform clinical decision-making in the future [30].
3.2 Kidney Transplantation
The proportion of older adults, that is aged 65 or above, on the kidney transplant waitlist
continues to increase reaching over 20% at the time of the last Annual Report in 2016 [38]. Data
show that appropriately selected older adults with end-stage-renal-disease who undergo kidney
transplantation have a survival benefit over those who remain on dialysis [58].
Infections imply a higher incidence of short- and long-term morbidity and mortality in this age
group [5, 59, 60]. Infections are among the top three causes of death. Death with a functioning
graft is by far the most common form of graft loss in older adults [61, 62]. Infections are also a
very frequent reason of readmission in the first year after transplantation for the older recipient
[60].
As for any post-transplant infection, types of infections vary depending on patient-specific risks.
Patients that are on dialysis prior to transplantation do have different risks. Within this group,
modes of dialysis portend different risks, e.g. hemodialysis versus peritoneal dialysis, hemodialysis
via permcath, fistula or graft, history of prior peritonitis etc. Other factors are living donor
availability, delayed graft function [63], use of ureteral stents [64], need for percutaneous
nephrostomy tubes [65] etc.
Additionally, kidney transplantation can be unique as more patients than other transplant
candidates will have a history of a prior transplantation and will already be immunosuppressed
going into surgery, e.g. due to calcineurin inhibitor (CNI) toxicity [66, 67], or infectious
complications during a previous transplant. As such, CNI induced nephrotoxicity has been
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described as being universally present at 10 years after kidney transplantation [68], and at least a
contributory cause of renal toxicity after other types of SOTs [67].
Bacterial infections predominate in kidney transplant recipients, especially in older adults; the
most common post-transplant infections are UTIs [6] followed by respiratory infections.
Reactivation of herpesviridae, especially CMV are common [60] with timing and severity
depending on the donor and recipients’ serostatus. Although not unique to kidney transplants, BK
polyoma virus (BKV) viremia and nephropathy is often associated with rejection and can result in
graft loss as well as increased comorbidities [69, 70]. Screening for BKV viremia has become
standard of care in kidney transplant recipients [70], and it appears to be more frequent with
advancing age [71].
3.3 Liver Transplantation
The proportion of liver transplant candidates aged 65 or above continuous to increase.
Additionally, there has been an increase of transplants, mainly in those aged 50-64 and 65 and
above [39]. Historically, due to the higher prevalence of comorbidities in this age group, there was
an increased mortality from hepatic and nonhepatic causes [72], combined with a decreased
likelihood of transplantation and consequently survival from older onset and stage of liver disease
was historically poor. Nowadays, once transplanted, survival benefit differs little between groups
with the same Model for End-Stage Liver Diseases (MELD) score [73].
Infection and malignancies remain the main causes of death after liver transplantation in older
adults [73, 74]. The complexity of the surgical procedure will have a substantial impact on
infectious complications [75]. Liver transplantation is often prolonged involving the need of large
amounts of transfusion of blood products. Particular concerns include multi-drug-resistant
organisms (MDROs) such as Enterobacteriaceae or non-albicans and echinocandin-resistant
Candida spp. Bloodstream infections and sepsis are common in this population, often resulting
from strictures resulting in cholangitis, or bile leaks with subsequent needs for drain or stent
placements, or even re-operations. Of special note are mycobacterial infections as liver transplant
recipients have an 18-fold increase in prevalence of active tuberculosis, with a 4-fold increase in
mortality [76].
Viral hepatitides are especially important in liver transplantation and older adults [77]. The
incidence of HCV in the younger population has increased although chronic HCV and its
complications are more common in older adults. Age at time of HCV infection is associated with
progression of disease [78]. Fortunately, tolerable and effective HCV treatments, even in extreme
ages [79], are currently available and as such, the proportion of patients progressing to transplant
with HCV has continued to decrease [39]. Furthermore, historically, many HCV organs were
discarded, but these are now used to transplant into HCV positive as well as negative recipients
with good results. The discussion of this topic is beyond the scope of this article. Regarding
hepatitis B, older adults are generally at low risk for exposure. Similar acute hepatitis A and
hepatitis E is less common in older adults but can result in high mortality [80].
3.4 Lung Transplantation
Patients aged 65 or above are the fastest growing group on the lung transplant waitlist and
have the highest transplant rates per 100 waitlist years [37].
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The incidence and prevalence of idiopathic pulmonary fibrosis (IPF) increases with age. Along
with chronic obstructive pulmonary disease and bronchiectasis, these are the leading indication
for lung transplantation in older adults. In combination with a change in the lung allocation system
LAS, which prioritized risk of short-term mortality over time on the waitlist, as in IPF, has shifted
lung transplantation towards older and sicker patients [81].
Historically, single orthotopic lung transplantation was preferred over bilateral orthotopic lung
transplantation but this is an area of ongoing controversy. Bilateral lung transplantation offers a
long term survival over single lung transplantation but also is associated with increased short-term
complications. It seems that outcomes at age 75 and beyond are acceptable with single lung
transplantation [82]. Older donors, who may be declined for younger potential recipients, have a
lower overall and chronic lung allograft dysfunction (CLAD)-free survival [83], yet if centers take
waiting list mortality into account, they may be valuable for older recipients.
The "increased" mortality of older patients between 1 month and 1 year after lung
transplantation, seems to be predominantly from infectious causes and has been speculated to be
secondary to immunosenescence of older adults [84]. In fact, the most frequent cause of death at
one year after lung transplant in recipients aged 12 years or older are infections [37]. Type of
infections vary depending on the underlying scenario. This can include pre-transplant colonization
[85] with MDROs such as MDR Pseudomonas spp., Mycobacterium abscessus or M. aviumintracellulare among others, which can also result in intraoperative spillage with subsequent
empyema in our personal experience. The lung allograft is in direct and continual exposure to the
environment and therefore respiratory infections are frequent, especially in older adults. Mold
infections are particularly frequent and early recognition is particularly important in infections due
to non-Aspergillus spp. molds due to their high mortality [86]. Differentiating colonization from
infection can be challenging.
Of special note in the lung transplant population are infections due to Mycoplasma hominis and
Ureaplasma urealyticum which depend on urea hydrolysis to ammonia and carbon dioxide for
energy production. Hyperammonemia is often the only clue to their presence [87] and these
organisms are often not covered with the standard peri-transplant prophylaxis. There is not yet
sufficient data to understand if these infections are more common or pathogenic in the older lung
recipient.
Others: intestinal and multivisceral transplantation, vascularized composite allotransplantation
(VCA)
While these modalities of transplantation are associated with a high risk of infectious
complications due to their underlying nature (intestinal, multivisceral) and need for profound
immunosuppression (VCA), there is currently not much experience in the older patient.
4. Immunosenescence and Immunosuppression
4.1 Immunosenescence
The age related decline in immune function otherwise known as immunosenescence is a
multifactorial concept with a variety of consequences [3]. It not only affects the innate and
adaptive immune system but also alters the interface between innate and adaptive immune
systems, and the ratio of memory and naïve T cells. This limits the ability of older adults to
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respond to pathogens. Chronic viral infections might alter the capacity of T cells to proliferate.
CMV plays an important role as seroprevalence increases with age [88], its presence has been
related to enhanced immunosenescence [89], and it is of critical importance for the risk
stratification of transplant patients [90].
Inflamm-aging denotes the pro-inflammatory state that comes with aging [91]. Older adults
encounter changes or barriers that will put them at increased risk of peri- and post-transplant
infections. These are not only limited to alteration of barriers (e.g. skin, gastrointestinal), but also
involve a decreased cough reflex, lack of immunization, loss of protective antibodies over time, or
decreased antibody response to immunizations. The degree of exposure to certain pathogens and
their types might differ in the setting of institutionalization, prolonged hospitalizations and use of
catheters among others [89].
Immunosuppressive and other drug absorption can be a problem in patients with delayed
gastric emptying, decreased splanchnic blood flow and changes in cytochrome isoenzymes [92, 93].
At this point in time there is limited data regarding immunosenescence in organ transplantation
and vulnerability to infection [94, 95]. Yet, with much experimental data coming from outside of
transplantation, its impact in this field is not completely understood [92, 96].
However, while chronological age is a risk factor for disease and mortality, the concept of
biological aging denotes the heterogeneity of different biomarkers, genomic predictors and
biological processes in individuals. While biologic aging is seen in many chronic diseases, we have
little understanding of how these predictors work [97].
4.2 Immunosuppression
To date, adjustments to the maintenance immunosuppression in older adults are infrequently
made. The concept of individualized immunosuppression in this age group has been explored in
kidney transplant recipients but has yet to be implemented routinely in every center [92, 98-100].
Although there has been a historical concern with use of thymoglobulin induction therapy in older
patients, analysis of UNOS data demonstrated increased rates of rejection in high immunologic
risk elderly kidney transplant recipients receiving high risk organs [101], others support that a
lower dose of thymoglobulin might suffice [102]. Due to the increased immunogenicity of older
organs, some authors suggest that recipients of these organs may require more potent early
immunosuppression [96]. As described, older adults seem to have a high risk of infectious
complications [6, 60] and potentially lower risk of rejection [103-105], thus further research in the
area of optimal immunosuppression seems warranted.
5. Post-Transplant Follow Up
Post-transplant follow up for older adults should not differ from standard center-specific
protocols. Some unique situations that are of increasing concern in this population are highlighted
here.
5.1 Vaccines
There is a distinct benefit of giving vaccinations pre-transplant, that is, pre-immunosuppression.
Vaccination should occur pre-transplant whenever possible as per CDC and AST guidelines [106]
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but recognizing that immunosenescence results in older patients needing more frequent and
extensive lists of recommended vaccines. This includes household and other close contacts to the
patients. Live vaccines should be administered at least 4 weeks prior to immunosuppression and
are generally contraindicated after SOT. For other post-transplant vaccinations, the optimal timing
to resume immunizations has not been clearly defined but most centers will withheld them during
at least the first 2 months after SOT [107]. Increasingly strong data supports safety of vaccines
including certain adjuvant ones in the post-transplant phase without inducement of any
alloreactivity or frank rejection [108]. The CDC has not made recommendations regarding the use
of the recombinant zoster vaccine (RZV) in SOT [109, 110]. Preliminary data regarding the
immunogenicity and safety of RZV in kidney transplant recipients after transplantation are
promising [111] although long term follow-up and efficacy data are lacking.
5.2 Skin Cancers
Age by itself is a risk factor for skin cancer likely due to the accumulated exposure to ultraviolet
radiation. In addition to this, SOT are approximately 65-250 times more likely to develop
squamous cell carcinoma [112], which is more aggressive and associated with a higher mortality
than in the non-immunosuppressed. Extensive counseling regarding this complication, sun
protection, post-transplant surveillance and education regarding self-examination become
important. Certain immunosuppressants such as CNI are associated with an increased risk of skin
cancer when compared to mammalian target of rapamycin (mTOR) inhibitors [113].
Chemoprophylaxis to prevent skin cancer might be indicated in certain high-risk patients [114].
5.3 Other Malignancies Following SOT
SOT recipients are at a higher risk of infection-related malignancies such as certain
lymphoproliferative disorders (Epstein Barr Virus), anogenital and oropharyngeal cancers (Human
Papillomavirus) and Kaposi sarcoma (Human Herpesvirus 8) as well as infection-unrelated cancers.
Besides age and other individual risk factors (e.g. smoking history, genetics etc), CNI seem to be
the principal risk factor for post-transplant malignancies [115, 116], while other agents such as
mycophenolate mofetil and sirolimus have antitumor properties. Age appropriate cancer
screening should be ensured prior to listing, and continued after SOT, as cancer-related mortality
is higher than in the non-transplanted population [59].
5.4 Increased Cardiovascular Complications
Age is associated with an increase in atherosclerosis. Transplant recipients frequently have
several classic cardiovascular (CV) risk factors, in part exacerbated by the immunosuppression, e.g.
prednisone and the risk of post-transplant diabetes mellitus. The one exception where CV risk is
reduced after transplantation, yet still higher than in the general population, is in kidney
transplant recipients. Aggressive management of comorbidities and CV risk factors is encouraged
[117].

Page 219/394

OBM Transplantation 2019; 3(1), doi:10.21926/obm.transplant.1901046

5.5 Osteoporosis
Increasing age is an independent risk factor for osteoporosis and postoperative osteoporotic
fractures [118]. Immunosuppression, such as prednisone, contribute to further bone loss. In
addition, vitamin D levels are often low in the transplant population. Increased screening, vitamin
supplementation and biphosponates might be necessary.
6. Conclusions
Guidelines for the assessment and follow up of older SOT candidates and recipients are poorly
defined and for the most part lacking. However, what data does exist suggests outcomes after
transplant can be very good. Often, this is a carefully selected patient population. Transplant care
providers should be familiar with some important geriatric terms, and optimizing selection of
older adults undergoing SOT should be considered. Infections are frequent after SOT, especially in
older populations. Despite these complications and even with the use of suboptimal donors,
overall outcomes are favorable. Post-transplant care in older adults should be optimized;
especially immunosuppressive and antimicrobial prophylactic protocols might need adjustment.
The absence of standardized measurements in this patient population is a major gap and
opportunity for future research.
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Abstract
Mucormycosis is a rare fungal infection associated with high morbidity and mortality that
typically afflicts immunocompromised hosts. We present a case of isolated hepatic
mucormycosis with Rhizopus spp. that developed in the early post-transplant period. Initial
presentation was concerning for allograft rejection, but definitive diagnosis was made with
histopathology and fungal culture. The patient had a favourable outcome with surgical
resection, a course of liposomal amphotericin B combined with micafungin, and chronic
suppressive therapy with posaconazole. We encountered only four cases of isolated hepatic
mucormycosis in solid organ transplant recipients in the literature that presented as either
fungal abscess or surgical anastomosis rupture. This case report and literature review
demonstrates the need for urgent diagnosis and management of this uncommon condition
and outlines an effective therapeutic regimen.
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1. Introduction
Mucormycosis is a rare, angioinvasive infection caused by fungi predominantly within the order
Mucorales [1]. These organisms are ubiquitous in the natural environment, and exposure occurs
through inhalation or ingestion of spores, or less commonly, through inoculation by penetrating
trauma [2]. Sino-orbital, pulmonary, gastrointestinal, and cutaneous sites are most commonly
infected. Persons who develop infection are often immunocompromised from neutropenia,
uncontrolled diabetes, hematologic malignancy, transplantation, or are iron overloaded [3, 4].
Mortality from mucormycosis is high, and estimated to be 23% in a recent analysis [5]. Treatment
typically includes surgical resection (proven to be of benefit in sinopulmonary disease) [6], and
anti-fungal therapy with amphotericin [7]. More recently, the triazoles isavuconazole and
posaconazole have been used as alternative or salvage therapy [8, 9]. Herein we present a case of
isolated hepatic mucormycosis developing less than four weeks after orthotopic liver transplant
which was successfully treated with liposomal amphotericin B, multiple surgical resections, and
chronic suppressive therapy with posaconazole.
2. Case Report
A 53-year-old man with a history of decompensated cirrhosis (complicated by portal
hypertension, esophageal varices, and ascites) secondary to alpha-1-anti-trypsin deficiency, well
controlled diabetes mellitus and hypertension was transferred to our institution from an outside
hospital for suspected gastroparesis. The patient was already listed for liver transplant at the time
of admission. Notably, admission studies revealed moderate neutropenia, with an absolute
neutrophil count (ANC) of 600/µl.
On day two of admission, a donor liver became available, and patient underwent orthotopic
liver transplantation without any immediate complications. The patient’s ANC rose to 22 K/µl
following surgery. A donor core needle liver biopsy showed no evidence of fibrosis, or any other
underlying pathology. The patient received 500 mg of methylprednisolone intra-operatively,
followed by gradual taper over three days. Mycophenolate mofetil and tacrolimus were initiated
on post-operative day one. Pathology from the explanted liver showed cirrhosis with numerous
PAS-D positive intracytoplasmic globules consistent with alpha-1-anti-trypsin deficiency, a
scattered moderate increase in hepatocellular iron (grade 2 of 4), no stainable copper, patchy mild
macro vesicular steatosis, and increased hepatocellular nuclear glycogen that was probably
related to diabetes. There were no signs of fungal infection.
On post-operative day six, serum bilirubin up-trended as transaminases down-trended, and an
ultrasound and liver biopsy were obtained. Abdominal sonogram was normal, but core needle
biopsy demonstrated severe cholestasis and severe acute cholangiolitis interpreted as likely
secondary to biliary obstruction. Given concerns for stricture, an ERCP was performed which
showed an anastomotic stricture in the common bile duct necessitating stent placement. The
patient was discharged to an on-site acute rehabilitation facility on post-operative day 14 with
continued follow up by transplant surgery and hepatology teams.
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On post-operative day 16, the patient developed worsening liver function tests: total bilirubin
increased from 2.8 to 4.2 mg/dL, alkaline phosphatase decreased from 93 to 58, aspartate
transaminase (AST) rose from 34 to 174 U/L, and alanine transaminase (ALT) rose from 61 to 204
U/L. No neutropenia was present at that time. Given concerns for allograft rejection,
mycophenolate dosing was increased to 500 mg every 12 hours, and the patient was given
methylprednisolone 500 mg IV daily for five days. A right upper quadrant ultrasound was
performed and showed an ovoid, heterogeneous, avascular, subcapsular structure along the
hepatic dome. This was initially interpreted to be a resolving postoperative hematoma. However,
the patient developed right sided abdominal pain, and underwent repeat abdominal
ultrasonography which showed a slight increase in size of the heterogenous lesion in the hepatic
dome, and more liquefied components extending into the adjacent perihepatic space. A triplephase contrast computed tomography scan of abdomen and pelvis confirmed the presence of a
large multi-loculated fluid density lesion within the right hepatic lobe with peripheral
enhancement and internal septal enhancement that was interpreted to be most concerning for
abscess.
Given imaging findings concerning for liver abscess, interventional radiology performed an
ultrasound guided aspiration of the hepatic fluid collection on post-operative day 25. Vancomycin
and piperacillin-tazobactam were also initiated. Fungal smear from aspirated fluid revealed nonseptate hyphae, suggestive of a mucorales mould. High dose liposomal amphotericin B (5 mg/kg IV
daily) and micafungin 150 mg IV daily were initiated. The patient was taken emergently for
exploratory laparotomy, and debridement of the liver abscess. Following this procedure, the
remaining cavity was irrigated with a solution comprised of 50 mg of amphotericin B deoxycholate
in 1000 mL of sterile water. Irrigation of the abscess space every four hours was continued via
Jackson-Pratt drains. Histopathology of the abscess wall showed severely inflamed granulation
tissue, reactive cholangiolar proliferation, reactive inflammatory giant cells and numerous hyphal
structures consistent with mucormycosis (Figures 1, 2). Fungal cultures from operative specimens
grew Rhizopus spp -our laboratory did not perform speciation or susceptibility testing. At time of
diagnosis and in the admission preceding this incident, the patient did not endorse sinopulmonary
symptoms. Imaging of the chest and sinuses showed no findings concerning for invasive fungal
infection. Over the following weeks, the patient underwent repeated surgical debridements of the
liver until the margins were clear of disease. Pathologic specimens during this time were also
noted to have tissue invasive CMV, and the patient was treated with a 14-day course of IV
ganciclovir followed by a three-month course of oral valganciclovir.
The patient was treated with liposomal amphotericin B and micafungin for six weeks for the
Rhizopus infection and transitioned to monotherapy with oral delayed-release posaconazole
tablets (300 mg Q12 hours on day 1, then 300 mg once daily from day 2 onwards). The most
recent computed tomography scan of the patient’s abdomen and pelvis two years following
diagnosis of hepatic mucormycosis showed no evidence of liver lesions. He has done well on
follow-up and continues to be on posaconazole therapy.
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Figure 1 Hepatocytes with adjacent fungal hyphae consistent with mucormycosis.
Grocott’s methenamine silver stain, 200x magnification.

Figure 2 Hepatocytes with adjacent fungal hyphae consistent with mucormycosis.
Hematoxylin and eosin stain, 400x magnification.
3. Discussion
We found seventeen cases of isolated hepatic mucormycosis in the literature [10-27], of which
the majority had hematologic malignancy with associated neutropenia and/or cytotoxic
chemotherapy. We identified only four cases of isolated hepatic mucormycosis in solid organ
transplant recipients, of whom three had liver transplants and one had a kidney transplant (Table
1). The small number of cases makes it difficult to draw definitive conclusions, but it appears that
isolated hepatic mucormycosis presents as either fungal abscess formation (as with our patient) or
vascular invasion causing rupture of surgical anastomoses. Diagnosis is attained through
microbiological and histopathological methods, and management includes surgical and medical
therapy. Surgical resection of disease combined with medical therapy has previously been
demonstrated to improve outcomes when compared to anti-fungals alone [28]. Regarding medical
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therapy, available agents with activity against Mucorales include amphotericin, posaconazole and
isavuconazole [29]. Amphotericin is the best studied of the above anti-fungals, and remains the
preferred initial therapy for mucormycosis, with treatment usually lasting for at least six weeks
(although tailoring of therapy to individual circumstance and response is common) [30].
Posaconazole may be used as salvage or suppressive therapy against mucormycosis [31].
Isavuconazole has been found to have comparable outcomes to amphotericin in a compassionate
use trial [9]. While echinocandins have not demonstrated effectiveness against Mucorales on their
own, a murine study and a small human trial have shown improved outcomes when an
echinocandin was used in combination with amphotericin, suggesting potential synergy [32, 33]. A
larger study subsequently demonstrated no difference in outcomes with echinocandin and
polyene combination therapy [34], suggesting that adding an echinocandin to a polyene-based
regimen should be made on a case by case basis. As immunosuppression in organ transplant
recipients can never be fully lifted, the question of duration of suppressive anti-fungal therapy for
Mucorales infections in this sub-set of patients remains open. The rarity of this infection, and
therefore the paucity of data, makes this question difficult to study. Given the severity of initial
infection with repeated debridements of the allograft, we have elected to keep our patient on
posaconazole therapy indefinitely.
One of the more curious aspects of our case, and other similar cases, was the isolated hepatic
involvement of infection. Typically, infection begins with inhalation of spores into the nares,
oropharynx or airways, or with ingestion of spores in cases of gastrointestinal mucormycosis.
However, in our patient along with other similar cases in Table 1, there was no evidence of other
organ involvement. In the case of Abboud et al., the authors surmised the source was possibly
donor derived as the liver donor was a prior kidney transplant recipient on immunosuppression
[22]. Mekeel et al. were unable to find an obvious source for the infection as the transplanted
kidney did not have evidence of mucormycosis on pathology [16]. Del Pont et al demonstrated
evidence of Mucorales infection within the external surgical site, leading to the thought that the
wound was contaminated by adhesive bandages or airborne spores that led to a deeper infection
[15]. Zhan et al. also believe the source involved the donor graft, in either a pre-existing infection
of the tissue or environmental contamination during prolonged harvest, transportation, and
surgical time [17]. Regarding our patient, we reviewed records of other organ recipients from our
case’s liver donor, and did not find other cases of mucormycosis, making a donor-derived infection
less likely. Peri-operative contamination or seeding from bandages remain possibilities in keeping
with the other cases of isolated hepatic mucormycosis listed above.
This case adds to the small but growing literature of hepatic mucormycosis following orthotopic
liver transplant and details an effective strategy for treatment that includes medical therapy and
aggressive surgical debridement. Although rare, hepatic mucormycosis can be associated with
high morbidity and mortality in liver transplant recipients and should be considered in patients
with liver abscess formation or rupture of surgical anastomoses.
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Table 1 Cases of hepatic mucormycosis in solid organ transplant recipients.
Author
Abboud, et
al [22].

Time since Age (years),
transplant gender
47 days
23, F

Mekeel, et 10 months 50, M
al [16].
Del Pont, et 11 days
2, M
al [15].
Zhan, et al
[17].

8 days

41, M

Comorbid
condition
OLT, donor a renal
transplant
recipient
CRT, HCV, DM

Immunosuppression Signs and symptoms Management Outcome

HAV, OLT

OLT, CRT,
aspergillosis, DM

FK, prednisone,
MMF

RUQ pain, fever

Prednisone

Abdominal mass

Azathioprine,
methylprednisolone,
cyclosporine
Methylprednisolone,
cyclosporine,
cyclophosphamide

Hepatic artery
thrombus, rupture
of anastomosis
Rupture of
anastomoses

L-AmB,
transition to
posaconazole
Hepatic
resection
Conventional
amphotericin

Survival, posaconazole
stopped after 6 months

Surgical
debridement

Death, hemorrhagic
shock

Death, septic shock
Death, progressive liver
failure

Abbreviations: OLT: orthotopic liver transplant, F: female, M: male, FK: tacrolimus, MMF: mycophenolate mofetil, CRT: cadaveric renal transplant, DM:
diabetes mellitus, L-AmB: liposomal amphotericin B, RUQ: right upper quadrant.
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Abstract
The success of tissue transplantation from a healthy donor to a diseased individual (allotransplantation) is regulated by the immune systems of both donor and recipient.
Developing a state of specific non‐reactivity between donor and recipient, while maintaining
the salutary effects of immune function in the recipient, is called “immune (transplantation)
tolerance”. In the classic early post‐transplant period, minimizing bidirectional donor ←→
recipient reactivity requires the administration of immunosuppressive drugs, which have
deleterious side effects (severe immunodeficiency, opportunistic infections, and neoplasia,
in addition to drug-specific reactions and organ toxicities). Inducing immune tolerance
© 2019 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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directly through donor and recipient immune cells, particularly via subsets of immune
regulatory cells, has helped to significantly reduce side effects associated with multiple
immunosuppressive drugs after allo‐transplantation. The innate and adaptive arms of the
immune system are both implicated in inducing immune tolerance. In the present article, we
will review innate immune subset manipulations and their potential applications in
hematopoietic stem cell transplantation (HSCT) to cure malignant and non-malignant
hematological disorders by inducing long-lasting donor  recipient (bidirectional)
immune tolerance and reduced graft-versus-host disease (GVHD). These innate
immunotherapeutic strategies to promote long‐term immune allo-transplant tolerance
include myeloid-derived suppressor cells (MDSCs), regulatory macrophages, tolerogenic
dendritic cells (tDCs), Natural Killer (NK) cells, invariant Natural Killer T (iNKT) cells, gamma
delta T (γδ‐T) cells and mesenchymal stromal cells (MSCs).
Keywords
Innate immune cells; central tolerance; peripheral tolerance; allo-transplantation; Graftversus-Host Disease; rejection; thymic selection; regulatory T Cells; immunosuppression;
mixed chimerism

1. Introduction
Clinical allograft rejection was first reported by Earl C. Padgett in 1932, when he applied
unrelated skin grafts to treat burn patients. Padgett noted that, whereas skin grafts derived from
donors unrelated to the recipients were rejected within a short time, grafts deriving from close
relatives were not immediately rejected by the transplant recipient. This was the first observation
of an effect of genetic compatibility between donor and recipient on graft survival, a phenomenon
mechanistically explained when the immunological basis of allo-rejection was later elucidated by
Gibson and Medawar in 1943 [1-3]. In 1948, Medawar and colleagues made the key observation
that cellular components of the recipient immune system are responsible for the rejection of the
graft and that this phenomenon was subject to some form of immunologic “memory” [4-7].
Medawar’s observation was complemented in 1949 by Burnet’s theory that the immune system
can discriminate between foreign antigens (i.e. "non-self” antigens) and antigens derived from
one’s own body (i.e. "self” antigens) [1, 3]. In 1957, E. Donnall Thomas documented the first
human allogeneic hematopoietic stem cell transplantation (allo-HSCT) procedure followed by
much of his developmental work on bone marrow and blood-derived HSCT [8-10].
The advent of immunosuppressive drugs led to markedly improved success in preventing graft
rejection. In 1972, Cyclosporine A (CsA) was found to be lymphocyte immunosuppressive and was
approved in 1980 for use in allo-transplantation [11, 12]. However, CsA and other existing
immunosuppressive drugs have deleterious side effects including renal, hepatic, cardiovascular
and metabolic dysfunction, opportunistic infections, and secondary malignancies. To improve the
quality of life for patients undergoing allo-HSCT, new strategies are evolving to reduce or eliminate
the use of immunosuppressive drugs post-HSCT (reviewed in [13]).
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Non-reactivity between donor and recipient immune systems is defined in specific ways, each
with specific clinical correlates (Figure 1A). Lack of responsiveness between donor and recipient
without ability to respond to third party antigens (non-specific non-responsiveness) is termed
‘anergy’. Anergy is a form of generalized immune suppression and can clinically associate with lack
of robust responses to exogenous or endogenous pathogens. Transplant tolerance is distinct from
anergy in that it is donor  recipient alloantigen-specific, with maintenance of reactivity to
third party antigens and, importantly, pathogens (reviewed in [7, 14-16]).

Figure 1 Bidirectional immune features required for operational tolerance (OT) in allotransplantation. A: Immune correlates and associated clinical outcomes. After OT
induction in either HSCT or solid organ transplantation, specific immune phenomena
(Immune Phenotype) correlate with specific measurable correlates. The specific clinical
outcome associated with each phenotype is defined on the right of the figure (Clinical
Outcome). B: OT requires bidirectionality donor recipient immune tolerance. Not only
must OT fulfil specific immune criteria in the absence of immune suppression, but this
stable long-range balance must be maintained in both the GvH and HvG directions in
order to achieve durable graft acceptance without GVHD. MLR, mixed leukocyte reaction;
GvH, graft-versus-host reactivity (associated with graft-versus-host disease); HvG, hostversus-graft reactivity (associated with graft rejection).
2. Strategies to Induce Long-Term Immune Tolerance after Allo-transplantation
The distinction between anergy and tolerance (Figure 1) is not merely academic, as multiple
translational studies have shown the relevance of antigen-specific hyporeactivity between donor
and recipient to the maintenance of a healthy graft without graft-versus-host disease (GVHD),
while maintaining host resistance to exogenous pathogens [14, 17-19]. Once antigen-specific
tolerance is achieved, the next step is insurance of a stability of this tolerance. This is because
maintaining a transplant recipient on lifelong immunosuppression is known to greatly compromise
quality of life and increase the risk of transplant-related death from serious infections and drugassociated acute and chronic complications. When (alloantigen-specific) transplant tolerance can
be maintained in the absence of drug-induced immunosuppression, this is known as ‘operational
tolerance’. To achieve operational tolerance (OT) is the “holy grail” in allo-transplantation and is
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thus a major focus of preclinical and translational research. Importantly, OT requires
bidirectionality (stable maintenance of host-versus-graft and graft-versus-host antigen-specific
hyporeactivity) (Figure 1A) in order to be clinically meaningful, as imbalance of either results in
graft rejection or GVHD.
3. Mixed Chimerism as a Means of Operational Tolerance Induction
One well-studied and translated mechanism for OT induction which does not relate solely on
individual immune subsets is the induction of mixed chimerism. This involves rebooting the
immune system of the transplant recipient by inducing tolerance to the hematopoietic stem cell
(HSC)-derived immune components of the graft donor, and vice versa. After successful OT
induction in allo-HSCT, HSCs from the donor and recipient can stably coexist in a patient via
induction of host-versus-graft (HvG) and graft-versus-host (GvH) tolerance, also termed
“bidirectional immune tolerance” (Figure 1B). This state is characterized by stable co-existence of
multilineage hematopoiesis of both recipient and donor, termed ‘stable mixed chimerism’ [20-22].
Additionally, the introduction of an immune system derived from the transplanted HSCs that
matches the transplanted organ can result in ongoing thymic deletion of recipient T cell clones
capable of rejecting the graft, as well as abrogation of donor T cell clones capable of inducing
GVHD. This has successfully achieved solid organ tolerance in human clinical trials. However, such
“mixed chimerism tolerogenic protocols” include all of the risks and toxicities associated with
HSCT, including short- and long-term toxicity of HSCT conditioning regimens [21, 23, 24]. In this
review, we will focus on the roles of innate immune cell subsets of both the donor and recipient
immune system in GVHD and donor  recipient transplantation tolerance after HSCT. We will
also discuss the potential therapeutic applications of these cells to cure malignant and nonmalignant hematological disorders by inducing long-lasting immune tolerance and reducing GVHD.
4. Innate Immune Transplant Tolerance
The innate immune system forms the first line of defense against foreign pathogens. Innate
immune mechanisms are critical to consider in effecting and maintaining transplantation tolerance
across histocompatibility barriers. By definition, these mechanisms are not restricted by major
histocompatibility complex (MHC) antigens or, in humans, Human Leukocyte Antigens (HLA). Thus,
these components can be harnessed to maintain immune tolerance following HLA-incompatible
transplants, as we have shown in murine models of MHC-mismatched HSCT [25-28].
4.1 Innate Myeloid Populations
MDSCs, regulatory macrophages, and tolerogenic DCs have all been implicated in allo-HSCT
transplant tolerance.
4.1.1 Myeloid-Derived Suppressor Cells (MDSCs)
Nomenclature and Phenotype. MDSCs, expand and recover rapidly after allo-HSCT [29, 30] and
can contribute directly to the immunosuppressive tumor microenvironment by dampening T
effector cell responses (reviewed in [31, 32]). While this immunosuppressive function may be
detrimental in the immune response to cancer, it can be instrumental in achieving transplant
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tolerance after allo-HSCT [27-30], particularly for non-malignant disorders in which anti-tumor
activity is not a consideration. MDSCs constitute a heterogeneous population which can be
classified into two broad sub-categories: granulocytic/neutrophilic MDSCs (PMN-MDSCs) and
monocytic MDSCs (M-MDSCs) [33-35]. Murine PMN-MDSCs are defined as
CD11b+Ly6G+Ly6Clow and M-MDSCs as CD11b+Ly6GnegLy6Chigh. In humans, PMN-MDSCs are defined
as
CD11b+CD14negCD15+CD66b+LOX-1+ cells
and
M-MDSCs
are
defined
as
+
+
+
neg
neg
low
CD11b CD33 CD14 CD15 CD66b HLA−DR cells [35, 36]. Proof of the capacity for T effector
cell suppression is obligatory to identify cells as MDSCs. This is because (classical, nonallosuppressive) mature monocytes share many other phenotypic and morphologic features with
M-MDSC. The same is true in differentiating neutrophils from PMN-MDSCs; namely, only PMNMDSCs are known to be allosuppressive [33-35, 37, 38]. In this context, there is some ongoing
debate in the field whether MDSCs should be regarded as distinct entities or as
monocytes/neutrophils that have been reprogrammed to have immunosuppressive capacity [3742]. Therefore, better characterization of these cells is needed in order to understand how to
phenotypically separate them from other mature myeloid cells.
Preclinical Data. In MHC-matched mouse bone marrow transplantation (BMT) studies, donor
MDSCs can expand in response to irradiation [43]. Moreover, total MDSC numbers have been
correlated to acute GVHD severity in an MHC-mismatched mouse allo-transplant model, and
removal of MDSCs aggravates GVHD [44]. In other studies with similar models, donor MDSCs
induce allo-HSCT transplantation tolerance by suppressing alloreactive T cells via the
enhancement of either arginase-1 or iNOS expression, causing local depletion of L-arginine
required for optimal T cell proliferation and survival [45, 46]. Interestingly, Wang et al. [44]
showed that donor-derived MDSCs from recipients with GVHD were more potent in their
inhibition of alloreactive T cell proliferation than donor MDSCs from non-GVHD recipients,
suggesting the requirement for an inflammatory immune milieu to optimize MDSC allo-suppressor
capacity against GVHD-inducing effector T cells. MacDonald et al. [47] demonstrated that donor
MDSCs can suppress GVHD by promoting class-II dependent, interleukin (IL)-10 producing T cells.
Indeed, infusion of ex vivo generated human cord blood MDSCs into a murine allo-HSCT model of
chronic GVHD results in regulatory T cell (Treg) expansion thereby attenuating GVHD severity [48].
Tregs are important for controlling alloreactive T cell responses to “self” antigens in the nontransplant setting and for maintaining allograft tolerance in both organ transplant and allo-HSCT
[49, 50]. Although detailed mechanisms for MDSC-dependent Treg expansion in allo-HSCT remain
undefined, it may be either contact-dependent via programmed death-ligand 1 (PD-L1) as we have
shown [27] or mediated via the paracrine production of regulatory cytokines such as transforming
growth factor-beta (TGF-β) and IL-10 [45, 51-53]. While the above mentioned work has mainly
focused on donor MDSCs in MHC-mismatched allo-HSCT after total body irradiation (TBI) in mice,
we have shown that recipient MDSCs and Th2 cytokine signaling are both necessary and required
to potently suppress GVHD after nonmyeloablative MHC-mismatched HSCT [27] (Figure 2). We
demonstrated in a murine GVHD model system that recipient MDSCs have the ability to convert to
regulatory myeloid DCs, which in turn augment donor Treg recovery via a PD-L1 dependent
mechanism to induce graft-versus-host immune tolerance [27]. Cumulatively, these data point to
MDSC as a potential candidate for cellular immunotherapy, both to prevent and to treat GVHD
[44-46, 54]. Toward that end, MDSCs have been expanded in vivo with granulocyte-colony
stimulating factor (G-CSF) [44], a synthetic fusion of G-CSF and Flt-3 [47], or IL-33 [55]. In vitro
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generation of MDSCs can be achieved by culturing BM cells with granulocyte-macrophage colony
stimulating factor (GM-CSF) and G-CSF either with or without addition of IL-13 [45, 46], or a
combination of GM-CSF with IL-6 [56]. Zhou et al. [54] reported a method to use embryonic stem
cells for in vitro MDSC differentiation by stimulating these cells with a cocktail of c-kit ligand,
vascular endothelial growth factor (VEGF), Flt3 ligand (Flt3L), and thrombopoietin. Notably,
relatively high ratios of MDSCs to donor T cells (4:1) appear required for GVHD suppression [45,
54]. Human cord blood MDSC infusion into a xenogenic mouse model has shown a reduction in
chronic GVHD of skin, lung, and liver [48].

Figure 2 Innate immune networks are a platform for OT induction across
histocompatibility barriers. Operational tolerance (OT) is governed through a complex
interaction between the innate and adaptive immune systems. The interface between
innate (violet) and adaptive (green) is indicated in the figure and represents the bridging
of OT across MHC barriers. iNKT, invariant Natural Killer T cell; MØ reg, regulatory
macrophage; DC, dendritic cell; MDSC, myeloid- derived suppressor cell; MSC,
mesenchymal stromal cell; NK, Natural Killer cell; γδ, gamma-delta T cell; Treg, regulatory
T cell; Breg, regulatory B cell; Tfr, regulatory follicular helper T cell; Teff, T effector cell.
Clinical Data. Paralleling the data in mice, MDSC numbers have been shown to increase with
donor-induced acute GVHD in leukemia patients receiving allo-HSCT [29, 30, 57]. GM-CSF, G-CSF,
and IL-6, factors known to promote MDSC expansion, are highly present post-HSCT [57, 58].
CD14+HLA-DRneg/lowIDO+ M-MDSCs, as reported by Mougiakakos et al., are not only significantly
increased in acute GVHD patients, but can also suppress T cell proliferation in vitro [57]. Moreover,
inhibition of indoleamine 2,3-dioxygenase (IDO) leads to an almost 3-fold increase in T effector cell
proliferation and enhanced interferon-gamma (IFN-γ) release [57]. Aside from T cell suppression
and in support of our murine findings [27, 28], human MDSCs have been shown to enhance
recovery of both CD4+ and CD8+ Tregs post allo-HSCT [29, 59]. To date, there are no published
trials of human MDSC infusions into patients with active GVHD. MDSCs are a rare population in
healthy individuals and therefore difficult to isolate. In order to generate enough M-MDSC
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numbers for infusion, ex vivo expansion procedures are being attempted. These mainly utilize GMCSF with IL-6 [59], GM-CSF with both IL-6 and VEGF [60], or co-culture with human solid tumor cell
lines [60]. Although MDSCs seem promising cellular immunotherapy candidates for inducing and
maintaining transplant tolerance, caution is warranted because undifferentiated myeloid subsets
are highly adaptable and could theoretically rapidly switch from anti- to pro-inflammatory
phenotypes in inflammatory milieus. For example, murine MDSCs are susceptible to
inflammasome induction when introduced into a severe inflammatory environment such as that of
acute GVHD [61]. Another important therapeutic consideration is that timing of MDSC infusion
may be critical to tolerogenesis or to impeding critical anti-viral immunosurveillance [62].
4.1.2 Monocytes and Macrophages
Nomenclature and Phenotype. Macrophages and their (monocyte) precursors rapidly migrate
into inflamed tissues in response to injury. Macrophages are the major cell type infiltrating
chronically rejected allo-grafts [63] and constitute a phenotypically heterogeneous and
remarkably plastic population which can differentiate into a wide spectrum of functional subsets
depending upon the tissue microenvironment [63, 64]. In response to different stimuli, infiltrating
monocytes preferentially differentiate into “classically activated” or “alternatively activated”
macrophages with divergent functions. Classically activated macrophages (M1 macrophages)
develop in response to IFN-γ and lipopolysaccharide (LPS), secrete high levels of pro-inflammatory
cytokines, and typically promote a Th1 response [65]. These pro-inflammatory M1 macrophages
express high levels of arginase-2, inducible nitric oxide synthase (iNOS), tumor necrosis factoralpha (TNF-α), IL-1, IL-6, and CD86 (reviewed in [66]). In contrast, exposure to Th2-polarizing
cytokines leads to the development of alternatively activated M2 macrophages. M2 macrophages
are typically regulatory and can be subdivided into M2a, M2b, and M2c subsets, each identifiable
by their surface markers and cytokine release profile in response to inflammatory stimuli
(reviewed in [66, 67]). All three M2 subsets share the capacity for potent IL-10 secretion. M2a
macrophages typically express arginase-1, CD206, CD209, FcεR, and the scavenger receptor CD163
and suppress tissue inflammation [68, 69]. The M2b subset, induced by co-ligation of macrophage
FcRs by IgG complexes coupled with toll-like receptor (TLR), CD40 or IL-1R engagement, is
immunoregulatory and produces high levels of IL-10, IL-1, IL-6 and TNF-α [66]. M2c tissue repair
macrophages are induced with IL-10, express cell-surface SLAM, CD206, and FIZZ1, and produce
high amounts of IL-10 and TGF-β [66].
Preclinical Data. Allograft-infiltrating macrophages can cause allograft injury/rejection, tissue
remodeling, or graft-site immunoregulation via diverse mechanisms. Thus macrophages can have
either protective or detrimental functions in the allo-transplant setting, dependent upon immune
phenotypes. For example, M1 macrophages are associated with T cell independent acute allograft
rejection. In acute GVHD the tissue repair functions of recipient M2 macrophages contribute to
resolving inflammation. However, in chronic GVHD these same M2 mechanisms can contribute to
fibrosis and delayed allograft failure. Specific experimental data follow.
Following myeloablative HSCT, the recipient’s bone marrow (BM) microenvironment is severely
damaged due to the cellular stress and tissue injury associated with the pre-conditioning regimen,
including adenosine triphosphate (ATP) and Th1 cytokine release, apoptosis of the supporting cells,
and microbial antigen leakage from the gut. The latter in turn activates M1 macrophages
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(reviewed in [65]). M1 macrophages are associated with T cell-independent acute allograft
rejection in a murine model of MHC-mismatched allo-HSCT [70-72]. Recipient M1 macrophages
can exhibit potent cytotoxicity against the donor BM via the TLR4/toll-interleukin-1 receptor
domain-containing adapter inducing interferon-β (TRIF) [71]. TLR4 activation has been identified
as a barrier to transplant tolerance (reviewed in [65]). TLR4 recognizes LPS, which can leak from
the gut in response to radiation-associated conditioning regimens (reviewed in [73]).
In acute GVHD the tissue repair functions of recipient M2 macrophages contribute to resolving
inflammation. In contrast to M1 macrophage TLR4 induction of HSCT allograft rejection [71],
Imado et al. [74] showed a protective role for host macrophages with regards to acute GVHD. In
agreement with Imado et al. [74], the Merad group has shown that reduction of recipient
macrophage numbers results in increased donor T cell expansion, thereby exacerbating acute
GVHD after allo-HSCT [75]. Conversely, when recipients were given CSF-1 therapy pre-HSCT (a
treatment which expands M2 macrophages), donor T cell expansion was reduced and GVHD
morbidity and mortality improved [75]. Recipient macrophages persisting post allo-HSCT are
capable of engulfing donor allogeneic T cells directly [75], thus regulating or preventing GVHD.
However, in chronic GVHD these same M2 macrophage subsets can be detrimental; in mouse
models of chronic GVHD, recipient M2 macrophages aggravate the disease by attracting
myofibroblasts and increasing TGF-β, inducing massive fibrosis [76, 77]. M2 macrophage
polarization can be induced by ER stress, and macrophages subjected to ER stress have been
linked to chronic GVHD [78, 79].
Clinical Data. In congruence with the murine preclinical data, an increased ratio of
macrophages to total nucleated cells at day 14 post allo-HSCT was associated with delayed
engraftment or subsequent graft failure in 32 patients [80]. A genome wide association study
(GWAS) in 492 HLA-matched sibling HSCT donor-recipient pairs from Finland and Spain showed
that certain single nucleotide polymorphisms (SNPs) in key macrophage functional gene loci such
as IL-1R, TNF-α, IL-10, and NFKBIA are associated with acute GVHD [81]. In this same study, IL-1B,
IL-23R, TLR9, and NOD2 associated with chronic GVHD. Interestingly, all these factors are known to
play a role in the antimicrobial response of macrophages [82], which follows intestinal damage
from the conditioning regimen. In addition, it is known that patients with pre-existing intestinal
damage pre-HSCT are more likely to develop acute GVHD after HSCT [83]. Recipient dermal
macrophages can be found in GVHD lesions and may persist up to one year post allo-HSCT [84].
Plasma CD163, a macrophage scavenger receptor, has been correlated with a higher cumulative
incidence of chronic GVHD in a cohort of 167 patients [85]. Increased CD163 with exposure to the
anti-inflammatory cytokine IL-10 may contribute to M2 macrophage recruitment and chronic
GVHD pathogenesis [86]. To date, the only attempts to apply regulatory macrophages as a cellular
immunotherapy are in renal transplant patients. Hutchinson et al. [87] successfully infused 2
patients with donor regulatory macrophages pre-transplantation and maintained graft
functionality for 3 years. These regulatory macrophages were generated using M-CSF for 7 days
with a 24-hour stimulation with IFN-γ at day 6. This cellular therapy has yet to be tested in alloHSCT trials. There are some safety concerns with regards to macrophage plasticity after infusion,
since these cells change their phenotype based on their specific microenvironment. One could
envision mitigating this by timing the infusions pre-HSCT.
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4.1.3 Dendritic Cells (DCs)
Nomenclature and Phenotype. As professional antigen presenting cells, DCs are responsible for
inducing adaptive immunity essential for priming antigen-specific T cell responses to alloantigens.
By regulating these functions, DCs may also promote tolerogenic responses (reviewed in [88, 89]).
DCs are heterogeneous, with multiple subsets and distinct functions based on their origin,
maturation state, and localization. Mature DCs from the blood include plasmacytoid DCs (pDCs),
which are CD11cloMHC-IIlo, and myeloid DCs (mDCs) characterized as CD11chiMHC-IIhi. In mice,
pDCs can be delineated by their B220 and Siglec-H expression; human pDCs are
CD303+CD123+CD304+. Mouse mDCs are recognized as CD24+BDCA-1+Btla+; human mDCs are
described as CD11c+CD1c+BDCA-1+ (reviewed in [90]). Designated separately, tolerogenic DCs
(tDCs) are a subset of typically immature mDCs with lower MHC-II surface levels, lower expression
of co-stimulatory molecules, and a reduced capacity to produce pro-inflammatory cytokines as
compared to the mature DCs (reviewed in [89]). In addition to the above mentioned subsets, there
are many other types of tissue-resident DCs whose phenotypes and functions have been
extensively reviewed elsewhere [90, 91].
Preclinical Data. DC maturation states partially define whether they facilitate or inhibit
alloresponses in transplantation, with mature DCs classically defined as potent inducers of
alloreactivity and thus of organ rejection and GVHD [92, 93]. Mature DCs present antigen to
allogeneic effector T cells, activating them to attack the allograft and inducing graft rejection
(reviewed in [94-96]). Most of these rejection studies have been performed in solid organ
transplant models (reviewed in [97]). In mice transplanted with MHC-mismatched T cell-depleted
BM, surviving recipient cutaneous DCs are sufficient [98] but not required [99] triggers for
generation of cutaneous GVHD. Acute GVHD is mostly caused by recipient APCs priming donor T
cells in the first few days after allo-HSCT. Like recipient macrophages, recipient DCs can respond to
microbial peptides, ATP, and pro-inflammatory cytokines released from the irradiation-damaged
gut epithelium and leukocytes. Recipient DC Cathepsin E, an aspartate protease that cleaves
bacterial peptides for antigen presentation, regulates DC motility; mice deficient for Cathepsin E
are protected from GVHD [100]. Similarly, recipient DC microRNA-155 has been reported as a
factor in acute GVHD induction by promoting DC migration towards sites of ATP release [101]. ATP
attenuates GVHD by activating the purinergic receptor P2X7R. Recipient mice deficient for P2X7R
have decreased GVHD and improved survival associated with reduced donor T effector cell
expansion and increased CD4+Foxp3+ Tregs, while donor P2X7R deficiency has no effect on GVHD
severity or survival [102-104]. Acute GVHD can develop into chronic GVHD when donor mDC MHCII antigen presentation is impaired, associated with a failure of Treg homeostasis [105]. tDCs can
regulate central tolerance by migrating to the thymus, where they may augment negative
selection of “self”-/alloreactive thymocytes and the generation of Tregs (reviewed in [106-108]).
Unlike mature DCs, tDCs do not express the co-stimulatory molecules necessary to fully activate
an alloreactive T effector response. Likely for this reason, maintaining long-range immaturity of
DCs has been closely associated with the development of OT. tDCs can maintain OT through
multiple mechanisms, including driving naïve T cells to hyporeactivity or inducing T effector cell
differentiation into Tregs [109, 110] (Figure 2). Our group defined a critical role for recipient
tolerogenic immature myeloid precursors spared by non-myeloablative pre-HSCT conditioning in
maintaining MHC-mismatched OT by generating PD-ligand-expressing immature CD8αneg mDCs,
Page 246/394

OBM Transplantation 2019; 3(1), doi:10.21926/obm.transplant.1901044

which are both Th2 cytokine signaling-dependent and NKT-dependent [28]. These tDCs augment
donor-type antigen-specific Treg proliferation through the PD-1/PD-ligand axis [27, 28]. We
subsequently defined a means to augment these tDCs in vivo by adding alkylators to pre-HSCT
conditioning [27].
The role of pDCs in transplant tolerance is less studied. pDC precursor cells (pre-pDCs) have
been shown to facilitate allo-HSCT engraftment through Treg induction [111-113]. While data
suggest that mature recipient pDCs do not prevent GVHD [114], depletion of pre-pDCs from the
donor BM does result in aggravated GVHD [115], supporting a potential tolerogenic role for pDCs
in the appropriate milieu. In addition, adoptive transfer of donor pre-pDCs into an MHCmismatched mouse model of allo-HSCT diminished GVHD [115, 116]. Clearer elucidation of the
molecular mechanisms by which tDCs and specific subsets of mDCs and pDCs exert their
tolerogenic effects will support their application in OT induction.
Clinical Data. In patients undergoing myeloablative HSCT, donor mDCs and pDCs are already
detected in peripheral blood one day after allo-HSCT; within 2 weeks post-HSCT, the majority of
circulating DCs are of donor origin [117, 118]. In contrast, human Langerhans cells survive
conditioning regimens and persist long after HSCT [119]. After myeloablative pediatric allo-HSCT,
patients with acute GVHD had significantly lower numbers of circulating mDCs and pDCs as
compared to non-GVHD patients [120, 121]. Chan et al. [122] noted that patients with more
severe acute GVHD or extensive chronic GVHD had more recipient pDCs than donor pDCs, while
patients with low-grade acute GVHD had complete donor pDC reconstitution. Another study found
higher peripheral blood donor pDC levels in chronic GVHD patients versus non-GVHD patients,
while recipient pDCs were mostly found in control patients [123]. Also, a high pDC content in the
graft was associated with a higher risk of relapse and lower overall survival in patients receiving
allo-HSCT [124]. The discrepancies between these studies have been attributed to key differences
in conditioning regimens, differences in stem cell source, time of sampling, and pDC identification
by flow cytometry, but hey have yet to be meaningfully mechanistically explained.
Infusion of tDCs into a small group of healthy volunteers resulted in an antigen-specific
inhibition of T effector cell function [125] and CD8+ Treg induction [126]. Though Phase I clinical
trials with autologous tDCs in type 1 diabetic [127], rheumatoid arthritis [128], and Crohn’s disease
[129] patients show that tDCs are safely tolerated, to date there are no published trials studying
tDC immunotherapy after allo-HSCT. In the past 20 years, extensive efforts have been made to
generate maturation-resistant tDCs for this purpose, in vitro. tDCs are typically differentiated and
expanded from PBMCs in the presence of GM-CSF and IL-4 with the addition of 1 or more
tolerogenic factors [130, 131] including IL-10, TGF-β, Vitamin D3, dexamethasone, apoptotic cells,
corticosteroids, and/or rapamycin [130-140]. Immature tDCs may be a promising alternative to
existing regimens for tolerance induction, but require clinical study in the allo-transplant setting.
4.2 Innate Lymphoid Populations
Innate lymphoid cells are important as both effector and as regulatory cells, controlling tissue
inflammation and immune homeostasis. Since these cells are not MHC restricted in the classic
sense, but interact closely with MHC-restricted effector and regulatory T cells, they can be thought
of as bridging the innate and adaptive arms of immunity. These lymphocytes develop from a
common lymphoid progenitor, but lack the stochastic antigen receptor rearrangements seen in
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conventional MHC-restricted effector and regulatory T cells. NK cells, NKT cells, and γδ-T cells are
all innate lymphoid cells capable of contributing to graft rejection, GVHD, graft-versus-tumor
effect, or establishment of OT after allo-HSCT.
4.2.1 Natural Killer (NK) Cells
NK cells can directly kill those leukemic target cells that down-regulate their class I MHC to
escape CD8 T cell recognition and killing; they are therefore of great interest in cellular
immunotherapy and allo-HSCT.
Nomenclature and Phenotype. Human NK cells are defined as CD3negCD56+ and their mouse
counterpart is CD3negNK1.1+. Human NK cells can be further subdivided into immature lymph
node-/tonsil-homed CD56brightCD16neg cells and mature peripheral blood-/spleen-homed
CD56dimCD16+. Mature NK cells are predominantly cytotoxic [141]. In mice, 2 mature subsets can
be distinguished based on their CD27 expression [142]. NK cell functionality is regulated by several
activating and inhibitory receptors which can be either MHC-I specific or non-specific. In mice,
MHC-I specific receptors include the Ly49 family and the C-type lectin molecule CD94. Ly49
receptors recognize the MHC-I isoforms H-2D and H-2K. CD94 is covalently associated with NKG2
family members and binds to the MHC class I molecule. In humans, CD94 can bind to non-classic
HLA-E molecules on target cells. The human counterparts of the mouse Ly49 family are the killer
immunoglobin-like receptors (KIR). This family of receptors can bind to certain groups of the
classical class I molecules HLA-C (KIR2DL1-3, KIR2DS1-2, KIR2DS4), HLA-B (KIR3DL2, KIR2DS4), and
HLA-A (KIR3DL1) alleles and the non-classical class I HLA-G (KIR2DL4) (reviewed in [143]). Each NK
cell expresses a panoply of inhibitory receptors that bind to “self” and/or “non-self” MHC-I
molecules. “Licensed” NK cells express inhibitory receptors to self MHC class I, thus allowing them
to be inhibited by class I expression on “self” tissue and preventing autoreactivity [144-147].
Preclinical Data. Murine NK cells are highly radioresistant, proliferate under lymphopenic
conditions, and thus recover early and rapidly after allo-HSCT [148, 149]. NK cells are potent
cytolytic cells which can induce either allograft rejection or OT; the latter by killing allo-responsive
activated DCs and T cells (Figure 2). Recipient “licensed” NK cells do not usually recognize donor
MHC-I molecules with their KIR and will therefore lyse class I-expressing donor cells, thus inducing
graft rejection after allo-HSCT [150].
However, donor NK cell infusions have also been shown to prevent T cell-mediated GVHD,
while maintaining or even amplifying the graft-versus-tumor effect [151-155]. GVHD protection
was due to the presence of alloreactive “licensed” NK cells capable of killing activated DCs (Figure
2), as supported by the requirement for Ly49 ligand-mismatch from otherwise MHC-matched
donors for GVHD control [152, 156] and the fact that Ly49C silencing can induce NK cell
alloreactivity [157]. Further emphasizing the importance of NK cell licensing for transplant
tolerance, Chow et al. [158] showed that the transfer of intact MHC-I antigen from recipient cells
to transplanted donor cells confers a “self” identity on these otherwise foreign cells, giving them
the ability to evade detection by recipient NK cells. Once complete donor chimerism was
established, transplant cells no longer required host MHC-I protein transfer to survive. Alloreactive
NK cells can inhibit direct activation of T cells via perforin-mediated killing of allogeneic donorderived DCs [156, 159-162]. This does not occur with unprimed T cells [163], supporting that the
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NK cell effect acts through DC ablation by NK cells. Conversely, non-licensed inflammatory NK cells
can contribute to GVHD development by pro-inflammatory Th1 cytokine production [164-166].
Clinical Data. In patients undergoing allo-HSCT, NK cells are the first donor-derived lymphocytes
to reconstitute [167, 168]. Donor NK cells show a robust proliferation immediately after HSCT [169]
and multiple studies suggest that higher NK cell numbers reduce GVHD incidence [170-177]. The
dominant NK phenotype in the first weeks post-HSCT is CD56brightCD16neg, while healthy individuals
have only 10% CD56brightCD16neg and 90% CD56dimCD16++ NK cells [178-180]. In most patients, the
relative NK cell expansion normalizes 12 months post-HSCT [168]. Levels of recipient versus donor
immune subset chimerism may play a role in allo-HSCT. Breuer et al. [181] identified 3 risk groups
for leukemia relapse in children after reduced intensity or myeloablative HSCT, based on recipient
chimerism (RC): 1) a high-risk group with both T cell and NK cell RCs above 90%; 2) an
intermediate-risk group with a T cell RC above 50% and NK cell RC below 90%; and 3) a low-risk
group with a T cell RC below 50%. Though the data defined that low donor-type NK cell chimerism
correlates with relapse, the association with GVHD was not reported.
In acute GVHD, reconstitution of donor NK cells is often delayed, and acute GVHD patients 2
months post-HSCT show lower numbers of CD56bright NK cells [168]. A prolonged increase in the
number of CD56int NK cells has been observed in allo-HSCT patients with chronic GVHD [168]. As in
murine pre-clinical studies, the presence of alloreactivity is required for human NK cell-mediated
GVHD protection [182-189]. Most of these studies have focused on donor and/or recipient KIR
receptor genotypes and haplotypes [182-185]. Lack of activating KIRs on donor NK cells (expected
to be required for DC killing by NK cells) can increase GVHD risk [184]. When donor and recipient
KIR genotypes are matched, the risk of chronic GVHD is diminished [183, 185]. Next to matching
donor and recipient KIR haplotypes, matching of donor KIR genotype with recipient HLA genotype
appears to influence GVHD risk [186]. Donor→recipient combinations described worthy of
avoidance in allo-HSCT are KIR2DL2→HLA-C2, KIR2DS2→HLA-C1, and KIR2DS1→HLA-C2 [186].
Recently, Hu et al. [190] noted a decrease in NKG2A+ NK cells in patients with GVHD as compared
to those without GVHD after allo-HSCT. In vitro, NKG2A+ NK cells were able to suppress T cell IFN-γ
production. Moreover, NKG2A+ NK cells were able to induce Tregs upon naive T cell co-culture
[190]. In support of this, higher proportions of IFN-γ producing NK cells post-HSCT are associated
with increased cumulative incidence of GVHD [191]. To summarize, it is important for OT induction
that donor NK cells are “licensed” and that their inhibitory KIR are mismatched with the HLA
ligands of recipients. Therefore, donor NK cell phenotype and recipient KIR and/or HLA status are
important to consider when applying NK cells in allo-HSCT, not only for anti-tumor effects but also
for tolerance induction [192]. Human ex vivo expanded NK cells have just completed phase I/II
clinical trials. Whereas most of these have not shown successful GVHD reduction [193-196]. Lee
and colleagues [197] did demonstrate GVHD reduction in patients given NK cell infusions. While
others infused the NK cells after HSCT, Lee et al. did so prior to HSCT. Pre-clinical studies support
that timing for NK cell infusion may be important for GVHD prevention [151, 154]. Conversely,
Shah et al. [198] reported aggravated acute GVHD upon NK cell infusion. Unlike the other trials,
patients in this study received pre-activated NK cells. Production of pro-inflammatory cytokines
from these pre-activated NK cells may in part explain why GVHD was worsened in this study.
Though NK cells are established key effectors in anti-tumor immunotherapy, a better
understanding of mechanisms employed by NK cells to direct immunotolerogenesis versus
alloreactivity is needed to advance the application of NK cells in transplant tolerance induction.
Page 249/394

OBM Transplantation 2019; 3(1), doi:10.21926/obm.transplant.1901044

4.2.2 Natural Killer T (NKT) Cells
Nomenclature and Phenotype. NKT cells (reviewed in [199]) share morphological and functional
characteristics with both T cells and NK cells. Human NKT cells are mainly identified as
CD3+TCRαβ+CD161+CD56+. Cytokines secreted by NKT cells can have powerful effects on αβ-T cell
Th1/Th2 differentiation. NKT cells’ ability to rapidly respond without first having to differentiate
into T effector cells places them at the front lines of defense against pathogens. NKT cells
recognize antigen in the form of glycolipids presented by the MHC-I-like molecule CD1d on APCs;
therefore, like NK cells, NKT cells are not restricted to MHC-I/II driven responses. NKT cells can be
divided into 2 main subsets: Type I NKT cells, also known as invariant NKT (iNKT), and the less well
understood type II NKT cells. iNKT cells express an invariant TCRα-chain (Vα14-Jα18 in mice and
Vα24-Jα18 in humans) and can be further subdivided into CD4+CD8neg, CD4negCD8neg (termed
“double negative” in mice and humans), and a rarer subset which is CD4 negCD8+ [199].
Preclinical Data. Murine iNKT cells are particularly resistant to radiation-induced apoptosis due
to their relatively high levels of anti-apoptotic factors including bcl-2 [200]. iNKT cells can rapidly
secrete large amounts of cytokines including IL-4 upon activation [25, 199]. We have
demonstrated that preservation of iNKT cells in BM of recipient mice receiving MHC class I and
class II-mismatched allo-HSCT was required for maintenance of bidirectional donor ←→ recipient
immune tolerance and that iNKT cells allowed the maintenance of antitumor activity in the setting
of HSCT for recipient-derived lymphoma [25, 26]. We and others have shown, first in murine
models and then in clinical HSCT, that this iNKT axis can be manipulated for transplant tolerance
induction after allo-HSCT using reduced toxicity conditioning [25, 26, 201-203]. Others have since
recapitulated that treatment of recipient mice by a variety of methods that enhance iNKT cell
numbers or Th2 polarization can reduce GVHD morbidity and mortality [204-208]. Dominant
innate immune mechanisms we have reported and/or others have recapitulated for iNKT cellinduced tolerance (Figure 2) include IL-4-dependent augmentation of PD-1 ligand-expressing
recipient myeloid suppressor cells that induce contact-dependent expansion of donor thymicallyderived Treg cells [25-27], costimulatory (CD40-CD40L) blockade of iNKT cells [207], direct
inhibition of CD8+ T effector cells [25, 209], and iNKT-associated generation of other subsets of
tolerogenic CD8+ DCs [210]. In addition, there are other mechanisms not yet defined by which
iNKT-derived Th2 cytokines may induce OT [200-202, 209]. Adoptive transfers of iNKT cells with
and without prior in vitro expansion have been successfully shown by us and other groups to
reduce acute GVHD without impeding engraftment or anti-tumor activity [25, 26, 211-215].
Clinical Data. As important support for the relevance of iNKT cells to human immune tolerance,
multiple groups in large-scale clinical studies have shown a strong association of patient overall
survival and protection from GVHD on either iNKT cell graft content before HSCT [216] or early
quantitative iNKT immune recovery after HSCT [217, 218]. Peripheral blood stem cell CD4- iNKT
cell dose was shown as the only graft parameter to predict significant acute GVHD, supposedly by
selective suppression of T cell proliferation and IFN-γ secretion [216]. Just as in the pre-clinical
setting, the same reduced toxicity pre-HSCT conditioning in patients increased IL-4 production by
CD4+ T cells, elevated iNKT cell numbers, and reduced cumulative incidence of acute GVHD [19,
219-221]. In our own data [222] and two separate recent publications [223, 224], ex vivo expanded
human iNKT cells were able to regulate T cell activation and proliferation while having direct in
vitro and in vivo cytotoxicity against specific malignancies [225]. Thus cumulative current data
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indicate that iNKT cell-based immunotherapy is promising for reducing GVHD and allowing
successful tolerance induction. Further investigation of tissue-specific iNKT interaction with other
regulatory components of the immune system will likely pave the way for novel clinical protocols
using human iNKT cells for tolerance induction after either HSCT or organ transplantation.
4.2.3 Gamma-Delta T (γδ-T) Cells
Nomenclature and Phenotype. γδ-T cells share many activating and inhibitory receptors with
NK cells, and activation of these cells similarly depends on the net balance of signals from both
types of receptors [226]. Like iNKT cells, γδ-T cells are CD3+ yet their TCR (in this case, TCRγδ) does
not bind with antigen presented on conventional MHC molecules (reviewed in [227]). Instead,
these cells recognize a broad range of ligands including phospholipids and small unprocessed
peptides (reviewed in [228]). They can attack target cells directly through cytotoxic activity or
indirectly through the activation of other immune cell subsets. γδ‐T cell functional responses are
induced upon the recognition of stress antigens, promoting cytokine production and regulating
pathogen clearance [229]. In humans there are two major subsets of γδ-T cells identified by their
Vδ chains. Vδ1-T cells are predominant in the thymus and peripheral tissues. Vδ2-T cells constitute
the majority of circulating γδ‐T cells [229]. Human γδ-T cells maintain a Vγ9 chain and mainly
recognize phosphorylated non-peptide molecules that are metabolic intermediates of the
isoprenoid biosynthesis pathway [229, 230].
Preclinical Data. γδ-T cells are detected as early as 1 month post allo-HSCT in murine models
using graft TCRαβ depletion [231]. The role of γδ‐T cells in allo-tolerance is not entirely clear [229235], particularly in mouse models. γδ‐T cells have been reported to both reduce and increase
GVHD depending upon the experimental model [231-235]. Drobyski et al. [232,236] showed that
γδ-T cells do not induce GVHD. However, Blazar et al. [233] showed that the infusion of donor γδ-T
cells did induce lethal GVHD in mice and Maeda and colleagues [234] observed similar effects of
host γδ-T cells. In another study by Ellison et al. [235], elimination of these cells from donors
significantly reduced GVHD and post-HSCT mortality.
Clinical Data. Partially mismatched or haploidentical allo-HSCT causes marked increases in the
γδ‐T cell pool and results in reduced GVHD in allo-HSCT for both non-malignant [231] and
malignant disorders [237-239] (Figure 2), while allowing increased anti-tumor activity in allo-HSCT
for malignancies [237-239]. Development of large-scale clinical methods for enriching, isolating,
expanding, and therapeutically manipulating γδ‐T cells holds promise to ameliorate GVHD while
maintaining anti-infectious immunity and enhancing long‐term survival after allo-HSCT [237-239].
4.3 Mesenchymal Stromal Cells (MSCs)
Nomenclature and Phenotype. MSCs are a fibroblast‐like, heterogeneous, non‐hematopoietic,
pluripotent progenitor cell population with self-renewal potential (reviewed in [240, 241]). MSCs
are plastic‐adherent and can be expanded in vitro. In humans, MSCs are characterized by the
expression of CD73, CD90, and CD105 but absence of CD14, CD34, CD45 and HLA-DR. MSCs
directly and indirectly suppress T cell reactivity (reviewed in [240, 241]).
Preclinical Data. Infusion of allogeneic MSCs can induce immune tolerance to skin allografts
[242]. MSCs have since been shown to rapidly migrate to sites of inflammation, including
transplanted organs. MSCs exert immunomodulatory effects on a wide array of immune cells
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already known to play direct roles in transplantation tolerance, including T cells, B cells, NK cells,
monocytes/macrophages, and DCs [242-245]. It is important to functionally distinguish MSCs (a
stromal cell population derived from BM microenvironment) from MDSCs (immature myeloid
hematopoietic cells of non-stromal origin) [243]. MSCs can arrest activated T cells in the G0/G1
phase and decrease their production of IFN‐γ and IL‐2 [243]. When exposed to inflammatory
stimuli, as in the recently transplanted organ, MSCs display favorable immunomodulatory
potential. This, combined with their unique migratory properties, make them strong theoretical
candidates for site‐specific control of allograft inflammation [242-245]. Cho et al. [245]
demonstrated that soluble factors in medium conditioned by human tonsil MSCs attenuates acute
GVHD in a mouse model. Overall, MSC infusion in multiple transplant models results in a skew of
the balance between regulatory and effector T cells towards a tolerogenic profile [243, 244].
Clinical Data. Data support a role for MSCs in facilitating HSC engraftment and bidirectional
tolerance, particularly in the setting of pediatric allo-HSCT [246-248]. In particular, donor-derived
MSC co-transplantation following haploidentical allo-HSCT can facilitate engraftment with low
rates of GVHD for severe aplastic anemia in children [248]. Ball et al. [249] showed that cotransplantation of ex vivo expanded MSCs may reduce the risk of graft failure in haploidentical
HSCT. To interrogate the clinical utility of MSCs in reducing GVHD, a meta-analysis of randomized
controlled trials (RCTs) was conducted [250]. In chronic GVHD patients with hematological
malignancies undergoing allo-HSCT, umbilical cord-derived, high-dose, and late-infused MSCs
prevented chronic GVHD (Figure 2), while bone marrow-derived, low-dose MSCs or MSCs coinfused with the graft appeared to be ineffective [250]. Though limited by the usual caveats of a
meta-analysis, the study suggested that high-dose umbilical cord blood-derived MSC infusion
should be explored in the RCT setting as a prophylactic strategy to reduce chronic GVHD after alloHSCT. Three active clinical trials for HLA-matched and HLA-mismatched allo-HSCT in European,
Israeli, and Korean consortia applying cord blood, bone marrow, or adipose tissue-derived MSCs to
prevent or treat acute GVHD have yet to report their findings on safety and efficacy.
5. Future Directions
Medical and scientific advances since the first tissue transplants have greatly expanded the
applications of both allo‐HSCT to cure hematopoietic and immune disorders and organ
transplantation to prolong survival after organ failure. Nonetheless, relatively few significant
strides have been made in the past 30‐40 years toward long‐range allograft survival and successful
wean from pharmacological immunosuppression. Significant advances have recently been made in
allo-HSCT by using reduced toxicity regimens that enhance recipient  donor immune
interactions and immune regulatory cell function. Other approaches remain limited by a
requirement for long‐term immunosuppression, associated drug toxicity, and infectious and
oncologic sequelae of chronic non-specific immune suppression. Our increased understanding of
the regulatory cells and molecular pathways involved opens the opportunity for their exploitation
to prevent and/or treat GVHD and graft rejection after allo-HSCT and, by extension, to prevent or
treat organ allograft rejection. The theoretical advantages of the innate cellular immune
regulatory approach are: 1) OT induction that obviates a need for ongoing immunosuppression
and 2) alloantigen specificity, which reduces the risk of compromising immune responses to
exogenous pathogens. To date, a number of key candidates have been identified in rigorous prePage 252/394
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clinical studies which appear to be translating well to human investigations, including iNKT cells,
myeloid suppressor populations (MDSCs), and stromal cells (MSCs). Despite initial technical
challenges relating to large‐scale expansion, these candidates are now undergoing clinical trials.
Results from these and other studies over the next decade will likely greatly advance our
understanding of the optimal regimens, the most appropriate cell sources (donor, host, third
party), and any potential targeting of these cells required to improve long-range operational
tolerance induction.
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Abstract
Islet transplantation is a minimally invasive cell based replacement therapy to prevent or
reverse diabetes or hypoglycemia through natural hormonal responses to regulate blood
glucose. However, extending the islet graft functional lifespan remains a challenge that
prevents long-term success and widespread use of the procedure. Islets are subject to stress
and damage and undergo immunological assault during transplantation procedures. Current
treatments to prevent immune reactivity toward the graft come with toxic side effects, and
damage to islets and loss of graft function still occurs. Accumulating evidence suggests that
acute inflammatory reactions contribute to a significant loss of islet cell mass early in the
transplant process. Inflammatory reactions involving a blood coagulation cascade and
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communication between islet cells and immune cells can destroy more than half the islet
mass. These cyclic events link innate and adaptive immune responses that lead to graft
failure. In this review, we discuss key components and strategies to target islet cell
inflammation and delink the progression of inflammatory islet-immune cell responses that
contribute to islet graft destruction.
Keywords
Islet cell transplantation; innate immune response; adaptive immune response; acute
inflammation; IBMIR

1. Introduction
Islet transplantation represents a promising cell replacement therapy to prevent or reverse
diabetes mellitus and is currently performed in select patients with uncontrollable type 1 diabetes
or chronic pancreatitis requiring pancreatectomy. It is less invasive with lower morbidity than
pancreas transplantation and can alleviate requirements of insulin therapy. The primary
advantage of this cell-based therapy over conventional insulin therapy is that islets can provide a
more naturally balanced hormonal response to physiological nutrient and energy levels to
moderate blood glucose and reduce glycosylated hemoglobin (HbA1C) without eliciting dangerous
levels of hypoglycemia. Indeed, transplanted islets can reduce or prevent hypoglycemic episodes
in cases of individuals requiring insulin therapy with hypoglycemic unawareness or brittle diabetes.
Thus, islet transplantation not only provides a means to regulate blood glucose by replacing islet
cells harboring natural responses to physiological stimuli, but is also an important therapeutic
option for patients unable to sense hypoglycemia with increased risk of health and lifestyle
complications from unstable fluctuations in blood glucose.
One of the major challenges of islet transplantation is long-term survival and function of the
islet graft. Although significant improvements to procedures over the last couple of decades have
increased success rates to achieve insulin independence, the rates significantly decline within 1-3
years after transplantation. Islets are subjected to damage and stress throughout transplantation
procedures and there is attrition of islet mass and function following engraftment. This is largely
attributed to inflammatory and an acute innate immune response. This early immune response is
mediated in part by platelet and complement components of the blood that interact with the islet.
The phenomenon has been referred to as the Instant Blood Mediated Inflammatory Reaction
(IBMIR). As the blood reacts with the infused digested and exposed islet tissue, monocytes are
recruited to the site to evoke an immune response. However, blood components and immune
cells do not act alone in this process. The islet cells themselves produce chemokines and cytokines
that exacerbate the response. We have referred to these islet cell cytokines as “isletokines” to
distinguish their origin from immune cells. Stressed islets produce and release isletokines that can
recruit immune cells to the graft and evoke a vicious cycle of immune reactivity (Figure 1). Thus,
strategies for interfering with production of isletokines from islets and their communication with
immune cells could potentially break the cycle of islet-immune cell interactions that exacerbate
inflammatory damage and promote further downstream immune destruction of the islet graft. In
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this review, we discuss current pharmacological targets that have advanced immunosuppression
regimens during islet transplantation and follow up with the novel strategies for targeting
components of the acute innate response during the early post-transplant period that may reduce
requirements of immunosuppression and preserve long-term islet cell mass and function.

Figure 1 Factors contributing to acute islet inflammation and cyclical amplification of
islet-immune cell reactivity. The acute inflammatory reaction highlighted in red consists
of a thrombotic “IBMIR” response when isolated and damaged islet tissue is exposed to
blood and initiates coagulation and complement cascades. Tissue factor (TF) produced by
damaged islets promotes the coagulation by attracting platelets and leukocytes to
produce a fibrin clot that contributes to islet hypoxia. Stressed islets release cytokines
that recruit and activate neutrophils, macrophages (MΦ), and dendritic cells (DC) to the
grafting site. Infiltrating and activated immune cells further promote islet inflammation
and production of antigen-presenting cells (APC) that activate lymphocytes and induce an
adaptive response. These cyclical and amplifying factors contribute to islet-immune cell
mediated graft failure.
2. Inhibition of Calcineurin and mTOR for Global Immune Suppression
To date, the FK506 immunophilin binding protein macrolides, FK506 (tacrolimus) and
rapamycin (sirolimus) have remained cornerstone compounds for lymphocytic
immunosuppression in modern allotransplantation [1-7]. This is largely attributed to their potent
pharmacological inhibition of intracellular signaling targets that induce lymphocyte activation and
proliferation, respectively. Tacrolimus inhibits calcineurin, which in turn regulates the nuclear
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factor of activated T cells (NFAT) transcription factor required for T cell receptor (TCR) induction of
key cytokines and receptors that mediate T cell activation. Sirolimus inhibits the mammalian
target of rapamycin (mTOR) serine/threonine kinase complex 1 (mTORC1) which is part of the
PI3K-AKT signaling arm required for lymphocyte cell proliferation and differentiation in response
to cytokines. Thus, both tacrolimus and rapamycin can complement each other in synergistic
effects of 1) suppressing cytokine expression and 2) preventing cytokine action on T and B cell
expansion, respectively.
However, just as in the case with other allotransplant procedures, immunosuppression
regimens involving long-term use of tacrolimus or rapamycin to protect islet graft mass and
function come with increased risk of morbidity. The major clinical drawbacks of calcineurin and
mTOR inhibition (CNI and mTORI) include significant side effects of nephrotoxicity, islet toxicity,
and increased risk of infection resulting from global immunosuppression. As such, there has been
intense interest in identifying equipotent alternatives to reduce significant long-term side effects
observed from prolonged use of CNI and mTORI. Several approaches to avoiding or minimizing
toxicities have been utilized and have had considerable success in utilizing lower doses of CNI or
mTORI in combination with other less potent, but also less toxic immunosuppressants.
3. Selective Inhibition of Lymphocytes to Prolong Islet Graft Survival
3a) Mycophenolate mofetil (MMF), a prodrug morpholinoethyl ester of active compound
mycophenolic acid (MPA), for example, has revealed a unique pathway for suppressing
lymphocytes in allogeneic rejection [8, 9] Its prime mechanism of action is to inhibit the
intracellular enzyme inosine monophosphate dehydrogenase and deplete guanine nucleotide de
novo synthesis. This, in turn, selectively suppresses phosphoribosyl pyrophosphate synthetase and
DNA polymerase activity in lymphocytes, which is required for DNA replication and cellular
proliferative responses to mitogenic stimuli [10]. Although not potent enough to provide adequate
immunosuppression to prevent rejection alone, MMF has been successfully substituted for either
tacrolimus or sirolimus in maintenance therapy withdrawal protocols to reverse nephrotoxicity
and improve islet function [11, 12]. These studies suggest that immunomodulation of events
occurring in the early post-transplant period can subsequently reduce side effects associated with
tacrolimus based long-term immunosuppression.
Major improvements in islet transplantation success rates have also come from advances in
immunosuppression protocols involving antibody induction therapies in conjunction with
maintenance therapy drugs to prevent lymphocyte activation and proliferation. This has primarily
been achieved through selectively targeting lymphocyte surface receptors.
3b) Induction by monoclonal antibody daclizumab which binds to the CD25 alpha subunit of the
IL-2 receptor on T cells helped provide landmark improvements in islet transplant outcomes when
introduced with the Edmonton Protocol in 2000 [13]. Due to safety concerns of daclizumab, other
lymphocyte receptor targets have been explored and have led to promising improvements in
immunosuppressant regimens to extend islet graft survival with reduced toxicities [14].
3c) Anti-CD3 monoclonal antibodies (hOKT3γ1 Ala-Ala) or polyclonal anti-thymocyte
immunoglobulin antibody preparation (thymoglobulin) to prevent expansion or deplete circulating
effector T cells have extended islet graft survival with reduced requirements of tacrolimus or
sirolimus [14].
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3d) Alemtuzumab (Campath and Lemtrada), a humanized IgG1 monoclonal anti-CD52 antibody
used to treat chronic lymphocytic leukemia and multiple sclerosis, has been observed to improve
islet engraftment and rates of insulin-independence with improved tolerance [15]. Multiple
mechanisms have been proposed for actions of alemtuzumab including antibody-dependent cellmediated (ADCC) and complement-dependent (CDC) cytotoxicity toward T cells and B cells with
high expression of glycosylphosphatidylinositol-linked surface protein CD52. It has sparing effects
toward immature lymphocytes and innate immune cells having relatively low CD52 expression and
preserves regulatory T cells that may contribute to graft survival [14, 16, 17]. Indeed,
alemtuzumab treatment in a humanized mouse model showed that natural killer cells and
neutrophils contribute to lymphocyte depletion independently of CDC. These studies suggest that
the innate immune system also has a role in regulating the adaptive response under these
conditions [18].
3e) Efalizumab, another humanized monoclonal antibody that targets the CD11a subunit of the
leukocyte function antigen (LFA-1) showed promising results to prolong islet cell survival in single
donor islet transplants without side effects observed by standard long-term tacrolimus and
sirolimus [19]. Its unique action is to prevent binding of LFA-1 to intercellular adhesion molecule
(ICAM) required for leukocyte extravasation to provide immunosuppression without T cell
depletion. Unfortunately, long-term use of efalizumab for more than 4 years was associated with
increased risk (~1 in 10,000) for progressive multifocal leukoencephalopathy (PML) in psoriasis
patients, which led to its voluntary withdrawal from the global market by its sponsor. This
consequently led to the finding that abatacept, the CD80 targeting CTLA-4 human Fc IgG1
fragment linked fusion protein, could sustain graft survival in islet transplant patients as a
replacement for efalizumab when it was withdrawn from protocols during clinical trials.
3f) Belatacept, a second generation CTLA-4 fusion protein product with enhanced affinity
toward both CD80 and CD86, could also provide insulin-independence when co-administered with
sirolimus as a substitute for tacrolimus after thymoglobulin induction [20, 21]. These CTLA-4 fusion
proteins bind to CD80/CD86 and interfere with co-stimulatory requirements of APC antigens
binding to CD28 to activate T cells. These clinical findings define yet another set of lymphocyte
surface receptors that can be selectively targeted in CNI-sparing immunosuppressant regimens.
Collectively, these observations demonstrate that 1) multiple cell surface receptors can be
effectively targeted on lymphocytes to prolong graft survival and 2) individual components of
lymphocyte signaling can be selectively targeted to substantially inhibit lymphocyte activation and
expansion. However, even when lymphocytes are selectively inhibited or depleted in the absence
of tacrolimus or sirolimus, rejection still occurs. This suggests that lymphocyte inhibition alone is
not sufficient to prevent alloimmune rejection and that other cellular mechanisms contribute to
loss of islet graft mass and function. Indeed, components of innate immunity have been
characterized to regulate the adaptive response in allo- and auto-immunity.
4. Non-Lymphocyte Cell Mediated Loss of Islet Graft Mass and Function
Mounting evidence indicates that innate immune cells not only initiate adaptive immune
responses, but also directly contribute to allograft rejection [22-25]. Perhaps this is most evident
in autologous islet transplantation where a large portion of the graft is lost in the absence of a Tcell mediated response [26]. Indeed, more than 50% of the islet graft is lost due to an acute innate
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response [27-30]. The initial islet cell mass is a key determinant of clinical islet transplant
outcomes. Thus, the early post-transplant period during which an acute innate response occurs
represents an important window of opportunity to extend the life of the graft.
Moreover, targeting innate immune cells may also alleviate subsequent priming or
exacerbation of adaptive immune responses toward transplanted islets. Cells contributing to the
acute innate response include platelets, neutrophils, macrophages, dendritic cells (DCs), natural
killer (NK) cells and the islet endocrine cells themselves. Both cellular and humoral components,
part of which have been described as IBMIR, produce coagulation and complement activation to
produce an inflammatory environment that destroys up to half the graft before lymphocytes ever
make it to the scene. Therefore, targeting acute islet inflammation in conjunction with lymphocyte
alloimmune and autoimmune suppression must be taken into consideration when devising novel
strategies to achieve highest islet transplant success rates.
In the following, we first reevaluate what is currently known about the mechanistic
contributions of innate immunity to adaptive alloimmune responses in transplantation. In addition,
we discuss potential targets based on recent and ongoing studies in animal models and clinical
trials that may further advance our methods to improve clinical islet transplant outcomes.
4.1 Regulation of the Adaptive Response by Innate Immune Cells
The founding concept that the innate immune system could sense non-self antigens by
receptors was first introduced by Charles Janeway, Jr. who proposed that pattern recognition
receptors (PRRs) recognize bacterial or viral molecules termed pathogen-associated molecular
patterns (PAMPs) [31-33]. Innate immune recognition toward conserved components of microbial
non-self antigens induced expression of co-stimulatory molecules to activate lymphocytes with
reactivity toward the presented antigen. However, this model did not adequately describe how
innate immunity could confer adaptive responses toward non-self tissue allografts and tumors or
reactivity toward self antigens in autoimmune diseases in the absence of microbes in an otherwise
“sterile” environment. Thus, the concept was further developed by Polly Matzinger who later
introduced the “danger hypothesis” to describe innate immune cells recognizing self-antigen
molecules from stressed or damaged cells as an associated danger and subsequently activating
defenses and repair mechanisms [34-36].
This broad array of molecules was referred to as danger associated molecular patterns (DAMPs)
which include reactive oxygen species (ROS), ATP, uric acid crystals, high mobility group protein b1
(HMGB1), nucleic acids, fibronectin, hyaluronic acid, and heparan sulfate among many others.
DAMPs are recognized by a diverse set of PRRs including Toll like receptors (TLR) and IL-1 receptor
(IL-1R) of the Toll/IL-1R (TIR) superfamily to initiate signaling pathways that induce an
inflammatory response in stressed or damaged tissue. Upon binding to DAMPs, TLR and IL-1R
recruit myeloid differentiation primary response 88 (MyD88) adapter protein and IL-1R-associated
kinase (IRAK) family kinases to form a receptor complex that activates E3 ubiquitin ligases TRAF6
and Pellinos. This results in formation of Lys63- and Met1- linked ubiquitin chain co-recruitment of
TAK1 and canonical IκB kinase (IKK) master kinase complexes, respectively. TAK1 activates MAP
kinase kinase (MKK) cascades that switch on p38 and c-Jun N terminal kinase (JNK) MAP kinases
while the IKKβ component of IKK activates the nuclear factor kappa-light chain-enhancer of
activated B cells (NF-κB) transcription factor. MAP kinases and NF-κB coordinately regulate several
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cytokine and chemokine genes that induce proliferation and mediate inflammation at the site of
damage.
As innate immune cells are recruited to the site of inflammation, more cytokines and
chemokines are produced to activate and recruit cells required to repair and regenerate damaged
tissue. Overstimulation or chronic activation of inflammatory signaling pathways in target cells
results in ER stress and can induce apoptosis and cell death. If damage signals are not
appropriately resolved or the tissue cannot be restored to a normal non-stressed physiological
state, innate immune cells proceed to destroy and phagocytose tissue at the site. Immune cells
then circulate back to lymphoid cells for antigen presentation and acquire memory for further
targeted destruction of the recalcitrant threat. In this way, the innate immune system activates
and tailors the adaptive response toward dangerous conditions or invasive cells that may threaten
homeostasis or the physiological integrity of the host.
4.2 DAMP Signaling and IBMIR in Acute Islet Inflammation
In the case of islet transplantation, the graft is subjected to damage and insults that produce
DAMPs during multiple steps throughout the transplantation process. DAMPs are already being
produced and released by stressed and damaged tissue in cadaveric donors due to traumas
related to brain death or by ischemia and organ recovery in the case of live tissue donors. In
addition, virtually all graft tissue undergoes some forms of stress insults and damage during
procurement and transport. These include temperature changes, ROS, hypoxia, and ischemiareperfusion injury. During the islet isolation process, the pancreas is also subjected to enzymatical
digestion, hypoxia, and mechanical stress [37]. This further produces DAMPs that can directly
induce production and release of inflammatory cytokines by activating TLRs on both innate
immune cells and islet endocrine cells ex vivo. These cytokines accumulate with DAMPs in a
vicious cycle over the duration of the isolation process and are reintroduced into the recipient
host at the time of islet infusion.
The combination of DAMPS, cytokines, and blood components interacting with islet tissue
proteins and receptors upon infusion culminate into an acute thrombotic reaction known in the
field of islet transplantation as IBMIR. Bennet and colleagues first described this event by
characterizing cellular interactions between freshly isolated human islets and ABO compatible
allogeneic blood [38]. Engagement of IgG and IgM antibodies with islet cell surface collagen and
laminins play a key role in initiating the complement cascade. In parallel, the glycoprotein CD142
tissue factor, expressed on the cell surface and released by damaged and stressed islets, binds to
factor VII to catalyze the coagulation cascade [39-42]. Platelets activated during this process
produce a fibrin mesh clot surrounding the islets resulting in their embolic occlusion within the
hepatic sinusoids of the liver [43, 44]. This in turn deprives the graft of oxygen and nutrients
leading to increased apoptosis and necrosis further contributing to increased DAMPs,
proinflammatory cytokines, and immune cell infiltration.
4.3 Islet Contributions to Acute Graft Inflammation
In addition to expressing proteins that interact with blood components to initiate complement
and coagulation cascades, islets express isletokines that contribute to initiating and exacerbating
acute inflammation. Several cytokines have been identified in islets during diabetes and in islet
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grafts [45, 46]. Originally, it was assumed that infiltrating immune cells were sole producers of
proinflammatory cytokines in islets. However, flow cytometry, immunohistochemistry, and laser
capture analysis studies revealed that the islet endocrine cells also produce proinflammatory
mediators that can elicit immune cell responses [47-55]. In fact, the islet cells produce and release
dozens of isletokines that can be detected in the blood circulation upon infusion that correlate
with transplant outcomes [55,56]. In particular, HMGB1, MCP-1 and IP-10 are highly expressed
and released in damaged or stressed islets and play a key role in initiating acute inflammation in
transplanted islets [55, 57-62].
Induction of isletokine genes in the endocrine component of islet cells is conferred by DAMP
and cytokine-induced signaling. In pancreatic beta cells, DAMPs can activate TLR/IL-1R signaling to
induce activation of MAP kinases and NF-κB. In addition, CN and NFAT signaling can be activated
by TLR/IL-1R [63]. The culmination of MAP kinases and NF-κB and NFAT signaling results in the
induction of multiple cytokine genes in beta cells, including IL-1β, TNF-α, HMGB1 and IP-10. IL-1β
and TNF-α can further stimulate NF-κB- and NFAT-mediated isletokine gene expression in beta
cells. Moreover, HMGB1 and IP-10 not only function as chemokines to recruit immune cells, but
also act as DAMPs which can bind to and activate TLR4 [64]. Thus, DAMP and cytokine-induced
signaling can produce a vicious cycle of damage and inflammation if not resolved by damagerepair mechanisms. In the case of islet transplantation, the islet cells are stripped of their natural
niche within the pancreas and exposed to a new location in a damaged state. Sustained expression
and release of isletokines by beta cells out of their natural context results in amplified
proinflammatory and adaptive immune responses contributing to graft destruction (Figure 1).
4.4 Hypoxia and Oxidative Stress in Islets
Pancreatic beta cells are enriched with GLUT2 glucose transporters, allowing them to
dynamically uptake and utilize glucose in the blood as one of the most metabolically active tissues
[65]. Oxygen is required to maintain beta-cell function through the tricarboxylic acid (TCA) cycle,
which links synthesis of intracellular ATP to the production and release of insulin [66]. ROS
generated through production of ATP by the TCA cycle also contribute to signaling mechanisms
that regulate glucose-induced insulin secretion [67, 68]. Thus, a sensitive and carefully balanced
redox system allows beta cells to sense nutrient load and appropriately produce insulin upon
physiological demand. This is achieved in part by a significantly lower expression of ROS-depleting
enzymes superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) in beta
cells compared to other tissues. These inherent characteristics of metabolic sensing make beta
cells particularly vulnerable to redox imbalance and oxidative stress [67, 69-71].
Extreme conditions of oxygen availability, oxygen consumption, and metabolic stress can offset
redox balance and result in oxidative stress. Chronic exposure of beta cells to high glucose and
increased metabolic flux favors mishandling of excess electrons via NADH and FADH 2 and the
mitochondrial electron transport chain, which transfer and reduce O 2 to superoxide free radicals
and further generate ROS [71]. In the absence of appropriate oxygen tension, i.e. hypoxia, NADH
and FADH2 can also accumulate with inefficient aerobic respiration, allowing electrons to escape
and produce excessive ROS [71]. Uncontrolled generation of ROS disrupts redox signaling and
leads to oxidative damage of cellular proteins, lipids, and DNA [72, 73].
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The hepatic portal system site of transplantation offers lower parenchymal oxygen tension and
vasculature compared to pancreatic portal system. At lower cellular oxygen concentrations, prolyl4-hydroxylases (PHDs) are inhibited which consequently allows increased expression and
activation of hypoxia-inducible factor-1 alpha (HIF-1α) and NF-κB [74-77]. These transcription
factors acutely regulate genes involved in hypoxic and metabolic adaptation. However, they
concomitantly also induce cytokines that induce inflammation [78, 79]. Cytokines can contribute
to ER stress, nitric oxide (NO) and ROS generation to further activate NF-κB, p38 and JNK MAP
kinase pathways that regulate uncoupled protein response and inflammatory genes [80-82]. When
hypoxic and inflammatory stress are sustained, these pathways activate apoptotic programming
[83, 84]. Thus, hypoxia can induce and exacerbate conditions of oxidative and inflammatory stress
in islets by overlapping pathways leading to immune destruction and beta-cell death.
5. Strategies to Prevent Islet-Immune Cell Mediated Loss of Islet Graft Mass and Function
Attempts to inhibit immune cell function by pharmacological agents have provided invaluable
information regarding requirements and specificity of molecular targets for induction of immune
responses to allografts. For example, selective inhibition of intracellular targets CN and mTOR
have shown most potent effects to prevent alloimmune rejection. Their mode of action is
primarily attributed to suppression of cytokine production and responses in lymphokines,
respectively. However, accumulating evidence indicates that blocking these intracellular targets is
not specific to lymphocyte cell types and that CN and mTOR also regulate cytokines in innate
immune cells and islet endocrine cells [54, 85-88]. This is further complicated by the findings that
islets require CN and mTOR pathways for physiological adaptation and cellular function [89-92].
Because most intracellular signaling pathways are shared among multiple immune and nonimmune cell types with diverse functions, their inhibition often results in adverse off-target effects.
Indeed, sustained blockade of CN and mTOR contributes to side effects beyond
immunosuppression, most notably damage to kidney and islet cell function. Moreover, CN/NFAT
signaling has been shown to have a role in limiting DC priming of T cells and regulating Tregmediated immune tolerance [93, 94]. mTOR also regulates cytokine production in myeloid cells in
response to TLR signaling and induces tolerogenic DC phenotypes [95]. Thus, although CN and
mTOR inhibition has potent effects to break islet-immune cell interactions by modulating cytokine
signaling in beta cells and lymphocytes, the benefits are offset by toxicity to other tissue functions
and impairment of immune tolerance. This prompted the field to explore alternative, more cellselective targets for immune suppression.
As new molecular targets have been identified that are uniquely expressed by subsets of cells,
novel pharmaceutical approaches have been pursued that selectively effect cell-specific
mechanisms involved in pathogenic processes. As reviewed above, several monoclonal antibodies
and soluble mediators have been successful in meeting these criteria by targeting unique surface
molecules or receptor-mediated cell signaling. Although there have been considerably less side
effects in several trial regimens focusing on select targets of inflammation and immune responses,
it is becoming increasingly clear that there are multiple components throughout transplant
procedures that need to be targeted to prolong graft survival. The key components include 1) the
lymphocytic response that directly erodes islet cell mass and function, 2) the acute inflammatory
response that destroys a large portion of the graft during the early peri-transplant period, and 3)
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cytokine signaling between the islets and immune cells that perpetuate and amplify innate and
adaptive immune responses.
First and foremost, resetting auto- and alloimmune reactivity by T cell and B cell depletion
induction therapy in the host/recipient appears to be a prerequisite to achieving long-term
allograft survival and function [14]. Thymoglobulin and alemtuzumab induction has been shown to
have beneficial effects in reducing the rate of acute rejection when combined with maintenance
regimens. MMF and belatacept have thus far been most promising in helping maintain suppressed
immune reactivity after lymphocyte depletion with reduced side effects attributed to CNI and
mTORI. However, MMF and belatacept only delay loss of allograft function, and rejection is
accelerated in the absence of tacrolimus or sirolimus.
The next important step to improving islet transplantation is to selectively reduce the acute
innate inflammatory response in islets occurring during the early transplant period. Benefits in
graft survival and function have been observed from combinatorial approaches of lymphocyte
depletion and anti-inflammatory soluble mediators etanercept and anakinra to block TNF-α and IL1β signaling, respectively. These clinical findings indicate that early blockade of key cytokines
during the induction period can improve long-term clinical outcomes. Double blockade by both
etanercept and anakinra improves the response [96]. There is also strong evidence to suggest that
chemokines MCP-1 and IP-10 play key roles in initiating inflammatory responses in islet
transplantation [55, 57]. It should also be noted that IP-10 is a key isletokine expressed by beta
cells in insulitic lesions in type 1 diabetes [97-99]. The use of anti-IP-10 neutralization antibody
after T-cell depletion by anti-CD3 antibody prevented reinfiltration of islet-specific T cells and
resulted in remission of diabetes [100]. Based on these observations, it is conceivable that a
combinatorial approach to resetting the adaptive response by lymphocyte depletion and
neutralizing key isletokines, which evoke islet inflammation, could break the cycle of innate
immune activation of adaptive responses toward islets.
Interestingly, transgenic animal studies show that whereas islet donor-derived IP-10 induces
graft-damaging inflammation upon transplantation, islet donor-derived MCP-1 is not required for
graft failure [101]. Detrimental effects on donor islets were only observed when MCP-1 production
was intact in graft recipients and IP-10 was intact in donor islets. In either case, blocking MCP-1 or
IP-10 signaling reduced islet inflammation and anti-IP-10 neutralizing monoclonal antibody
prolonged graft survival. Together, these studies indicate that graft damage observed by MCP-1 is
propagated by the recipient immune system in response to donor-selective IP-10-induced
inflammation. They also provide proof of concept that blocking IP-10-induced inflammation by a
monoclonal antibody could prevent early loss of islet grafts and improve islet transplant outcomes.
Further study needs to be performed to determine if a trio of soluble mediators targeting TNF-α,
IL-1β, and IP-10 could provide additional benefit for blocking the acute innate inflammatory
response to warrant its use in clinical islet transplantation.
To achieve highest efficacy in targeting acute islet inflammation, it must also be recognized that
inflammatory events are already occurring in donor islets prior to infusion, beginning as early as
donor trauma and organ procurement. Thus, approaches to alleviate inflammatory stress could be
implemented as early as time of procurement and throughout the islet isolation process during
which islets are stressed and producing proinflammatory isletokines. These isletokines are
released at their highest level upon islet infusion and remain high during the IBMIR response. Thus,
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the early procedures of the islet cell transplant process are potential key target areas for
suppressing acute inflammation and preventing large losses of islet cell mass.
Strategies for complete protection of islets from the acute inflammatory response will require
further upstream procedural approaches to include therapeutic interventions in isolation of the
recipient. These pre-transplant interventions would allow blockade of intracellular stress
response signals and could be performed ex vivo with minimal exposure of pharmacological
agents to the host. For example, efforts to block CN/NFAT signaling or other cellular targets
required for cytokine production could be performed during organ procurement and islet isolation
procedures ex vivo without adverse effects associated with recipient long-term systemic use.
Although there are multiple reports indicating direct effects of CNI to inhibit beta cell
proliferation, insulin transcription, and GSIS, we and others have shown it to have minimal effects
on beta cell viability and apoptosis within short durations of in vitro exposure [102, 103].
Moreover, short-term administration of tacrolimus has been shown to have no effect on islet
secretion in healthy human subjects and improves beta cell viability and function when islets are
under stress [102, 104, 105]. Indeed, acute exposure of tacrolimus prevents apoptosis in islets
exposed to cytokines in vitro and can restore insulin gene transcription in islets chronically
exposed to high glucose within a 48 h window [106, 107]. Furthermore, short-term peptide
inhibition of the CN downstream target NFAT in islets was shown to prolong graft function in an
allogeneic mouse transplant model. Thus, the use of tacrolimus during pre-transplant and
induction procedures may provide benefits to inhibit the acute innate response, thereby reducing
its requirements for maintenance therapy.
Benefits of inhibition of TLR/IL-1R and downstream activation of NF-κB and p38 and JNK MAP
kinase signaling pathways to reduce cytokine production and apoptosis in islets in vivo have also
been observed [108-113]. Ex-vivo surface modification of islets with a slow-releasing TLR4selective antagonist TAK242 improved islet graft survival in a syngeneic mouse model. Moreover,
the use of TAK242 during pancreatic ductal perfusion and digestion steps of the islet isolation
process reduced activation of MAPK stress kinase signaling and expression of proinflammatory
cytokines to prolong islet viability and function. TLR4 is one of several mechanisms to activating
MAPKs and NF-kB in islets and other targets should be explored during pre-transplantation
procedures. For example, it would be predicted that blockade of IL-1R signaling by anakinra in
addition to TLR blockade during these steps would further prevent cytokine and DAMP-mediated
inflammatory reactions in islets.
TLR activation not only augments the acute innate response, but contributes to the adaptive
immune response through effects on antigen-presenting cells (APCs) and activation of T cells [114116]. In APCs, TLRs drive maturation as well as production of IL-12 that results in T helper cells
(Th1) response [114]. MyD88 dependent TLR signaling inhibition resulted in reduced numbers of
activated CD4+ and CD8+ T cells and increased mortality rates of mice [117]. TLR-knockout murine
models are evidence of the initiation and development of an adaptive host resistance to
pathogens that is dependent on the TLR/IL-1R activation of MyD88 signaling pathways described
above [114, 118, 119]. Most notably, TLR-stimulated islets were shown to induce islet graft failure
by a CD8+ T cell-dependent mechanism [115]. These findings indicate that selective inhibition of
TLR signaling in islets could potentially alleviate or prolong onset of lymphocyte-mediated
destruction of the islet graft.
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Lastly, anticoagulants have been shown to reduce the acute inflammatory response [120]. This
is evident from reports on inhibition of thrombin by melagatran or heparin in vitro [38, 121].
Despite routine use of systemic heparin in the clinical setting, the formation of micro and
macrothrombi is not completely blocked, leading to the observed loss of islet graft mass in the
days immediately after transplantation. Interestingly, short-term administration of acute phase
reactant serine protease inhibitor alpha 1-antitrypsin (AAT) could dramatically improve survival of
human, monkey, and mouse islet grafts in animal models [122, 123]. This was attributed to
suppression of blood-mediated coagulation pathways, inhibition of NF-κB signaling,
downregulation of inflammatory mediators, and reduced CD3 + T cells and F4/80+ activated
monocytes in grafted islets. These findings indicate that AAT has useful properties for both anticoagulation and anti-inflammatory therapies in islet transplantation. Multiple clinical trials are
investigating the effects of AAT ARALAST NP during islet processing, culture, and patient treatment
pre- and post- transplant on the acute inflammatory response in both allogeneic and autologous
islet transplantation.
6. Conclusions
Islet cell destruction during transplantation results from complex cell signaling communication
between islet cells and immune cells, linking islet inflammatory stress responses to innate and
adaptive immune responses. Damaged and stressed islets release inflammatory mediators that
recruit and activate immune cells, which attempt to resolve or remove damaged, foreign, or
maladaptive tissue. Delinking this process can break an amplifying cycle of inflammation and
immune sensitization toward transplanted islets. Because an acute innate inflammatory response
largely affects islet graft mass and dictates further downstream adaptive immune events, it
follows that early intervention of islet-immune cell interactions may be key to improving islet
transplant outcomes. Hence, the most successful islet transplant regimens going forward will likely
be interventions targeting both islet-induced inflammation and activation of innate immune cells
in addition to T-cell mediated immune events.
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Abstract
The current predominant location for allo- and auto-transplantation of islets is the liver.
Despite the historical success of this site, recent studies have revealed multiple
disadvantages. Portal hypertension, portal vein thrombosis, bleeding, low oxygen tension,
instant blood mediated inflammatory reaction, inadequate alpha cell function, and delays in
neovascularization are factors that continue to drive researchers to explore alternative sites
for islet transplantation. Factors of an optimal site include: capacity, transplant efficacy,
portal venous drainage, high oxygen tension, and easy retrievability. Sites such as the spleen,
kidney, intestinal wall, bone marrow, omentum, and peritoneum, among others, have been
evaluated for islet transplant. The various benefits and limitations of these alternate sites
are reviewed in this article.
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1. Introduction
The indications and methods for islet transplantation have developed over a period of almost
50 years, since it was first performed in the 1970s [1]. Islets can be transplanted as allografts or
autografts. In allotransplantation, a smaller purified volume of islets from a cadaveric donor is
administered, and immunosuppression is required to prevent rejection. Allografts are used in
patients with type 1 diabetes and are considered to be a promising method of treatment
(citregistry.org). Autografts after typically performed after pancreatectomy to prevent
pancreatogenic diabetes and do not require immunosuppression as patients are receiving their
own islets.
Islet autotransplantation is used in the treatment of chronic pancreatitis in patients for whom
medical therapy has failed. Endoscopic procedures are the first-line therapy but frequently this is
insufficient to address the life altering pain associated with this condition. Given the lack of
substantive medical therapies, surgical interventions are often the next step. Total
pancreatectomy with islet autotransplantation (TPIAT) is utilized to remove the source of the pain
while salvaging the patient’s functional islets. Total pancreatectomy in isolation could condemn a
patient to a life with brittle type 3c diabetes; thus, the autologous islets are isolated through a
combination of enzymatic and mechanical means from the resected pancreas and then infused
into the portal vein [2].
Historically, the liver has been the predominant site for both allo and auto islet transplantation.
However, there is an increasing body of evidence suggesting that there are site-specific factors
that impact engraftment and lead to attrition of islets over time [3]. The characteristics that make
intraportal infusion an ideal method along with its many limitations are discussed in this paper.
Because of the limitations of the liver site, there has been a resurgence of study into alternative,
extrahepatic sites of transplantation (Table 1). This article reviews extrahepatic sites, including
those that at this time are purely experimental, as well as those with clinical application seen in
case series and ongoing clinical trials.
2. Intraportal Infusion of Islet Cells
Traditionally, islets have been infused into the liver given the ease of access to the portal or
mesenteric veins intraoperatively after total pancreatectomy or through a percutaneous approach
for allotransplants. Also, the path of the endocrine hormones mirrors where they would typically
be released from the pancreas into the portal system, avoiding the resulting hyperinsulinemia
associated with systemic drainage seen in other transplant sites [4-5]. Additionally, insulin is
largely metabolized in the liver (80%), and a 2006 study demonstrated that patients with type 1
diabetes mellitus with liver autografts had similar hepatic metabolization to controls [6].
This practice started after a study of streptozosin-induced diabetic rats demonstrated better
glycemic control with significantly less islets needed when infused into the portal vein compared
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to the peritoneal or subcutaneous spaces [1]. The first cases of post-islet transplant insulin
independence, in patients with type 1 diabetes and in patients who received an autoislet
transplant after pancreatectomy for chronic pancreatitis, cemented intraportal infusion as the
designated path for islet transplantation [7, 8]. As a result, the liver as a site for transplant has
been extensively studied in both preclinical and clinical settings. Subsequently, the vast majority of
clinical experience with islet transplantation has been via intraportal infusion, with important
standardizations of treatment such as the use of multiple donors and the Edmonton protocol [9].
Some of the benefits and limitations of this site are documented in Figure 1.
Table 1 Type of evidence currently available by site.
Site of Transplant*

Rodent

Pig

Canine

Non-human primate Human

Liver

x

x

x

x

x

Spleen

x

x

x

x

x

Kidney

x

x

x

x

x

Bone Marrow

x

x

x

Omentum

x

x

x

x

Peritoneum

x

x

x

x

Muscle

x

Subcuticular

x

Intestinal Wall

x

x

x

x

x
x

x

x

x

Figure 1 Benefits and limitations of intraportal infusion of islets.
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3. Immunologic and Inflammatory Disadvantages to Intraportal Infusion
Islets are not exposed directly to blood in the native pancreas. Whether an auto- or allogenic
transplant is being performed, contact with blood during infusion of islets causes a process known
as instant blood-mediated inflammatory reaction (IBMIR) to occur [10]. This reaction activates
both the complement and coagulation cascades. These processes ultimately culminate in islet
apoptosis. Studies have shown loss of up to 50% of islets within the first hours post-transplant, as
demonstrated by acute C-peptide release and quantitative PET imaging [10].
In allotransplants there are additional immunologic and inflammatory challenges. The liver is
rich in Kupffer cells which may prompt an acute nonspecific cell-mediated inflammatory reaction
leading to graft loss. Liver natural killer (NK) cells may also contribute to early graft loss [11].
Finally, immunosuppressive medications are toxic to islets, limiting beta cell viability and
revascularization [12]; the blood concentration of such drugs is high in the portal vein given the
first pass effect [13].
4. Anatomic and Physiologic Disadvantages to Intraportal Infusion
Blood oxygen tension in the portal venous system is less than a third of that of the pancreas. In
the native pancreas, islets are typically maintained at an arterial oxygen tension of 40 mmHg [14].
The islets become devascularized during the isolation process. As the islets engraft into the
hepatic parenchyma the process of neovasculariazation from the hepatic arterial system takes 714 days, and until that time the islets are oxygenated via diffusion in the low oxygen tension of the
portal venous system (pO2 10-15 mmHg). It has been demonstrated that islets continue to have a
low oxygen tension of 5 mmHg for up to three months post-transplant [15]. Although, the low
oxygen tension of the islets persists in other sites despite their better tissue oxygenation; thus, the
intraportal location may not be entirely to blame [14].
Furthermore, portal vein manipulation can also lead to potential complications [16].
Intraoperatively, the portal vein can thrombose or tear leading to bleeding at the cannulation site.
When performed percutaneously, Villiger et al. reported a >10% complication rate [17]. Portal
venous thrombosis (PVT) has been reported in 3.4% of patients at the University of Minnesota
after TPIAT, and the Alberta group reported PVT in 3.7% of their allotransplant recipients [16, 18].
One factor associated with developing PVT is a change in portal pressure above 26 cmH20 during
infusion, which limits the volume of islets that can be transplanted [19]. To help mitigate this,
there are additional purification steps taken which provide a more concentrated islet fraction and
a reduced volume to infuse. These steps add time to the procedure and risks losing some of the
islets. This is particularly important because the total transplanted islet mass is a critical
determinant of future insulin independence [20].
Finally, monitoring of islet grafts is a challenge in the liver. Percutaneous biopsy is required to
evaluate the islets, which has associated risks, and given the islets distribution throughout the liver,
a single biopsy may not be representative [21]. Biopsies present procedural risks such as bleeding
or biloma. Unfortunately, there are limits regarding the current surrogates used to evaluate for
rejection of transplanted islets, and we are lacking an evaluation technique using imaging [22].
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5. Metabolic Disadvantages to Intraportal Infusion
Pancreatic alpha cells produce glucagon in response to hypoglycemia. In the absence of
glucagon, epinephrine is released stimulating gluconeogenesis from other substrates like lactate
or alanine until the patient has hypoglycemic awareness and consumes carbohydrates. Long term
hypoglycemia can lead to neurologic consequences and a decrease in counter-regulatory
hormonal cascades [23, 24]. Hypoglycemic unawareness can be dangerous for patients and impact
their quality of life [23]. In islet transplant patients, hypoglycemia is thought to be due to lack of
innervation of grafted islets, but a larger impairment was seen in intraportal versus intraperitoneal
transplanted pancreatectomized dogs [25].
Pyzdrowski et al. published a pilot study of TPIAT patients with traditional intrahepatic
transplants who were insulin independent compared to matched controls. They found a normal
glucagon response to arginine stimulation, but no measurable glucagon in response to insulin
induced hypoglycemia. However, C peptide levels were decreased, indicating that while
transplanted islets stopped secreting insulin in response to hyperglycemia they were unable to
mount an appropriate counterregulatory glucagon response [26]. Bellin et al. confirmed this
finding in their study of nine TPIAT patients with strictly hepatic islet transplant. They noted that
unlike patients who had solely intrahepatic islet grafts, patients who had a portion of islets
transplanted to the omentum had normal glucagon responses [27]. Pyzdrowski also noted
immunohistological staining for insulin, glucagon and somatostatin on those same patient’s liver
biopsies suggesting that while alpha cells are engrafting they are not responding normally to
physiologic hypoglycemia [26].
Several studies have suggested that the site of transplant may impact transplanted islets’
response to hypoglycemia [24, 25]. Bogachus et al. studied patients who experienced postprandial
symptoms of hypoglycemia after a mixed meal. Despite being insulin independent, this group had
significantly higher glucose excursion after mixed meal consumption followed by significantly
lower glucose levels [28]. This compromised glucagon counterregulatory response can lead to
clinically significant hypoglycemia in intrahepatic islet transplanted patients regardless of insulin
need. One theory suggests that this is due to local glucose production from hepatocytes shielding
the transplanted islets from sensing the true systemic hypoglycemia of the patient [25].
Within the liver, islets are exposed to a high proportion of nutrients resulting in hypersecretion
of insulin. The paracrine effects of insulin have been reported to lead to hepatic steatosis and
glycogen deposits around islets in human and animal models [29]. Bhargava et al. looked at C
peptide positive islet transplant patient’s magnetic resonance images (MRIs) and found 20% had
steatosis (n=6). C peptide levels in insulin independent patients were higher in those with steatosis
and exogenous insulin use on logistic regression was associated with increased odds of steatosis.
These findings suggest that steatosis on MRI might be associated with insulin resistance or graft
dysfunction [29, 30] Additionally, the resulting hyperglycemia and hyperinsulinemia causes
alterations in downstream liver acini. These metabolic changes in acini may be carcinogenic;
Dombrowski et al. demonstrated increased development of hepatocellular adenomas and
carcinomas in diabetic mice with intrahepatic islet transplants [31]. However, to date, there have
been no deaths from liver carcinoma in human patients after alloislet transplantation
(citregistry.org).
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6. Extrahepatic Transplantation Sites
Contemporary research in the field of extrahepatic transplant has been centered around two
main issues: where should excess islet tissue be placed when portal venous pressure exceeds the
safe limit for infusion, and, should all islets be transplanted to extrahepatic sites primarily,
bypassing the liver altogether? As previously mentioned, if portal pressures remain prohibitively
high during infusion, alternative transplant sites for the remnant islets must be identified because
future insulin independence is influenced by the total islet cell mass transplanted [20]. Animal
research in TPIAT is limited by our current models. For example, rodents have poor outcomes
related to PVT from the very small diameter of their portal vein. The differences between species
in islet transplantation has resulted in only a few rodent studies translating to clinical practice.
Some of these sites have promise for clinical application while others have only been used on an
experimental basis in order to gain further understanding of the physiology of islet transplant [22].
There are multiple characteristics of a suitable transplant site (Table 2). Adequate capacity to
accept a significant volume and mass of islets is essential, which is related to the transplant
efficacy or the volume of islets required per site to have a significant clinical impact on glycemic
control [32]. Revascularization is also essential to engrafted islet survival and function; therefore,
the transplant site should have a high oxygen tension to stimulate neoangiogenesis [33]. Drainage
of the islet’s endocrine products into the portal circulation as opposed to systemic circulation is
also desirable. Ideally, there would be minimal risk associated with implanting the islets, with ease
of access for future biopsy or imaging. Lastly, avoiding specific conditions of the microenvironment
surrounding the islets, such as limiting direct exposure to blood or minimizing the immune
response, are key elements to consider.
Table 2 Benefits and limitations of extrahepatic sites.
Site of
Transplant

Capacity

Transpl Easy
ant
Access for
Efficacy Placement

Easy
Evaluation
Post
transplant

IBMIR

Tolerates
unpurified
islets

Rich
vasculature
O2 tension,
nutrients etc

Portal
drainage

Liver

+

+

+

-

+

-

+

+

Spleen

-/+

-

+

-

+

+

+

+

Kidney

-

+

-

-

-

-

+

-

Bone Marrow

-

+

+

+

-

-

+

-

Omentum

+

-

+

+

-

+

+

+

Peritoneum

+

-

-

-

-

?

-

+

Muscle

+

-

+

+

-

-

+

-

Subcuticular

+

-

+

+

-

?

_

-

GI Submucosa

-

-

+

+

-

?

+

+

Capacity: ability to tolerate large volume of cells. Transplant efficacy: low number of islets needed to achieve
normoglycemia
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7. Subcuticular and Intramuscular Injection
Subcuticular or intramuscular transplant of islets provides easy access for future imaging,
biopsy or retrieval of the grafts. There is no intravascular infusion involved for these sites;
therefore, there is no associated IBMIR. There are concerns regarding the vulnerability of the
grafts to local trauma, and their systemic, rather than portal venous, drainage.
Based on knowledge of intramuscular autotransplantation of parathyroid endocrine tissue [34],
intramuscular islet transplantation has been modeled in rodents [35]. Sterkers et al. evaluated
intramuscular versus intraportal autotransplants in mini-pigs [36]. When they attempted to follow
the principles of parathyroid autotransplant they noted that the blunt dissection resulted in an
inflammatory reaction with profound macrophage infiltration, possibly from monocyte stimulation
to clear necrotic muscle cells [37]. This prompted a change in technique to direct injection of the
islets under the gastrocnemius aponeurosis. Carlsson et al. also reported that injection in large
clusters lead to early apoptosis from hypoxia. They recommended diffuse transplantation
throughout the muscle and smaller striated muscles with decreased intramuscular pressure [38].
Sterkers’s mini-pigs demonstrated islet expression of insulin and glucagon on
immunohistochemistry of the intramuscular grafts six months post-transplant. At one month, an
acute insulin response to intravenous glucose was seen, but the insulin response was 55% lower
than the pancreatectomized minipigs that received the identical islet mass in the liver [36].
Al-Abdullah et al. compared unpurified islets transplanted to the liver, spleen, skeletal muscle,
omental pouch and renal subcapsule of dogs. Four of the five dogs with intramuscular transplant
developed necrosis at the transplant site resulting in graft failure [39]. In 1996, a patient who had
received a kidney transplant a year prior received a brachioradialis alloislet transplant, however, a
biopsy at two weeks post-transplant showed recurrent autoimmune diabetes despite
immunosuppression [40]. In 2008, there was a case report of a seven-year-old girl, with severe
hereditary pancreatitis requiring a total pancreatectomy, who underwent a successful
brachioradialis muscle autoislet transplant [41]. In addition to other case reports in humans [42],
Djordjevic et al. injected human fetal islets into the abdominal wall musculature of type 1
diabetics (n=17). Graft function was initially observed with an increase in C-peptide at 90 days
post-transplant, however this was followed by a decline in C-peptide levels and no patient
achieved insulin independence even after multiple injections [43].
Muscle has higher oxygen tension compared to the liver, and muscular endothelial cells are
primed to respond to hypoxia with physiologic angiogenesis as seen in exercise studies [44].
Christoffersson et al. noted that in rat islets, vascular density was similar in striated muscle and
the intact pancreas. They found that neutrophils were required to initiate revascularization, and
they postulated that this is related to neutrophil release of vascular endothelial growth factor
(VEGF) [45]. Svensson et al. also similarly noted intramuscular graft oxygen tension was 70% of
that in native islets in rats, with twice the blood vessel density compared to the renal subcapsular
grafts. However, when studying the muscle surrounding transplant islets Svensson et al. noted
reduced oxygenation, and a larger portion of connective tissue [44]. This suggests early cell death
in the intramuscular grafts with resultant fibrosis. Several studies in rats have shown improved
glycemic control with the addition of adjuncts such as IGF-I, or prevascularization with a mesh
coated with VEGF or basic fibroblast growth factor [35].
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The subcuticular space has lower oxygen tension and blood supply than muscle, and
allotransplants in both humans and mice have shown islet necrosis [46]. This prompted several
groups to explore promoting angiogenesis through stimulating factors or implanting a
biocompatible foreign body in rodents. In one such study, a stainless steel mesh was placed in the
subcutaneous space of diabetic rats to promote neovasuclarization 40 days before the islets were
transplanted. This resulted in normoglycemia with sustained graft function [47]. Overall, the most
successful transplants in this area had been pretreated with bioscaffolds and specifically those
bioscaffolds that also contained angiogenic factors [35]. Other treatments aimed at improving
oxygenation such as hyperbaric oxygen have proven unsuccessful [48]. There have not been any
large animal studies looking at islet transplant in the subcuticular space.
In summary, while both sites have been evaluated in small animal models, they have not been
compared to intrahepatic transplantation. Despite providing an optimal location for placement
and further monitoring of islets, there are the limitations of graft vulnerability and lack of portal
drainage. Adjunctive therapies to improve post-transplant oxygenation and angiogenesis may
increase the utility of these sites in the future. There is currently a ViaCyte phase I/II trial to
explore a macroencapsulation device placed in the subcuticular space containing pancreatic
endodermal cells derived from pluripotent cells (NCT02239354). The pancreatic endoderm cells
are from Cyt49 embryonic stem cells, and they mature post transplantation into islet-like cells that
have been shown to control blood glucose in rodents. The aim of this trial is to develop an
allotransplant that would not require immunosuppression [49].
8. Bone Marrow
Bone marrow is a well vascularized, physically protected, broadly distributed and easily
accessible site. Rodent studies have shown that both auto and allografts to the bone marrow can
result in both insulin and glucagon production, while limiting rejection [50, 51]. The classical
understanding of the immune system implies that the allogenic response is initiated by
recognition of non-self antigens; thus, increasing the risk of rejection if the allografts are placed in
immediate contact with immunocompetent cells. Conversely, Salazar-Banuelos et al. postulate
that bone marrow may encourage antigen presentation leading to tolerance or
hyporesponsiveness [51]. It has suggested that bone marrow may be the ideal site for future
inquiry into coinjecting islets with immunomodulatory cells such as mesenchymal stem cells or Tregulatory cells. These cells may contribute to the containment of both allo and autoimmune
responses, and the bone marrow would provide proximity to islet antigens and the targets of the
immunomodulatory cells [52, 53]. Cantarelli et al. showed in mice that the bone marrow is not a
immunoprotective site. In fact, T cell depleting treatment similar to immunosupression that is
used clinically was less effective at preventing rejection in bone marrow [50].
In diabetic mice, bone marrow infusion was superior to the liver in reaching euglycemia and
alpha and beta cell fractions, without a difference in glucose metabolism [52]. Islets in this site
grew, and were larger 12 months after transplant than when placed [50]. No impact was found of
the transplanted islets on the hematopietic activity of bone marrow, even when virus-induced
bone marrow aplasia greatly upregulated its function. On biopsy, there was bone resorption and
cortical density loss near the grafts [50].
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A pilot study was performed by Maffi et al. on patients with pancreatogenic diabetes with a
contraindication to hepatic transplant (n=4); they received a single autotransplant into the iliac
crest bone marrow. The procedure followed the same principles as those used for cord blood cell
infusion into the bone marrow of patients with acute leukemia. These patients had detectable
levels of C-peptide after islet transplantation, with stable HbA1c, although all required exogenous
insulin at one year. On biopsy there was evidence of insulin producing cells without damage to
bone structure [54]. The authors highlighted the ease of repeated infusions and graft biopsies, and
lack of adverse events. There is an ongoing phase II clinical trial for type 1 diabetics to receive
allogenic islets into the liver or bone marrow, but the results are pending (NCT01722682).
9. Kidney Subcapsule
While the renal subcapsular space is the most common site for murine model study of islet
immune response, pharmaceutical effects and genetic modifications, larger animal studies are
limited [55]. In rodent models, kidney subcapsule transplantation results in normoglycemia and
expected insulin and glucagon secretion in response to glucose and arginine [56]. Transplant to
this site also prevented chronic complications related to diabetes, including nephropathy and
ophthalmic complications [57]. Additionally islets can be accessed at a later date for analysis via
biopsy. Islet transplantation could also be performed simultaneously with a renal transplant
containing the islet graft as some patients may require both [58]. In pancreatectomized canines
the number of islets needed to achieve normoglycemia was higher in the kidney subcapsule than
the spleen or portal vein [59]. This decreased transplant efficacy poses a particularly difficult
obstacle given the kidney’s inelasticity and inability to tolerate large volumes [60]. Additionally,
the small physical space for islets increases hypoxia.
Small and large animal models have shown poor results [58-60]. One limitation of renal
subcapsular islet transplant is later revascularization due to the requirement of perfusion from
both the renal artery and renal capsular arteries as seen in rats versus the instant portal vein and
earlier hepatic artery revascularization seen in liver islet transplantation [61]. In humans, Cpeptide levels after allotransplant acting as a surrogate for islet survival was seen in both patients
who had islets placed in the kidney subcapsule (2 of 3 patients) and the portal vein (all 6 patients).
A higher islet mass was used in the kidney group. Despite the difference in C peptide levels,
neither group had a change in hemoglobin A1c or insulin independence achieved [62].
Another important consideration in this site is the systemic rather than portal drainage, with
significantly less insulin reaching its major target organ, the liver. Guan et al. studied normal and
diabetic rats with renal subcapsular islet transplants who had systemic renal vein drainage versus
those who had a shunt placed to the superior mesenteric vein providing portal drainage. The
systemically drained rats had higher insulin response to glucose, insulin resistance and decreased
metabolism of insulin compared to portally drained or normal rats [4]. This is likely due to first
pass hepatic insulin clearance [5]. Kruszynska et al. found that diabetic rats with renal subcapsular
transplant had lower hepatic glycogen stores than those with islets placed in the spleen. This
implies that systemic drainage may not lead to enough insulin within the liver, which may be the
major limiting factor of transplant to the renal capsule [63].
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10. Spleen
There are several favourable characteristics of islet cell transplantation to the spleen. These
include portal venous drainage, easy access intraoperatively, the ability to tolerate unpurified
islets and good vascularization. In multiple studies the importance of oxygen tension of a specific
site is argued, which was alluded to earlier in the paper [14]. While the oxygen tension and blood
flow of native islets is considerably higher in the kidney compared to other sites, Carlsson et al.
noted that there was not a difference when compared to spleen, liver or kidney capsule in rats
[14].
The spleen’s T-regulator cells lead to suppression of effector T cells; and, post transplant
inflammatory cytokine levels were significantly lower in the spleen than the liver in mice [64]. Also
the spleen may be a reservoir for stem cells that can differentiate into islet progenitor cells adding
to islet regeneration [65]. Islets can be transplanted into the spleen through the splenic vein or
placed directly into the spleen pulp [64]. This is an important distinction because islets infused
through the splenic vein may still be susceptible to IBMIR.
There is conflicting data regarding the use of the spleen for islet transplant in large animal
models [59, 64, 66]. Splenic autotransplantation in humans who had a total pancreatectomy was
performed at the University of Leicester. While two of the five patients achieved insulin
independence for longer than a year, splenic infarction and portal thrombosis limited its
application [67]. Du Toit et al. also reported concerning complications such as subcapsular
hematoma or perforation, arteriolar thrombosis and intrasplenic necrosis or cavitation [68]. Some
authors suggest that clinical outcomes have been limited by technique and complications could be
reduced with subcapsular implantation or laparoscopic surgery [64]. In islet autotransplantation,
the spleen may be of limited use as a transplant site as a splenectomy is frequently performed
with the total pancreatectomy in the modern era.
11. Intestinal Wall
The intestinal wall is richly vascularized, with higher oxygen tension, portal venous drainage
and the gastric submucosa (GS) has the unique benefit of glycemic sensing. One of the unique
attributes of the stomach or duodenum as a transplant site would be endoscopic access [69]. The
disadvantages are the high risk of injury to the gastrointestinal tract including: perforation,
ischemic, or hemorrhage [70-73]. In rodents, the intestinal wall has shown superior
glycometabolism in the gastric submucosa [71], and sustained graft function in the small bowel
subserosa space [73]. Other studies have shown improved graft function over other sites in
hamsters, and mini-pigs [69, 72].
Endoscopic access provides a novel approach to placing and surveying the islets.
Transendoscopic gastric submucosa islet allotransplantion in diabetic pigs had similar reduction in
baseline glucose and insulin requirements as those with laparoscopically placed gastric islet
transplants [69, 74]. Minimal C peptide was seen 60 minutes after transplant, suggesting minimal
islet loss. Of note, there were multiple clinically significant episodes of hypoglycemia amongst
these pigs [69].
The mesentery has also been considered given its capacity and rich blood supply. It also follows
the same physiologic path of insulin section as the pancreas. If the graft needed to be removed
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the associated intestine would likely have to be sacrificed [64]. Preclinical trials in nonhuman
primates investigated using the celiac artery as a transplant site; ultimately, this was shown to be
inferior to the portal vein [75]. No human trials with islet transplants to the gastrointestinal tract
have been performed to date.
12. Peritoneum
The peritoneum has a large capacity for islet cells but has poor transplant efficacy. While it is
easily accessible for transplant, peritoneal implants may be challenging to identify or study after
transplant [76, 77]. Fritschy et al. found that in streptozotocin diabetic rates with islets
transplanted into the peritoneum, normoglycemia and insulin response to intravenous glucose
load was directly correlated with the volume of graft used. Even at the highest volume used (8-10
microliters, equivalent to total islet tissue in a normal rat) the glucose and insulin levels on
intravenous glucose tolerance testing were not completely normalized. They hypothesized that
this may be related to inadequate beta-cell mass and lack of parasympathetic innervation [77].
Wahoff et al. studied dogs who underwent a total pancreatectomy then had either purified
islets engrafted intraportally or intraperitoneally and dispersed pancreatic islet tissue
intraperitoneally (DPIT). They found that while purified islets transplanted intraperitoneally failed
in the first three weeks compared to other groups, the intraperitoneal DPIT group had 67% graft
function at 6 months versus 86% in the intraportal purified islets with no difference in glucose
disposal. They concluded that in addition to being safe and practical the peritoneal cavity may be
optimal for tolerating high volume grafts. But, the peritoneum may require a higher number of
islets to produce similar function to intraportal grafts (have a low transplant efficacy), as seen in
the DPIT which had a higher viable beta-cell mass than purified islets [76].
Given the perionteum’s capacity to tolerate large volumes of tissue it has become an area of
interest in infusing encapsulated grafts [78]. Encapsulated islets or bioartificial pancreases are
future developments that potentially accomplish normoglycemia while also providing
immunoprotection from T cells, B cells, macrophages, and NK cells. It would be important to
ensure that the site had ease of access for removal of the device or cells if they become infected
or fail [21].
In humans, some authors cite concerns about adhesion formation and subsequent risk of ileus,
internal hernias and bowel strangulation, though this has not been clinically demonstrated [55].
There have not been human studies utilizing only peritoneal transplant, but it is commonly used
for residual islets in TPIAT. Bellin at al noted that five patients with extrahepatic islet transplant,
mainly peritoneal, had a normal glucagon response to hypoglycemia while patients with solely
hepatic islet transplant did not. This suggests survival of the peritoneal islet cells [27].
13. Omentum
The omentum has several advantages as a site for islet transplant, given its lack of volume
restrictions, rich vasculature with portal drainage and simplicity of access in the operating room
[79, 80]. There is also less exposure of the islets to blood, possibly reducing both the short-term
impact of IBMIR and the longer-term cytokine and endotoxin exposure. A concern for clinical
translation includes the theoretical risk of adhesion formation and subsequent bowel obstructions.
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Placing islets in a omental pouch had been shown to maintain normoglycemia in diabetic rats
as early as 1983 with a rapid return to diabetic state with removal of the pouch [80]. The Kim
group compared kidney, liver, muscle and omental pouch in diabetic mice, they found that the
omentum had the glycemic control and kinetics that were closest to controls [32]. Ao et al. studied
diabetic dogs with total pancreatectomy and autologous (n=5) or allogenic (n=12) free floating
islet transplantation into an omental pouch; 71% of these dogs become normoglycemic.
Additionally, they found that, similar to Wahoff et al. in the peritoneum, the threshold of islet cell
mass required to reach the same function was significantly higher (2.5 fold compared to the
spleen) [81]. Other studies have also confirmed that the while the omentum can achieve glucose
control, it has poor transplant efficacy [82].
Berman et al. examined diabetic cynomolgus monkeys, one autologous and five allogenic islet
transplants loaded onto a synthetic biodegradable scaffold were positioned in an omental pouch.
All of the monkeys had reduced hemoglobin A1c, decreased exogenous insulin requirements and
C-peptide levels > 1.0 ng/ML. When the grafts were explanted, they were well granulated and
vascularized with insulin-positive islets seen. There was delayed engraftment but similar C peptide
production when compared to solely intrahepatic allogenic transplanted monkeys [83]. Since that
time significant study has been dedicated to creating biologic scaffolding systems to provide an
extracellular matrix verses transplanting free-floating islet cells [84]. Ao et al. reported that they
attempted to perform epiploic arterial infusion of islets in dogs but this led to infarction of the
grafts and nonfunction [81].
The omentum may have immunoprivilege [22]. Ao et al. found that intraomental grafts
survived longer than intrasplenic grafts after cessation of cyclosporine (CsA) immunosuppression.
They postulated that the higher cell-mediated immune effector response in the spleen may
accelerate rejection, the lipophilic Csa may be cleared at a lower rater from the fatty omentum
leading to higher CsA tissue concentration, and the donor antigen presentation via lymphatics in
the omentum versus intravascularly in the spleen may lead to differing sensitization to
alloantigens [81].
Omental transplantation has been studied in animal models and in clinical trials which utilized
allografts facilitated by a biologic scaffolding [83]. Baidal et al. reported an allotransplant to the
omentum in a type 1 diabetic recipient who achieved insulin independence at one year follow up
[85]. At the University of Minnesota, islets are occasionally placed into the omentum or
peritoneum when prohibitive portal pressures prevent the full volume of islets from being
transfused during TPIAT [86]. There is a clinical trial ongoing where a portion of islets are placed in
the omentum regardless of portal pressures (NCT03779139). Our technique uses islets that are
suspended in plasma derived from the patient. An omental pouch is created and the islets are
adhered through adding calcium and thrombin to the plasma or an FDA-approved topical foam
hemostatic agent resulting in coagulation to the omentum. The omental edges of the “bowl” are
then closed with a running suture and marked with surgical clips for later localization (Figure 2).
Closure of the pouch with non-absorbable suture was suggested by Ao et al. who reported early
graft failure in a dog autograft recipient whose pouch had opened which they hypothesized led to
damage capillaries supplying islets leading to necrosis [81].
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Figure 2 Omental pouch for islet transplantation.
14. Other Sites
The thymus, testis, cerebral ventricles and anterior chamber of the eye have been studied as
potentially immunoprivileged sites for islet transplant, but at this time have no clinical application
[22, 83, 87-88]. The anterior chamber of the eye is undergoing further study in clinical trials. The
suppressed immune response was thought to be secondary to lack of lymphatic drainage and
cellular infiltration but more recently it is thought to be due to a complex network of immune
responses [88]. Immunoprivilege is more likely related to regulatory T cells or physical cellular
shields such as the blood-brain barrier [88-89].
The pancreas is a potential site for allogenic transplant, with the ideal oxygen tension. The
procedure to place islets in the pancreatic parenchyma, however, is invasive and could lead to
pancreatitis. Theoretically the same autoimmunity that causes type 1 diabetes could affect the
islets in allotransplantation [22]. Rodent models for islet transplant to the pancreas have yielded
positive results, however no large animal or human studies have been performed [90].
15. Conclusions
The current predominant location for transplanting islet cells is the liver via the portal venous
system. Despite the relative success of this site for allo- and auto-transplantation over the last
several decades, there remain several disadvantages to this site. Portal hypertension, portal vein
thrombosis, bleeding,low oxygen tension, IBMIR, inadequate alpha cell function, and delays in
neovascularization are factors that continue to drive researchers to explore alternative
extrahepatic sites for islet transplantation. These factors and others lend to the challenge in
finding a better alternative, which has limited the clinical translation of a clear solution. Ongoing
clinical studies are summarized in Table 3.
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Table 3 Overview of ongoing clinical testing for alternative islet transplants.
Trial ID

Site

Study Type

Study Location

Unique features

NCT01722682 Bone Marrow Phase 1/2

San Raffaele Scientific
Institute, Milan, Italy

vs. Liver

NCT02213003 Omentum

Phase 1/2

University of Miami /
Diabetes Research
institute

Autologous plasma

Omentum

Phase 1/2

University Hospital
Brussels, Brussels,
Belgium

NCT02821026 Omentum

Phase 1/2

Clinical Islet Transplant
Program
Edmonton, Alberta,
Canada

Combined study with
U Miami

NCT02803905 Omentum

Phase 2

University of Milan

vs. portal vein

NCT03779139 Omentum

Pilot

University of Minnesota

NCT01571817 Gastric
NCT02402439 Submucosa

Phase 1

University of California,
San Francisco

After kidney
transplant

NCT00790257 Subcutaneous Phase 1/2
space

Cliniques universitaires
Saint Luc Université
Catholique de Louvain

Encapsulated on
monolayer device

NCT02064309 Subcutaneous Phase 1/2
space

Uppsala University
Hospital

Implantable Beta-Air
device

Subcutaneous Phase 1/2

Diabetes & Glandular
PEG- encapsulated
Disease Research
Associates and Christus
Sant Rosa Transplant, San
Antonio, Texas, USA

Subcutaneous Phase 1

University Clinical
Hospital Saint-Luc,
Brussels, Belgium

Subcutaneous Phase 1/2

University of California at Macroencapsulated
San Diego, University of
device of pancreatic
Alberta Hospital
endodermal cells

Encapsulated in
monolayer cellular
device
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NCT01379729 Peritoneal
cavity

Peritoneum

NCT01967186 Muscle

Muscle

Phase 1/2

Ziekenhuis
Brussel/Ziekenhuizen
LeuvenBelgium

Alginate encapsulated

Phase 1

University of Perugia,
Perugia, Italy

PLO-alginateencapsulated

Phase 1/2

Nordic Network for
clinical islet
transplantation

In kidney transplant
Vs. Intraportal, some
with auto MSC

Pilot

Karolinska Institute,
Stockholm, Sweden;
Uppsala University
Hospital, Sweden; and
University of Lille, France

NCT01652911 Subcutaneous Phase 1/2
NCT03513939

University of Alberta

Cell pouch (™)

NCT02916680 Anterior
chamber of
the eye

University Hospital,
Basel, Switzerland

Only severely
impaired diabetic
eyes

NCT02846571 Anterior
chamber of
the eye

Phase 1/2

University of Miami, FL

NCT006925

Phase 1/2

Fuzhou General Hospital,
China

Simultaneous
Islet-Kidney

MSC: mesenchymal stem cells PLO: poly-L-ornithine PEG: polyethylene glycol
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Abstract
Background: This study examines very recent trends in deceased donor kidney
transplantation to assess the performance of the kidney allocation system (KAS),
implemented December 4, 2014, and whether bolus effects associated with KAS have
stabilized nearly four years after implementation.
Methods: The overall number of deceased donor kidney transplants, as well as the
proportion of transplants by recipient and transplant characteristics, were calculated
monthly from December 2013 through September 2018 and examined graphically.
Transplant rates were calculated as the number of deceased donor kidney transplants
divided by the number of patient years of time on the active waiting list among candidates
listed in a donor service area (DSA). Kidney discard rates – the percentage of kidneys
recovered for transplant but not transplanted – were analyzed overall and stratified by
donor Kidney Donor Profile Index (KDPI). Delayed graft function (DGF) was defined as the
recipient requiring dialysis within one week of transplant; monthly rates were examined
© 2019 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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graphically. We also surveyed other published research to round out our assessment of
KAS’s impact.
Results: Marked bolus effects, particularly a sharp increase in transplants to highly sensitized
and high dialysis time recipients, were associated with KAS implementation but have since
stabilized. Transplant access has improved for African American candidates, who now
receive a proportion of transplants comparable to their representation on the waiting list.
Subtype-compatible (“A2/A2B to B”) transplants have increased sharply but are still
numerically small (~20/month) and may have plateaued. Transplant rates varied 17-fold
across the 58 DSAs. Though the overall kidney discard rate has not changed appreciably over
the past five years, the rate for KDPI 35-85% kidneys has trended slightly downward since
2017. After initially rising with KAS, DGF rates have tapered but still remain slightly above
pre-KAS levels. One-year graft and patient survival rates remain excellent.
Conclusions: The number of deceased donor kidney transplants has reached an all-time high
and continues to rise, a boon for the nearly 100,000 patients with kidney failure on the
waiting list. Several key bolus effects that were anticipated with KAS did indeed materialize,
drastically changing the characteristics of the initial wave of post-KAS recipients. These bolus
effects have since tapered, suggesting KAS has, by and large, reached a steady state. KAS has
improved equity across ethnicities and levels of sensitization but did not attempt to resolve
geographic inequities, and substantial geographic disparities remain. The goal of increasing
utilization of kidneys at high risk of discard has not been met. Numerous policy changes and
system improvement initiatives have been proposed, many of which are currently underway
or pending implementation, to improve organ utilization.
Keywords
OPTN; UNOS; allocation; kidney; policy; bolus effects; blood subtyping; discard; organ
utilization; delayed graft function; equity

1. Introduction
The “new” kidney allocation system (KAS) is no longer quite so new. December 4, 2018 marked
the four year anniversary of this substantial overhaul of the nation’s policy governing how
candidates are prioritized to receive kidneys available from deceased donors.
The old, pre-KAS system for allocating kidneys in the U.S. was primarily a “first come, first serve”
policy driven largely by waiting time. Though the old system included priorities for donor-recipient
Human Leukocyte Antigen (HLA) tissue type matching aimed at maximizing graft longevity, it had
no provision ensuring that the “best” kidneys – those expected to function the longest – be
prioritized for transplant into patients with the greatest need for a long-lasting organ.
Consequently, severe mismatches in the expected longevity between the organ and the recipient
were not uncommon [1].
Another weakness of the old system was the inadequate prioritization given to extremely
highly sensitized patients. Before KAS, all patients with an 80% or higher chance of being
incompatible with a randomly available donor were prioritized equally, despite disproportionately
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longer odds of finding a suitable donor for a subset of these “highly sensitized” patients. And
though “first come, first serve” may seem to be an equitable method for allocation, prima facie, in
reality exogenous racial and ethnic disparities in healthcare translated into unintentional
disparities in access for minority candidates on the waiting list, who tended to be referred for
transplant much later than non-minorities [2].
Further limitations included a persistently high rate of discard among recovered and ostensibly
transplantable deceased donor kidneys, as well as fragmentation due to the system being
comprised of numerous policy “variances.” Consequently, a unified, national system for allocation
did not exist; rather, countless similar yet disparate sub-systems propagated over the years,
leading further changes to “national policy” cumbersome and costly to implement, since each
variant needed to be modified and tested independently [1].
To address these shortcomings, KAS’s goals included reducing organ/recipient longevity
mismatches; increasing access to transplant for biologically and historically disadvantaged groups;
increasing recovery and utilization of high KDPI kidneys; and streamlining the system to increase
efficiency of implementing future policy changes [3].
Much-anticipated bolus effects – a disproportionately large number of transplants received by
specific groups of recipients early after implementation – have long since stabilized, and the
system appears in many ways to have reached a steady state.
The question remains: is KAS achieving its goals? In many ways the answer is yes, in particular
with respect to goals related to equity and longevity matching. Yet goals surrounding increasing
organ utilization and system efficiency remain elusive [4].
This brief communication describes the state of kidney allocation in the U.S. approximately four
years after this major policy change and highlights potential opportunities to build upon KAS’s
foundation to further improve outcomes for waiting list candidates and kidney recipients.
2. Materials and Methods
This study used data from the Organ Procurement and Transplantation Network (OPTN). The
OPTN data system includes data on all donors, wait-listed candidates, and transplant recipients in
the US, submitted by the members of the Organ Procurement and Transplantation Network
(OPTN), and has been described elsewhere [5, 6]. The Health Resources and Services
Administration (HRSA), U.S. Department of Health and Human Services provides oversight to the
activities of the OPTN contractor.
The overall number and proportion of deceased donor kidney transplants by various recipient
and transplant characteristics were calculated monthly from December 2013 through September
2018 and examined graphically. Kidney discard rates – the percentage of kidneys recovered for
transplant not transplanted – were analyzed overall and stratified by donor Kidney Donor Profile
Index (KDPI). Delayed graft function (DGF) was defined as the recipient requiring dialysis within
one week of transplant; monthly rates were calculated and examined graphically. The proportion
of transplants based on recipient time on dialysis and DGF rates were only shown through July
2018 due to lags in centers reporting data to the OPTN.
IRB exemption was obtained from the US Department of Health and Human Services Health
Resources and Services Administration (HRSA).
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3. Results
3.1 Overall Transplant Trends
Though likely unrelated to KAS, the number of deceased donor kidney transplants continues to
rise. In 2014, approximately 900 deceased donor kidney transplants were performed nationwide
each month, an average that has risen over 25% to nearly 1,150 per month by September 2018.
(Figure 1)

Figure 1 The five-year trend in deceased donor kidney transplants per month in the U.S.
The number of deceased donor kidney transplants has steadily risen since late 2013,
when just under 900 were performed each month in the U.S. By mid-2018, this number
has risen by over 25% to over 1150. The increasing trend in transplants that began prior
to KAS has continued.
This precipitous rise in transplants is associated with recent increases and changes in the
composition of the donor pool. In 2017, the number of deceased donors exceeded 10,000 for the
first time [7]. The number of donation after circulatory death (DCD) donors rose by 70% from 2012
to 2017, and by 2017, DCD’s accounted for 17% of all donors. The number of brain dead donors
also increased substantially during this time by nearly 20%. Donors with drug intoxication as
mechanism of death rose 3-fold from 2010 to 2017 and now account for 13% of donors [8]. By
contrast, the number of deceased donors over age 65 has not changed appreciably over the past
decade and still represents fewer than 10% of deceased donors. (OPTN data)
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3.2 Kidney Discard Rates
Though a possible contributor to the steep rise in deceased donor kidney transplants might
have been a decline in the kidney discard rate (the percentage of kidneys recovered for the
purpose of transplantation that are not transplanted), this rate has remained essentially
unchanged over the past 10 years. Though the discard rate rose immediately after KAS
implementation [9], it later stabilized. And from 2007-2017, the overall annual kidney discard rate
has remained within the relatively narrow range of 18-20%. In 2017, the kidney discard rate of
18.9% translated into 3,534 kidney recovered with intent to transplant but that were not
transplanted. (OPTN data)
Among kidneys expected to provide the shortest post-transplant graft longevity (KDPI>85%),
but which may still benefit many patients on the waiting list [10], the discard rate has remained at
approximately 60%. Though discard rates associated with these three KDPI groups – 0-20%, 2134%, 86-100% -- have remained relatively stable, the KDPI 35-85% discard rate declined from 19.8%
in 2016 to 16.2% partway through 2018 (Figure 2), suggesting improvement for the broadest KDPI
group.

Figure 2 Five-year trends in deceased donor kidney discard rates, stratified by donor KDPI.
The kidney allocation system allocates kidneys differently depending on donor KDPI
group: 0-20%, 21-34%, 35-85%, 86-100%. The percentage of kidneys recovered for the
purpose of transplantation but not transplanted – i.e., the kidney discard rate – differs
markedly depending on KDPI. Approximately 60% of recovered KDPI 86-100% kidneys
are not transplanted, a percentage that has remain largely unchanged after KAS
implementation in 2014. By contrast, only about 2% of KDPI 0-20% kidneys, which are
projected to function much longer, are discarded.
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3.3 Bolus Effects and the Trends in Recipient Characteristics
The proportion of deceased donor kidney transplants received by African American recipients
rose sharply from approximately 32% to nearly 40% after KAS took effect, reflecting an initial bolus
effect associated with waiting time priority being redefined to begin at time of chronic dialysis
instead of listing. (Figure 3) With this rise, the longstanding disparity between the proportion of
African American candidates on the waiting list and the proportion of those receiving transplant
was resolved [3, 11, 12]. The percentage of transplants to African Americans has since tapered to
approximately 34% (Figure 3), closely aligned with their current waiting list representation of 32%
[13].

Figure 3 Five-year trends in deceased donor kidney transplants by recipient
characteristics. The percentage of deceased donor kidney transplants of varying
characteristics are shown to highlight bolus effects and other dynamic aspects associated
with KAS. After initially increasing sharply, the proportions of transplants going to very
highly sensitized (CPRA 99-100%) and very high dialysis time (>=10 years) recipients have
tapered substantially.
With waiting time redefined to begin with the start of chronic dialysis, even if it started many
years prior to listing, a bolus of recipients with long dialysis times was observed immediately after
implementation. The proportion of recipients with 10 or more years on dialysis spiked from 4% to
over 15% but tapered rapidly and appears to have stabilized at around 5%, only slightly higher
than pre-KAS levels. (Figure 3)
The most salient bolus effect associated with KAS was clearly the early, sharp rise in the
percentage of transplants received by highly sensitized patients (Calculated Panel Reactive
Antibodies (CPRA) 99-100%), who now receive regional or national priority for compatible donors.
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Prior to KAS, this group – which accounts for about 7% of the waiting list – received just 2% of
transplants; by contrast, immediately after KAS this group accounted for approximately 17% of
transplants. As more of these difficult-to-match patients were removed from the waiting list due
to transplantation, the proportion of transplants going to this group steadily declined and appears
to have reached an equilibrium near 9%. The percentage of “non-local” transplants – those
received by candidates listed at a transplant program outside of the Donor Service Area (DSA) in
which the kidneys were recovered – rose sharply from about 20% to 33% before tapering to about
30%. (Figure 3) This increase was driven predominantly by the broader distribution of kidneys to
CPRA 99-100% patients (Figure 4).

Figure 4 Five-year trends in the % of transplants non-locally distributed, overall and CPRA
0-98%. The overall percentage of deceased donor kidney transplants distributed nonlocally rose sharply with KAS. However, this percentage did not change with KAS for the
subset of recipients having CPRA 0-98%, suggesting the increase in non-local
transplantation was driven largely, if not exclusively, by the regional and national priority
assigned respectively to CPRA 99% and 100% patients under KAS. After tapering slightly
from 2015-2017 as bolus effects waned, the percentage of non-local transplants –
particularly for CPRA 0-98 recipients – has inched higher.
Another aspect of KAS intended to improve access for minority and other candidates
historically having longer waiting times was broadening the provision (previously only available at
transplant programs covered by policy variances) allowing medically suitable blood type B
candidates to receive donor blood group A, non-A1 (e.g., “A2”) or AB, non-A1B (e.g., “A2B”) kidneys
[14]. With fewer than five such transplants occurring each month in 2014, this monthly count
more than doubled immediately with KAS and continued to climb to over 25 per month in 2017,
before tapering to around 20 in 2018. (Figure 5)
The percentage of transplants received by pediatric patients (age<18), who represent about 1%
of the waiting list, declined slightly from just over 4% pre-KAS to just under 4% post-KAS,
ostensibly due to the top-of-the-list priority now granted to very highly sensitized patients. Though
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the percentage has dropped, the absolute number of transplants going to pediatric recipients has
increased, likely because of the overall rise in donors. In 2017, 486 pediatric patients received a
deceased donor kidney transplant (OPTN data), compared to 463 in the year prior to KAS [3]. The
proportion of pediatric recipients receiving kidneys projected to function the longest posttransplant (KDPI<35%) kidney increased with KAS [3].

Figure 5 The five-year trend in donor blood subgroup A, non-A1 (“A2”) and AB, non-A1B
(“A2B”) transplants into blood group B recipients per month. After representing fewer
than five transplants per month prior to K
compatible” transplants has risen sharply with KAS. The trend appears to have plateaued,
however, and the numbers may suggest this feature of KAS has not reached its full
potential to improve transplant access for blood group B candidates.
The proportion of transplants received by age 65 and older patients fell from 23% to 18% with
KAS but steadily rebounded to near pre-KAS levels in 2018. The likely driver behind changes in the
age distribution of adult recipients is KAS’s longevity-matching component [15], which had a
primary goal of avoiding or reducing transplants in which the kidneys expected to function the
longest are received by patients not expected to need such long-lasting organs. In fact, the
percentage of transplants having KDPI<35% and recipient age 65 or greater was cut in half with
KAS – from 6% to 3% – and remains at 3% in 2018 (OPTN data).
3.4 Geographic Variation in Transplant Access among Waitlisted Candidates
Figure 6 shows the rates candidates in active status on the waiting list receive deceased donor
kidney transplants across the 58 DSAs. In the first half of 2018, the overall national transplant rate
was 0.22. The transplant rate varied from 0.09 to 1.52, a 17-fold difference for the highest vs.
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lowest rate DSA. The 95% confidence intervals indicate the transplant rate differences among
DSAs are generally not the product of small sample sizes and/or random variability.

Figure 6 Deceased donor kidney transplants per active patient-year on the waiting list, by
DSA of listing (January-June 2018). The “transplant rate” – the ratio of the number of
kidney transplants (from local and non-local deceased donors) per active patient-year on
the waiting list – varied 17-fold across donor service areas (DSAs) in the first half of 2018.
This rate ranged from 0.09 to 1.52 across the 58 DSAs, indicating substantial geographic
disparity in access to kidneys remains nearly four years after KAS. The 95% confidence
intervals reveal that DSA differences cannot be explained by small sample sizes and/or
random variability.
3.5 Early Post-Transplant Outcomes
Delayed graft function (DGF), defined as the recipient needing dialysis within a week of
transplant, became more common with KAS, owing at least partially to more recipients having
lengthy dialysis times as well as slightly increased cold ischemic times [3, 16]. DGF rates have been
found to have increased not just for adults but also for pediatric recipients, in particular preadolescents, a rise found to be associated with both longer pre-transplant dialysis times and donor
factors [17]. Figure 7 reveals that after the initial post-KAS spike in the proportion of all recipients
experiencing DGF, the DGF rate moderated but still remains slightly above pre-KAS levels.
Despite the rise in the pediatric DGF rate, one-year graft survival rates among pediatric
recipients do not appear to have worsened based on very early data. One-year patient and graft
survival rates among all recipients in the initial post-KAS cohort remain similar to, although slightly
lower than, rates immediately preceding KAS. Graft survival rates declined from 94.1% to 93.6%
(p=0.07) [12, 18]. The slight decline in survival rates may be attributable to the early bolus of
higher-risk (e.g., long dialysis durations; very high CPRA) transplants and thus might not reflect
KAS outcomes under steady state. Further research is needed to assess both short and longer
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term outcomes now that the post-KAS recipient distribution appears to have reached an
equilibrium.

Figure 7 The five-year trend in the Delayed Graft Function (DGF) rate among deceased
donor kidney transplants. Delayed graft function (DGF) rates among deceased donor
kidney recipients increased with KAS from about 25% to over 30% but have since
declined. The DGF rate remains slightly above pre-KAS.
4. Discussion
More deceased donor kidney transplants are occurring now in the U.S. than ever before. This
rising trend appears to be largely associated with demographic changes in the donor pool, such as
a sharp rise in drug overdose and DCD donors, not necessarily the allocation changes brought
about by KAS. With the size of the kidney waiting list falling below 100,000, due to both more
patients being removed for transplant as well as changes in listing practices [19, 20], the kidney
supply to demand gap is no longer widening, at least among waitlisted patients. However, despite
today’s slightly rosier picture compared to just a few years ago, substantial room for improvement
remains in two key areas: optimizing the utilization of all transplant-quality kidneys, and
addressing long-standing inequities in access to transplant, particular those related to geography.
4.1 Optimizing Kidney Utilization
The underutilization of available deceased donor kidneys is well documented [21-24], and
numerous groups have proposed policy changes and other initiatives aimed at improving the
situation [25-28]. Several changes and initiatives aimed squarely at this challenge have been
explored, recently implemented, or are nearing implementation. For example, the OPTN
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implemented a policy change in June 2018 reducing the amount of time allotted to transplant
programs for accepting or refusing organ offers, as well as allowing candidates to have no more
than two acceptances simultaneously, in an attempt to improve organ placement efficiency in
DonorNet [29]. Impact analyses are forthcoming.
Kidney allocation policy changes pending implementation include two related proposals aimed
at improving the utilization of dual (typically from older donors) and en bloc (typically from very
small pediatric donors) kidneys [30, 31]. Included in these changes is a provision to remove the
combined local/regional allocation of KDPI>85% kidneys, an aspect of KAS in which local and
regional centers are grouped together on the match run (instead of all local candidates first, then
regional candidates) but which has not led to the desired goal of reduced discard rates.
Consistent with NKF Discard Consensus Conference recommendations, the OPTN
(1) previously implemented an operational rule such that transplant centers cannot be
identified for review by its Membership and Professional Standards Committee (MPSC)
solely based on certain higher-risk transplants (KDPI>85% and EPTS>80%) believed to
be underutilized [32]
(2) is actively working on establishing new, more granular organ refusal reasons (e.g.,
replacing the overly broad “830: donor age/quality” with more clinically specific
reasons) to improve real-time decision-making and retrospective analyses, and
(3) has begun pursuing codification of “expedited placement” pathways into allocation
policies [33-36], in which kidneys at high risk of discard are preferentially allocated to
candidate or centers most likely to accept them
In addition, the OPTN has developed and enhanced tools aimed at improving organ utilization.
These tools are available to transplant centers through UNOS’s UNetSM Data Portal. For example,
the Report of Organs Offered (ROO) shows transplant centers the post-transplant outcomes for
offers they previously declined, but which were accepted and transplanted elsewhere. The intent
is to help drive Quality Assurance Process Improvement (QAPI) reviews and spur centers to
reconsider their organ offer acceptance practices as well as their use of donor acceptance
parameters for screening their candidates off the match run. The Recovery and Usage Map (RUM)
report allows OPOs to compare stratified organ utilization rates with their peers, as well as identify
transplant centers with a pattern of transplanting various types of kidneys, including those at high
risk of discard. Another active project at UNOS involves creation of multifactorial offer filtering
capabilities in UNetSM to complement and potentially replace the current, primarily one-at-a-time
offer screening criteria.
The Collaborative Improvement and Innovation Network (COIIN) [37], a 3-year Health
Resources and Services Administration-directed OPTN project, was initiated with the specific goal
of increasing the utilization of deceased donor kidneys with a KDPI of greater than 50%. This effort,
beginning in late 2015, utilized a strategy of collaborative process improvement based on the
development of best practices and other quality metrics with real-time data evaluation. Initial
results suggest that this approach has resulted in increased utilization of high KDPI kidneys among
the initial cohort of participating transplant programs [38]. It is possible that the recent decline in
the KDPI 35-85% discard rate (Figure 2) may in part be related to COIIN.
Another potential boon to kidney utilization is the Centers for Medicare and Medicaid Services
(CMS) recent proposal to relax transplant center conditions of participation related to maintaining
sufficiently high, risk-adjusted, one-year graft and patient survival rates [39].
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4.2 Improving Equity in Access to Kidneys
KAS has substantially improved equity in access to transplant, largely by way of reducing
variability in transplant rates across the candidate sensitization (CPRA) spectrum [40, 41] and by
improving access to ethnic minorities [11]. Still, substantial access disparities remain [40].
Though subtype-compatible transplants have increased sharply with KAS (Figure 5), the
provision for transplanting A2 or A2B kidneys into compatible blood type B candidates, who are still
biologically disadvantaged due to relatively few donors having blood type B [3, 40], remains
underutilized [42, 43]. Though an OPTN study found blood type to be the candidate characteristic
third-most associated with disparities in transplant access, the factor most associated with
disparities is geography, most notably the DSA of a candidate’s transplant program [40, 44].
Recent data confirm substantial geographic disparity persisted in early 2018. (Figure 6).
Within the past 12 months, the OPTN Board of Directors approved the removal of DSA as a unit
of allocation from both the allocation of lungs (implemented November 2017) [45, 46] and livers
(approved December 2018, pending implementation) [47], spurred by the motivation to reduce
geographic inequities and in recognition of the OPTN Final Rule’s [48] mandate that organ
distribution not be based on candidates’ place of residence [49]. Other organ-specific committees,
including the OPTN Kidney Transplantation Committee, have been charged by the Board to revise
distribution policies to remove candidate prioritization based on geographic boundaries that are
not rationally determined and consistently applied, specifically DSAs and Regions.
Various approaches, including the use of concentric circles as well as a “borderless,” pointsbased approach [50] to allocation policy are being considered. A borderless approach would
combine points based on the potential recipient’s proximity to the donated organs with points
based on medical priority, equity, and other considerations deemed to be important to organ
allocation. This flexible approach has the potential to greatly reduce geographic disparities while
avoiding unnecessary organ travel based on trivial differences in potential recipients’ waiting time,
medical urgency, or other characteristics. It would also force a critical reassessment of the degree
to which priority should be awarded for pediatrics, prior living donors, highly sensitized candidates,
donor/candidate longevity-matching, first time vs. repeat candidates [51], 0-ABDR mismatches,
and other transplant types relative to priorities assigned based on proximity. Any proposals to
broaden organ distribution must be conceived carefully with consideration of system costs,
logistics, and avoiding or mitigating any potential detrimental effects on organ utilization [52].
Reductions in acceptance practice variations among transplant hospitals and surgeons within
transplant hospitals may also serve to improve equity [53-55]. Decision analytic tools [56, 57] that
aim to distill numerous potentially relevant clinical data points into actionable assessments for the
specific decision at hand – is this particular organ expected to afford a survival advantage to this
particular candidate at this moment, compared to available alternatives? – have the potential to
help not only reduce variability but also increase organ utilization and improve outcomes among
waiting list candidates and recipients.
The prospects for candidates on the waiting list for a kidney transplant in 2018 have improved
compared to four years ago, before the nation’s system for allocating this scarce resource was
overhauled. Short-term outcomes remain excellent, with 19 of 20 transplanted kidneys surviving
past the one year mark. However, improvements in long-term graft survival have lagged [58], and
other key challenges remain in the areas of optimizing kidney utilization and improving geographic
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equity. The OPTN is committed to working arm-in-arm with the transplant community it
represents to identify bold, innovative approaches to further improve the prognosis for all end
stage organ failure patients.
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Abstract
Infection with parvovirus B19 is common, with up to 55% of adults showing seropositive
evidence of prior infection. Clinical disease can occur due to acute infection, chronic
persistent viremia, rarely secondary infection, or possibly viral reactivation of latent virus.
The clinical presentation of primary infection depends on age, the presence of a hematologic
condition, and immune status. We report a renal transplant recipient who developed
transfusion dependent anemia refractory to erythropoietin that responded to IgG
replacement, although he had a relapsing course. It is an uncommon infection in solid organ
transplant (SOT) recipients that has atypical features, usually presenting with pure red cell
aplasia which is refractory to erythropoietin (EPO) and which can be transfusion dependent.
Plasma polymerase chain reaction (PCR) measurement of DNA, both qualitative and
quantitative, can be very helpful for diagnosis, but a negative test does not exclude infection.
In those cases, bone marrow biopsy may be needed to document the viral infection. Due to
immunosuppression, SOT recipients may not be able to mount a measurable antibody
response; hence serologic diagnosis by antibody detection may be unreliable. Other end
organ disease is even more unusual manifestation of parvovirus infection, but it can occur,
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most commonly in immunocompromised individuals. Intravenous immunoglobulin (IVIG)
replacement therapy appears to be most effective treatment, although there may also be a
role for reduction in immunosuppression. The ability to prevent this unusual infection may
be difficult as most patients who transmit the disease are often asymptomatic.
Keywords
Parvovirus B19; solid organ transplantation; anemia; red cell aplasia

1.

Introduction

Since it was first discovered in 1974 by Cossart et al., human parvovirus B19 has been
implicated in many serious infections in immunocompromised individuals, as well as innumerable
childhood exanthems [1, 2]. It is a common infection in childhood, with erythema infectiosum
being the most typical clinical syndrome. Because of this ubiquity, most adults have been exposed
to parvovirus B19 and have IgG antibodies to the virus. In fact, 55% of individuals aged 11-15 years
old and approximately 90% of individuals over 71 years old have serologic evidence of IgG to
parvovirus B19 [3]. Although the risk of infection is greatest in childhood, there is ongoing risk of
infection throughout adulthood. In serologic studies of pregnant women, the annual rate of
seroconversion in susceptible individuals was 1.5% [3, 4]. The presentation in adults is different
than in children, with a clinical presentation often characterized by a form of polyarthritis that can
mimic rheumatoid arthritis. Special populations can have other manifestations. Parvovirus is the
major cause of transient aplastic crisis in patients with hemolytic syndromes. If infection occurs in
pregnancy, the fetus can become infected and develop hydrops fetalis or congenital anemia. A
similarity across these manifestations of parvovirus infection is that although antibodies are
extremely common in the population, viremia is not.
The incidence of parvovirus B19 infection in SOT is not well established, as most of the
literature involves case reports rather than large cohorts, and diagnostic testing is variable [5].
Screening is generally not recommended. Some longitudinal cohort studies estimate the
prevalence of B19 infection in transplant recipients to be approximately 1-12% [6-10]. Molecular
surveillance studies have indicated that 23-31% of renal transplant patients may be viremic [11].
Despite many case reports, clinical parvovirus B19 is still considered a rare clinical complication of
transplantation, though it can be potentially quite serious.
Infection most frequently occurs via transmission of the virus in respiratory secretions, but it
may also be contracted through blood transfusion, bone marrow, or organ transplantation [12-14].
Nosocomial and congenital transmission have also been documented [15, 16]. While most adults
have long-lived protective antibodies against parvovirus, severe infection may occur in individuals
with depressed immune systems due to solid organ or bone marrow transplant, HIV, or other
immunodeficiencies. The higher risk among transplant and other immunocompromised patients is
thought to be related to both a lack of neutralizing antibodies as well as depressed cellular
immune response [5, 17-20].
Parvovirus B19 is a single stranded DNA virus; the genome codes for with 3 highly conserved
proteins: NS1, VP1, and VP2. There is over 85% genetic conservation of these proteins across a
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wide sample of virus samples, which explains why IgG antibodies against parvovirus offer
substantial protection against future infection [2, 5, 21]. B19 was the first pathogenic human
parvovirus discovered; more recently discovered human pathogen parvoviruses are considered
less clinically significant due to their relative rarity.
We report a renal transplant recipient who developed transfusion dependent anemia
refractory to erythropoietin that responded to IgG replacement therapy, although he had a
relapsing course.
2. Case Study
A 53-year-old man with chronic renal failure from diabetes mellitus and hypertension
underwent a cadaveric renal transplant. CMV status was donor seropositive, and recipient
seropositive. He also had underlying cardiovascular disease and had suffered a non-ST elevated
myocardial infarction (NSTEMI) in the early post-transplant period. For immunosuppression, he
was receiving tacrolimus, mycophenolate mofetil, and prednisone. He was also taking
trimethoprim-sulfamethoxazole (TMP-SMX) for Pneumocystis jirovecii pneumonia (PJP)
prophylaxis. On day 1 post-transplant, his hemoglobin (Hgb) was 8.9 g/dL, but the anemia
gradually improved and his Hgb was 13.2 g/dL by day 92. His hemoglobin started to drop, however,
after day 225. On day 278 he presented to the hospital with chest pain and was admitted for an
evaluation. He did not have an acute myocardial infarction, but he did have T-wave inversions in
his inferior lead and a troponin value which peaked at 0.33 ng/mL. At the time of presentation, the
patient’s Hgb was 7.0 g/dL, and it subsequently dropped to a low of 6.6 g/dL. His reticulocyte
count was measured as 0.0/μL. There was no evidence of bleeding. The white blood cell count was
6.3 K/µL and the platelet count was 220 K/µL. The MCV was 85.9 fL. Serum iron level was 241
mcg/dL (normal 40-160), total iron binding capacity 253 mcg/dL (normal 230-430), and the ferritin
level 1,686 ng/mL (normal 20-300). The haptoglobin was measured at 49 ng/dL (normal 51-192).
The erythropoietin level was measured at 488.5 mIU/mL (normal 4.0-26.0). Plasma PCR for CMV
and EBV did not detect any viral DNA. A respiratory viral multiplex PCR panel was also negative.
TMP-SMX and mycophenolate mofetil were held, while tacrolimus and prednisone were
continued. Parvovirus antibodies were below threshold of detection by enzyme immune assay
performed at Mayo Clinic Laboratories (IgM = 0.09, negative < 0.9; IgG 0.42, negative < 0.9).
Parvovirus B19 serologies had not been previously measured. Anemia and underlying
cardiovascular disease were thought to contribute to abnormal electrocardiogram and troponin
elevation; he received transfusion of two units of packed red blood cells for anemia. Posttransfusion, his Hgb was 8.9 g/dL, but this again dropped until he reached a nadir of 6.6 on day
296. After a plasma qualitative PCR for parvovirus B19 from day 285 came back positive for viral
DNA (real-time PCR developed and performance characteristics determined at Mayo Clinic
Laboratories), he was treated with two infusions of 80g (approximately 1g/kg) of IVIG two weeks
apart. Between doses he underwent left heart catheterization and had a drug eluting stent placed
in his right circumflex artery. He received another two doses of 80 grams of IVIG on day 341 and
day 343.
The patient’s qualitative parvovirus plasma PCR remained positive from day 285 to day 477. He
did not have a quantitative plasma PCR study sent until day 478, when his Hgb again dropped to
10.0 g/dL. He was retreated with 22.5 g (300 mg/kg) of IVIG. At that time, he had 23,256 copies
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parvovirus B19 DNA per mL plasma (performed by FOCUS Laboratories, CA). After this fifth
infusion of IVIG, he developed fevers, chills, diffuse arthralgias and a macular rash on his lower
extremities. His maximum temperature was 39.4o C. He was started on empiric intravenous
antibiotics, but cultures remained negative and the antibiotics were discontinued. His symptoms
were attributed to immune complex disease. Although adverse reactions to IVIG are more
common with the initial infusion, immune complex-related reactions may occur with any infusion
as a result of high immunoglobulin A (IgA) or anti-Rh blood group antibodies [22].
By day 545, his quantitative serum parvovirus B19 DNA PCR had decreased to 3,389 copies/mL.
At that time, he also had evidence of antibody response to parvovirus. His IgG optical density (OD)
by EIA was 4.89, in part due to donor antibodies from IVIG, but he also now had an IgM OD of 1.22.
He was also tested with a quantiferon-Tuberculosis (TB) Gold test and he had an excellent
response to the mitogen control (mitogen – NIL of 6.61), suggesting appropriate lymphocyte
response. From day 534 onward he maintained a normal Hgb above 13.5 g/dL without any further
doses of IVIG.
This case report demonstrates the difficulty of diagnosing parvovirus infection following solid
organ transplantation. Patients often present with a sole symptom of anemia (and/or sequelae of
anemia, as in our patient with cardiac symptoms), which may not resolve with transfusions alone.
Resolution of parvovirus viremia and associated symptoms may require several doses of IVIG,
which is not without potential adverse effects.
3. Discussion
3.1 Magnitude of the Problem
The most severe infections in the solid organ transplant recipient are those caused by human
herpes viruses, particularly CMV, but also herpes simplex virus (HSV), varicella zoster virus (VZV),
and Epstein-Barr virus (EBV). Adenovirus, BK virus, and the viral hepatitides are also important
post-transplant viral pathogens. The frequency of clinical disease due to parvovirus B19 in solid
organ transplant recipients is low. Screening is not recommended due to the infrequency of
disease and lack of pre-emptive therapies to prevent disease [7, 23]. However, the potential for
persistent or recurrent infection, as well as the potentially fatal manifestations, makes parvovirus
B19 infection a relevant concern following transplantation. The most extensive review of
parvovirus B19 in transplant recipients was conducted by Eid and colleagues from the Mayo Clinic
[6]. This group did an analysis of institutional cases, a review of the literature, and performed
plasma PCR for parvovirus B19 on stored samples from a cohort of solid organ and stem cell
transplant recipients. Over a 15-year period, only 8 cases were identified (mean age 37.4), and
none of the plasma samples from 47 patients who had undergone solid organ transplantation or
allogeneic stem cell transplantation had detectable viral DNA. Their literature review through 2006
identified only 91 cases, with mean age of 35.2 years (+/-17.1 years standard deviation). Almost all
patients had anemia. Death occurred in 3% of cases, all in patients with viral myocarditis. Other
studies using parvovirus PCR have documented viremia in a higher proportion of renal transplant
recipients, particularly those with anemia [10, 11]. Patients with advanced HIV and
lymphoproliferative disease are other immunosuppressed populations who are at risk for
developing severe parvovirus infection [24, 25].
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3.2 Clinical Presentation
The usual presentation of parvovirus infection in solid organ transplant recipients, red cell
aplasia, is atypical for other patients. Parvovirus B19 most frequently causes erythema infectiosum,
or fifth disease, in children. In immunocompetent adults, the infection may manifest as fevers and
symmetric arthralgias. Symptoms are typically present during viremia, and then resolve when
neutralizing antibodies are produced [5, 7, 21]. Most immunocompetent adults will only have mild
symptoms related to reticulocytopenia and/or transient anemia related to the red blood cell
lifespan and reserve [15]. Red cell aplasia, however, is seen in patients with hemolytic syndromes
due to rapid red cell turnover, as well as immunocompromised hosts due to poor immune
response to infection [5].
There are case reports of other immunocompromised patients who have developed hepatitis,
pneumonia, myocarditis, and allograft dysfunction. Allograft dysfunction associated with
parvovirus B19 infection is thought to be related to non-specific immune responses to the virus
[26, 27]. Biopsies of renal transplant patients with parvovirus B19 infection often have thrombotic
microangiopathy, but it is not completely clear that this is the mechanism by which infections lead
to graft failure [28]. One review found that there was no difference in graft function of 31% of
patients with positive parvovirus B19 DNA PCR and those without detectable virus [10]. Our
patient did not have any of these end-organ complications.
Chronic, prolonged parvoviremia occurring in immunocompromised individuals has been
reported in several case reports [17, 24, 29, 30]. The inability to clear the viral infection is thought
to be related mainly to a lack of neutralizing antibody production as well as some suppression of
cellular immunity [30]. It is less clear how to define instances of secondary parvovirus B19
infection in which there is production of IgM and high viral load despite pre-existing evidence of
IgG antibodies. In such cases, experts have offered conflicting explanations of latent viral
reactivation versus secondary infection [25, 31-37]. One case report [35] performed genomic
sequencing of the parvovirus B19 DNA and found that the patient was infected with the same rare
genotype 2 on multiple occasions of viremia, which supports the explanation of reactivation, as it
would be unlikely to encounter genotype 2 on multiple occasions. Other case reports describe a
second acute parvovirus infection (with IgM and DNA viremia) in a healthy individual with existing
IgG in the setting of community outbreak, but the higher incidence of recurrent infections in
immunocompromised individuals suggests an immune defect (or immunosuppression effect)
leading to susceptibility [31, 32, 34, 36]. A study of 126 serum samples analyzed with real-time
multiplex viral PCR quantification assays found a low level B19 viremia of 0.8% among the cohort,
suggesting that this virus can become latent, similar to related DNA viruses [37, 38] One argument
against the potential for parvovirus B19 to reactivate is that the virus seems uncommon in elderly
individuals, unlike other DNA viruses that are known to reactivate, such as VZV and adenovirus.
3.3 Pathophysiology/Immunology
Parvovirus is one of the viruses, along with herpesviruses, adenoviruses, and polyoma viruses,
which can establish latency and reactivate when the host immune system is depressed [38].
Secondary symptomatic infection may also occur in patients with prior infection, and this has been
reported in both immune competent and immune deficient individuals [31]. Acute primary
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infection in adults, including transplant patients, can also occur. During viremia, reticulocyte
numbers fall characteristically. Lymphopenia, neutropenia, and thrombocytopenia may also occur.
The lack of baseline serological data in most patients makes it difficult to determine if an individual
patient has acute infection that does not clear due to a poor immune response, or reactivation of
a latent infection due to depressed immunity, though IgG avidity may be useful for determining
acuity of antibody production, if available [2, 39]. It is also potentially possible for loss of
neutralizing antibodies to occur, similar to the reverse seroconversion to hepatitis B resulting in
active hepatitis that can occur after transplantation [17, 40]. Hypogammaglobulinemia is a
common occurrence after transplantation, and it may be difficult to distinguish etiology as viral
versus immune-mediated. We did not have baseline IgG levels or IgG avidity in the patient in our
report.
The virus infects erythroid cells through its tropism for the P antigen receptor on their surfaces.
The absence of the P antigen on erythroid cells has been associated with resistance to parvovirus
B19 infection. This infection of the erythroid cells is characterized by giant pronormoblasts with
intranuclear inclusions [6, 7, 25]. Once the virus enters the cell and begins replicating, the host
natural immune response is to release cytokines as a generalized inflammatory response while B
cells develop virus-specific antibodies against parvovirus B19. Antibodies are responsible for viral
clearance and usually offer lifelong protection in immunocompetent individuals. T lymphocytes
also play a role in the immune response, with CD8 + T cells thought to mount a response
predominantly against the NS1 protein, and CD4+ T cells directing a response against the VP1 and
VP2 capsid proteins of the virus [18, 41]. Long-lived CD8+ T cells against parvovirus B19 have been
detected in individuals two years after infection, suggesting a role for the cellular immune system
in durable immunity as well as acute response [20, 30].
3.4 Diagnosis
In immunocompetent patients, detection of parvovirus B19 serologies (IgM and IgG) is
sufficient to make a diagnosis. Diagnosis is more challenging in immunocompromised patients, as
they may have an absent or delayed antibody response to the infection. As described above,
secondary reinfection and reactivation of latent infection also seem possible. Initial work up of
suspected parvovirus infection should include IgM and IgG antibodies. Plasma PCR can document
viremia, but a negative result does not necessarily exclude the diagnosis [7]. Either qualitative or
quantitative serum PCR is sufficient to document viremia. If the plasma PCR is negative, bone
marrow biopsy may be necessary. Bone marrow biopsy can be examined for morphologic findings
of parvovirus B19 infection as well as presence of parvovirus B19 DNA [29]. The findings of
arrested erythroid maturation, as evidenced by the presence of giant pronormoblasts with
inclusions, are pathognomonic for the disease [6, 7, 27]. Bone marrow biopsy may be particularly
helpful when serologies and plasma PCR are negative but clinical suspicion for parvovirus infection
remains high.
3.5 Therapy
There is no specific antiviral therapy for the treatment of parvovirus B19 infection. Numerous
studies have shown the benefit of IVIG dosing for immunocompromised patients with severe
parvovirus B19 infection, which is likely beneficial due to the presence of pooled donor parvovirus
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B19 IgG antibodies in the infusion [7]. The most typical dose used successfully in the literature is
0.4g/kg/day x 5 doses, or 1g/kg/day x 2-3 doses [42, 43]. In addition to boosting humoral
immunity with IVIG, reducing immunosuppression has also been considered a useful strategy for
parvovirus B19 infection. Specifically, reducing immunosuppression that affects T cell lymphocytes
(such as switching from tacrolimus to cyclosporine) is thought to improve the immune response to
parvovirus B19 infection [6, 19, 44].
One caveat to these treatment recommendations, as noted by several reviews of parvovirus
B19 infection in renal transplant patients, is the risk of nephrotoxicity with IVIG [10, 43]. In
addition, as in our case, patients may develop rash and polyarthritis associated with either therapy
or infection.
3.6 Monitoring Response to Therapy and Determining the Duration of Therapy
The main clinical manifestation of parvovirus infection for our transplant patient was anemia
requiring transfusion, so monitoring the patient’s hemoglobin was our key monitoring parameter.
However, due to the long half-life of red blood cells (RBCs), including transfused RBCs, it is difficult
to assess the activity of the ongoing infection. Qualitative PCR documented ongoing viremia in our
patient, and he still had a fairly high plasma viral load at day 478, despite clinical improvement. It
has been shown that PCR can detect DNA months after infection, even in immunocompetent hosts
[45].
In our case we also checked serologies later in the course of the patient’s infection. Although
the IgG antibodies to parvovirus would likely originate from the IVIG replacement therapy, the
apparent ability to mount an IgM antibody response indicated that our patient was eventually able
to produce an immune response to the infection.
The role of T-cell response to parvovirus B 19 is unknown, but an immune reaction has been
detected. There is no data on the incidence of parvovirus B19 in patients who are generally
immunosuppressed by non-specific measures of cell mediated immunity, such as the
immunoassay. There is no quantiferon test for parvovirus B19, similar to that for TB or
cytomegalovirus (CMV). Our patient, however, did have a very robust IFN-γ response to the
mitogen control for the quantiferon-TB test, indicating some integrity of his cell-mediated
immunity.
3.7 Prevention
Parvovirus B19 is transmitted through respiratory secretions due to viral shedding in viremic
patients. Nosocomial infections have been reported [15]. Patients with active parvovirus infection
should be isolated in the hospital. Since many patients with active infection are asymptomatic,
and patients can be infectious prior to the onset of symptoms, isolation precautions will not
eliminate secondary transmissions. Furthermore, although respiratory symptoms are the typical
initial symptoms, the multiplex PCR respiratory viral panel does not include a parvovirus target.
There are no other guidelines that recommend other strategies to prevent parvovirus infection. As
neutralizing antibodies are protective and there is little antigenic variation, prophylactic
immunization against this virus seems feasible. Promising vaccine candidates against parvovirus
B19 are currently in development [46, 47].
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4. Conclusion
In summary, parvovirus B19 is an uncommon infection that has atypical features in solid organ
transplant recipients as compared to immunocompetent hosts. It is possible that parvovirus may
become latent and later reactivate, though there is more evidence that secondary infection and
chronic infection (persistent viremia that does not clear due to impaired immunity) occur in
immunocompromised individuals. Infected patients may present with anemia (or pure red cell
aplasia) that is refractory to EPO. Diagnosis by antibody detection is limited. Plasma PCR,
qualitative and quantitative, is very helpful, but a negative test does not exclude infection. IVIG
replacement therapy appears to be most effective, although there may be a role for reduction in
immune suppression. The ability to prevent this unusual infection is limited, as patients who are
asymptomatic may transmit the disease.
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Abstract
Solid organ transplantation (SOT) is increasingly employed worldwide to treat several
diseases causing both acute and chronic organ failure. Recipients of SOT are at an increased
risk to develop infections as a consequence of immunosuppressive therapy. Sometimes such
infections may be acquired by the transplanted organ or by reactivation of a previously
acquired latent infection. The globalization and the increase of international travel poses a
risk for exposure to infections such as Chagas disease (CD), leishmaniasis, and malaria
endemic in tropical and subtropical areas of the world. We have reviewed the literature
regarding risk factors, clinical presentation, diagnosis, and treatment of CD, leishmaniasis,
and malaria in the setting of SOT.
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1. Introduction
The role of protozoan infections among solid organ transplant (SOT) patients is becoming
increasingly recognised in both endemic and non-endemic countries, although these infections are
generally considered rare [1-3].
Diagnosis and treatment of infections such as Chagas disease, malaria, and leishmaniasis in the
setting of SOT is challenging due to multiple factors; to help clinicians to properly manage them,
several guidelines and recommendations have been published in recent years [4-9]. The use of
immunosuppressive drugs in transplant patients means that such protozoan infections not only
can be acquired de-novo (by vectors, transfusion, and the organ transplanted), but can also
undergo reactivation in those with latent infection due to the induced immunosuppression.
In the present review, we consider risk factors, clinical presentations, diagnosis, and treatment
regarding Chagas disease (American trypanosomiasis), leishmaniasis, and malaria in the setting of
SOT recipients with perspectives of how to screen and follow-up latent infections.
2. Chagas Disease
2.1 Introduction
Chagas disease (CD), or American trypanosomiasis, is a protozoan infection caused by
Trypanosoma cruzi. Initially described by Carlos Chagas in Brazil at the beginning of 20 th century, it
is widespread and endemic in Mexico as well as Central and South America, where 6 million
people are infected and 65 million people at risk of contracting the infection [10]. However, the
huge migration from Latin America to the United States and Europe has driven the emergence of
CD in these countries with an estimated 68,000-122,000 cases in Europe and 300,000 in the
United States [11-13]. A recent systematic review and meta-analysis showed a pooled prevalence
of CD of 4.2% in five European countries, with the highest one (18.1%) found among Bolivian
immigrants [14].
Although CD has been considered a vector-borne disease transmitted to humans by
hematophagous triatomine bugs (known as “kissing bugs”), the parasite can also be transmitted
from a mother to her newborn, by transfusion of infected blood, the oral route, and by organ
transplantation [15]. The first evidence of possible CD transmission by organ transplantation was
during the early 1980s in Brazil and Chile [16, 17]. In the United States, the first reported case of
donor-derived CD was in 2001 [18]. Since then, CD has been reported in kidney, liver, heart, and
lung recipients [19-22].
CD in SOT recipients can occur through three possible mechanisms: 1) transmission from
chronically infected donors, 2) reactivation of latent infection in the recipient, or 3) infection
acquired after transplant due to endemic exposure or possibly from transfusion of infected blood
product.
2.2 Risk of Transmission by Infected Donor
The assessment of the risk of transmission of CD by organ transplantation from seropositive
donor (D+) to seronegative recipient (R-) is based on a limited number of studies, which are
generally retrospective and with short follow-up, as seen in Table 1 [21-30]. The average
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prevalence was 19.3%, ranging from 9.6% for kidney transplant, 17.1% for liver transplant, to 75%
for heart transplant [24, 27-30]. It is worth noting that in Argentina, the prevalence of T. cruzi
infection among effective donors doubled (from 2.46% to 4.6%) from 2005 to 2009 [31]. A risk that
is not negligible was also observed in Brazil, where among 2,822 potential organ donors, 1.3% had
a positive T. cruzi serology, and the prevalence rate increased from 1.0% in 2010 to 1.6% in 2015
[32].
Table 1 Transmission from Trypanosoma cruzi seropositive donors to seronegative
recipients (case studies and cohort studies).
Organ

Author/Ref
erence

Country of N (%)
transplant

Prophylaxis

Kidney

Riarte/23

Argentine

3/16
(18.7)

Sousa/24
Brazil
Huprikar/21 USA

Liver

Heart
Lung
Total

Time
onset,
median
(range)

No

Parasit
aemia
after
transpl
ant
3/3

Yes
No

0/9
2/2

No
No
No

0/6
NR
1/1

Nihl
11 weeks
(5-17)
Nihl
NR
84 days

60 (37165) days

Cicora/25
Cura/26
Barcan/19

Argentine
Argentine
Argentine

0/9 (0)
2/16
(12.5)
0/6 (0)
1/15 (6.7)
1/1 (100)

D’Albuquer
que/27

Brazil

0/6 (0)

Yes

0/6

Nihl

Salvador/28 Spain

0/2 (0)

Yes

0/2

Nihl

McCormack
/29

Argentine

2/9 (22.2)

Yes

2/9

3 months

Cura/26
Argentine
Huprikar/21 USA

5/10 (50)
2/9 (22.2)

No
No

2/2
1/1

39,5 days
10 weeks

Balderramo Argentine
/30
Huprikar/21 USA

0/4 (0)

Yes

0/4

Nihl

3/4 (75)

No

1/1

Huprikar/21 USA
Cura/26
Argentine

1/1 (100)
1/1 (100)
21/109
(19.3)

No
No
5/11 (45.5)
studies*

1/1
1/1
14/48
(29.2)

7 weeks
(3-9)
NR
73 days

Outcome
N°
deaths/N°
patients
(%)
1/16 (6.2)
unrelated
to CD
0/10
3/16
(18.7)
NR
NR
1/1 (100)
unrelated
to CD
2/6 (33.3)
unrelated
to CD
1/2 (50)
unrelated
to CD
2/9 (22.2)
unrelated
to CD
NR
3/11
(27.3)
1/4 (25)
2/4 (50)
0/1
0/1
16/81
(19.7)

*References 21 and 26 are counted once; NR, not reported
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2.3 Risk of Reactivation in Infected Recipients
Risk of reactivation of T. cruzi infection varies according to the organ transplanted and the
degree of drug immunosuppression, with the highest risk associated with heart transplantation
(mean average of 44.9%) and similar risk for kidney (21.7%) and liver (33.3%) transplantation, as
shown in Table 2 [30, 33-47]. The majority of the studies regarding reactivation came from Brazil
and are related to patients who undergo heart transplantation, with a prevalence rate ranging
from 23% to 90% [33-41, 44]. In Brazil, end-stage Chagas cardiomyopathy (CHC) is currently the
third most common determinant for heart transplants (HTx), but it is also associated with a better
outcome, with a 12-year survival rate of 46% [33, 47]. A recent study conducted in the United
States between 2012-2016 showed a rate of reactivation of 61% among patients undergoing HTx
[45]. In another study from the USA, the rate of reactivation after HTx was 45.5% [46].
Table 2 Risk of reactivation of Chagas disease in seropositive transplant recipients.
Organ

Author/Refere Country of N (%)
nce
transplant

Prophylaxis

Median time
of reactivation
(range)

Outcome
N°
deaths/N°
patients
(%)

Kidney

Riarte/23

5/23 (21.7)

No

63 days (35730)

1/23 (4.3)

Liver

Balderramo/30 Argentine

3/9 (33.3)

No

NR

2/9 (22.2)

Heart

Stolf/34

Brazil

3/4(75)

No

81 days (59420)

NR

Bocchi/35

Brazil

6/12 (50)

Yes (only
first period)

NR

NR

de
Carvalho/36

Brazil

3/10 (30)

Yes

17 months (223)

3/10 (30)
unrelated
to CD

Bocchi/37

Brazil

15/22 (68)

De Souza/38

Brazil

5/18 (23)

No

NR

NR

Couto/39

Brazil

16/24 (67)

NR

NR

NR

Fiorelli/40

Brazil

17/59 (29)

Yes

NR

24/59
(40.7) 1
death CDr

Bacal/41

Brazil

21/39 (53)

No

NR

5/39 (12.8)
at 2 years

Argentine

9/22 (40.9)
at 2 years
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Bestetti/42

Brazil

9/10 (90)

No

NR

1/10 (10)

Diez/43

Argentine

5/10 (50)

No

75 days (3292) for clinical
manifestation;
21 days (7-21)
for kDNA-PCR

2/10 (20)
unrelated
to CD

Campos/44

Brazil

17/64 (26)

No

NR

NR

Kransdorf/45

USA

5/11 (45.5)

No

23 days

2/11 (18.2)

Gray/46

USA

19/31 (61)

No

3 weeks (<1-89 1/31 (3.2)
weeks)
unrelated
to CD

Subtotal*

141/314
(44.9)

Total

149/346(43.
1)

50/224
(22.3)

NR, not reported; CD, Chagas disease; CDr, Chagas disease reactivation; KDNA PCR, polymerase chain reaction
targeted to minicircle variable region; * referred to heart transplant

The 10-year survival rate of patients with HTx for CHC in the USA study was 57% and did not
differ from the reported survival rate of patients with idiopathic dilated cardiomyopathy [48].
The use of mycophenolate mofetil (MMF) compared to azathioprine has been associated with a
6-fold higher risk of T. cruzi reactivation in a Brazilian retrospective study of HTx patients [41].
Another small study from Brazil reported a 90% reactivation rate among HTx patients treated with
MMF, although the incidences of other post-transplant morbidities were similar in Chagas and
non-Chagas disease patients [42].
2.4 De Novo Post-Transplant Infection
De novo acquisition of CD in a seronegative recipient who had received an organ from a
seronegative donor has been very rarely described but can occur from travel or residence in an
endemic area as well as through blood transfusions [23, 49]. Riarte et al. reported two kidney
transplant patients who were infected through the vector route and were diagnosed by
seroconversion in the absence of any clinical manifestations [23].
2.5 Clinical Presentation
Acute CD has been diagnosed following kidney, heart, liver, and lung transplantation from T.
cruzi seropositive donors; the clinical picture ranges from asymptomatic parasitaemia detected
only by polymerase chain reaction (PCR) performed on peripheral blood samples to an acute
disease presenting with daily high fever or with involvement and dysfunction of the kidney, heart,
and brain [19, 20, 22, 23, 50, 51]. Besides fever in patients experiencing post-transplant acute
infection several clinical pictures have been reported: acute chagasic myocarditis, cerebral
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trypanosomiasis with space-occupying brain lesions or kidney failure [18, 20, 51, 52]. In the above
cited cases, trypomastigotes were identified in the bloodstream, peritoneal fluid, and
cerebrospinal fluid, and T. cruzi amastigotes were found in endomyocardial biopsies [20, 51, 52].
In an autopsied kidney transplant recipient, disseminated CD was demonstrated with intense T.
cruzi parasitism involving the heart, liver, spleen, kidney, bladder, and pancreas [51]. The median
interval from transplantation to diagnosis of acute infection in a US study was 8 weeks, with a
range of 3-29 weeks [21].
Reactivation of CD among seropositive recipients is currently diagnosed by detection of blood
parasitaemia by polymerase chain reaction (PCR) or by endomyocardial biopsy (among HTx
patients) which allows early preemptive therapy and improved survival [36, 43]. The Chagas
reactivation rate in patients who underwent HTx is reported on average to be 41%, ranging from
23% to 90%, depending on the study [32, 34, 36-46]. Multiple episodes of reactivation (up to eight)
have been described among patients who underwent heart transplantation [40]. A parasitological
response is generally rapidly achieved as documented by the absence of parasites by Strout
analysis after one week of treatment, although using more sensitive methods such as kDNA PCR a
negative results is observed between 1 and 2 weeks after treatment [26, 43]. Clinical
manifestations include febrile illness, new onset of painful wine-colored nodules (metastatic
chagomas) which can ulcerate, erythematous plaque or panniculitis, acute myocarditis, or tumorlike brain lesions mimicking toxoplasmosis or neoplastic processes [53-59]. Myocarditis and
meningoencephalitis can run an aggressive course, rapidly leading to the death of the patients [5860]. Nevertheless, the outcome and survival rate of SOT recipients who develop acute CD or
reactivation of the disease, especially among heart transplant recipients monitored and treated
promptly, is similar to patients not affected by CD and in some instances even better [23, 30, 33,
36, 37, 46]. Among liver transplant recipients in Argentina, the median stay in intensive care,
median hospital stay, rate of acute graft rejection, rate of infection, and rate of graft survival was
similar in patients at risk of CD compared to the controls, with no deaths attributable to acute CD
[30]. Mortality related to CD reactivation among HTx recipients has been reported in 0.3% to 0.7%
of patients in Brazil and in 0% of patients in a recent study in the USA [33, 40, 46].
2.6 Diagnosis
Diagnosis of chronic T. cruzi infection is achieved by two positive serology methods employing
different antigens as recommended by the World Health Organization (WHO). A third test, such as
immunoblotting with trypomastigote excreted-secreted antigen (TESA), is indicated when serology
is inconclusive (one positive and one negative test) and to rule out cross-reactions (with
Leishmania). PCR shows a low sensitivity due to low parasitaemia during chronic infection and
should not be used as a screening test [61]. On the contrary, PCR for T. cruzi performed on blood is
currently considered the gold standard for post-transplant monitoring and early diagnosis of acute
infection or reactivation [26, 30, 43]. Quantitative real-time PCR monitoring during the first 6 to 24
months post-transplant is actually recommended and employed in the centers transplanting the
organs of Chagas disease patients [1, 5, 9, 31, 45]. Direct parasitological examination (Strout
method or blood smear) on peripheral blood, cerebrospinal fluid, or pericardial fluid as well as
histopathology are less sensitive, although usually employed [20, 51, 52]. Blood culture and
xenodiagnosis are also less sensitive and time-consuming methods. Interestingly, serological
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response in acute post-transplant CD can be completely abrogated or can be delayed, and in
patients with reactivated disease, a decrease of IgG1 and IgG3 titres has been shown [19, 23].
2.7 Indication, Screening, and Management of Chagas Disease in SOT
Recommendations regarding different aspects of CD and SOT (i.e., who should be transplanted,
what organs from seropositive T. cruzi donors should be used or discarded, how to screen patients
before and after transplantation, how to treat CD, etc.) have been released from Argentine, Brazil,
Spain, the USA, and from a working group from Latin America, as shown in Table 3 [5, 6, 9, 31, 62].
Table 3 Chagas disease recommendations for Solid Organ Transplant recipients.
Country,
year,
reference
Pretransplan
t
screening
of
putative
recipients

Argentine,
2010, [31]

USA, 2011, Spain, 2011, [6]
[9]

Latin America,
2018, [5]

Brazil,2016,
[62]

* All native
from LatinAmerican
* born to Latin
American
mothers
*recipients of
unscreened
blood or blood
products
* resident or
traveller to
high risk areas
for > 6 months

* Universal
testing for
those born
in endemic
areas

* Systematic
screening is
required for all
recipients at
risk for T. cruzi
infection
before
transplant

* Screening
mandatory

Pretransplan
t
screening
of
putative
donors

Same as for
putative
recipients

Targeted
screening
for donors
born in
Latin
America

* Screening
mandatory for
all donations
(use the same
algorithm for
blood
donations)

Which
tests
should be
used for
screening
Chagas
disease
Acceptan

Two
serological
tests using
different
methodologie
s

Ortho EIA
and
Abbott
Prism
Chagas
tests

* Systematic
screening is
required for all
donors at risk
for T. cruzi
infection
before
transplant
Two different
serologic tests

Infected

Transplant

*Native population
from endemic areas
* Population who
have received a
blood transfusion in
endemic countries
* Offspring of
mothers who are
native from an
endemic country
and have a positive
or unknown
serology for Chagas
* Population who
have lived in an
endemic area fro
more than 1 month
Same as for
putative recipients

Rapid serologic test
with high
sensitivity;
confirmation by 2
specific serological
techniques
required
The heart and the

Two different
serologic tests

The decision to Law restriction
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ce of
organs
from
donor
with CD

deceased
donors are
unacceptable
for heart
transplantatio
n. The
allocation of
other organs,
with
appropriate
informed
consent, could
be acceptable
for infected
recipients; for
uninfected
kidney
recipients and,
eventually, for
uninfected
lung and liver
recipients in
emergency
situations

Criteria
for
microbiol
ogic
diagnosis
of
reactivati
on
Posttransplan
t
monitori
ng of
patients
receiving

Not reported

Monitoring
weekly or
every 2 weeks
for the first 6
months,
monthly
thereafter,

centers
can
consider
transplanti
ng kidneys
and livers
from T.
cruzi
infected
donors.
Rejection
of hearts
from T.
cruziinfected
donors.
Lung,
pancreas
and
intestine
can be
considered
with
caution. All
patients
should
provide
appropriat
e informed
consent
concerning
risk and
benefits
Not
reported

intestines should
be excluded for
transplantation. For
the remaining
organs,
transplantation will
be possible subject
to the informed
consent of the
recipient (without
other options and
for urgency cases)

accept an
organ from an
infected donor
is a balance
between
urgency of
need for the
organ and the
acceptance of
the risk of
possible
infection in the
recipient, both
by the medical
team and the
recipient
through
informed
consent, along
with the ability
to diagnose
and treat
infection if it
occurs

on the use of
organs from CD
patients. The
team will
decide whether
the organ is
acceptable for
use or not
regarding
kidney,
kidney/pancrea
s, liver and lung
donations

* Positive Strout
method
* Positive PCR in
patients with
previous negative
PCR

* Direct
microscopic
detection of T.
cruzi in blood,
fluids and
tissues

Monitorin
g with T.
cruzi PCR
and
microscop
y of blood
specimens

Parasitologic
studies
(quantitative PCR,
Strout method,
direct parasitologic
test according to
the possibilities of

* Direct
detection of T.
cruzi in blood,
fluids and
tissues
* High levels of
quantitative
PCR
Monitoring
weekly during
the first 2
months, every
2 weeks
through
months 3 to 6,

Sequential
parasitologic
monitoring in
the peripheral
blood, every
week for up to
60 days and
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an organ
from an
infected
donor

and weekly for
2 months after
intensification
of
immunosuppr
ession

weekly for
the first
two
months,
every 2
weeks
during the
third
month,
then
monthly
until at
least 6
months
posttransplant
ation

the laboratory.
Weekly for 2
months, bimonthly
between the
second and sixth
months posttransplant, annually
thereafter

and annually
thereafter or
at any time
after an
intensification
of
immunosuppr
ession

Prophyla
xis for
recipients
of
infected
organs

The risk of
toxicity among
patients with
end-stage
renal disease
and liver
insufficiency,
seems to
outweight its
potential
benefit

Prophylaxi
s not
recommen
ded

Consider use of
post-transplant
prophylaxis or early
treatment of
reactivation

Monitoring
preferred over
the use of
prophylaxis

indirect
parasitologic
and serology
examination on
days 30 and 60
after
transplantation.
Thereafter ,
clinical,
serologic and
parasitologic
(direct/indirect/
PCR)examinatio
ns should be
performed
every two
months for up
to one year of
follow-up; then
every 6 months
for as long as
immunosuppres
sion persists
Monitoring
preferred over
the use of
prophylaxis.
Prophylaxis
indicated if the
sequence
monitoring is
not indicated

Chagas cardiomyopathy is not an absolute contraindication to heart transplantation, although
some centers have adopted strict clinical and laboratory monitoring protocol to diagnose early,
asymptomatic reactivation and early institution of treatment [45]. Similarly, patients with chronic
indeterminate CD are considered suitable candidates for other solid organ transplants. Spanish
guidelines specifically contraindicate any type of transplant for patients with advanced
megaesophagus or megacolon [6]. Serologic screening is recommended both for candidate donor
and recipients who share epidemiologic risk factors for CD, such as those born in Latin America,
those born in non-endemic countries by Latin American mothers, recipients of blood transfusions
in endemic countries, and those who have resided or travelled in Latin America [5, 6, 9, 31].
All guidelines indicate the use of two serological techniques for confirming the diagnosis of T.
cruzi infection, whereas US guidelines specifically recommend the use of an FDA-cleared test
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(Ortho EIA and Abbott Prism Chagas test) with additional testing by the Center for Disease Control
(CDC) if a donor is found positive [9]. The use of organs from CD-infected donors is a matter of
debate with absolute and relative contraindications; all guidelines absolutely contraindicate the
use of the heart from a positive donor in positive or negative recipients [5, 6, 9, 31]. This is the
consequence of the high rate of CD transmission with heart transplantation observed in a series of
patients in which the CD diagnosis was discovered “a posteriori” *21+. This statement is in
agreement with a recent autopsy study demonstrating the persistence of T. cruzi in 57.1% of heart
samples [63].
In the same study, no samples from the lung, liver, kidney, pancreas, esophagus, or
gastrointestinal tract were found to have the parasite as detected by histology,
immunohistochemistry, or PCR. However, Spanish guidelines also recommend against the use of
small bowel from infected donors [6]. In general, all guidelines indicate that liver and kidney
transplants from positive donors can be made in cases of urgency, having obtained an appropriate
informed consent concerning risk and benefits from the patient [6, 9, 31].
All guidelines advise to monitor post-transplant patients with laboratory tests (quantitative PCR,
Strout method) that are able to identify parasites in the bloodstream responsible for de novo
acute infection or reactivation among infected recipients [5, 6, 9, 31]. Indications about timing are
similar among the recommendations, with close monitoring during the first 6 months after
transplantation and when an intensification of immunosuppressive drug regimen is needed (Table
3). Heart transplant patients are recommended closer and more prolonged parasitologic
monitoring, including evaluation of endomyocardial biopsies [5, 6, 9, 31, 64].
As far prophylaxis, among recipients of infected organs and in patients with chronic CD,
guidelines favour an approach based on careful monitoring over the use of prophylactic treatment
because of lack of evidence and the potential of drug toxicity [5, 6, 9].
In regard to immunosuppressive drug regimens, mycophenolate mofetil (MMF) should be
avoided, especially in heart transplant recipients, and replaced by azathioprine or cyclosporine;
when possible, antithymocyte globulin should also be avoided for rejection prevention [5, 6].
Basiliximab and daclizumab have been suggested as possible alternatives to MMF during the
induction phase [6]. Moreover, based on an in vitro study showing activity against T. cruzi growth,
rapamycin is indicated as another possible alternative to the use of MMF [5, 6]. Finally, it is
recommended to maintain the immunosuppression at the lowest possible level, and a single
retrospective study conducted in heart transplant recipients found patients receiving lower doses
of cyclosporine (3-5 mg/kg versus 5-10 mg/kg) had significantly lower reactivation rates than those
receiving higher doses of cyclosporine [5, 6, 60].
Benznidazole (5 mg/kg/day) is generally recommended as a first line drug for treatment of
acute infection and reactivation for 30 or 60 days [5, 6, 31]. The choice of benznidazole is dictated
by its better tolerability, although studies evaluating drug interactions with immunosuppressive
drugs are lacking. In patients with renal or hepatic failure, no dose adjustment is needed.
Nifurtimox (8-10 mg/kg/day) is considered a second choice that requires a more prolonged
administration (90 days). Both drugs are metabolised by cytochrome P450, thus, with possible
increase of cyclosporine, tacrolimus, sirolimus, and everolimus blood levels [5]. A frequent
monitoring of blood cell count is needed for both drugs because of potential myelosuppression
[5,6]. Skin rash, peripheral neuropathy, insomnia, and gastrointestinal intolerance are other
possible adverse effects associated with anti-trypanosomal drugs [5, 6].
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3. Leishmaniasis
3.1 Introduction
Leishmaniasis refers to a group of vector-borne diseases caused by more than 20 Leishmania
species belonging to the family Trypanosomatidae [65-67]. The natural reservoir of the parasite
can be animal (zoonotic leishmaniasis) or human (anthroponotic leishmaniasis). The disease can
present in four main forms: cutaneous leishmaniasis (CL), mucocutaneous leishmaniasis (MCL),
visceral leishmaniasis (VL), and post-kala-azar dermal leishmaniasis (PKDL). In 2015, according to
the WHO, 87 and 75 countries were considered endemic for CL and VL, respectively, with almost
200,000 new cases of CL and 25,000 new cases of VL [65].
SOT recipients can develop de novo Leishmania infection through vector transmission,
reactivation of a latent infection, or acquire the infection by donated organ or blood transfusion,
although this occurs less frequently [68, 69].
VL is the picture observed more frequently among SOT recipients whereas CL and MCL are only
occasionally reported [68, 70-72]. Leishmaniasis is described predominantly among kidney
transplant recipients in comparison with other SOT recipients, but it is presently unknown if this is
due to an increased risk related to renal failure or dialysis or due to the fact that kidney
transplants comprise the great majority of SOTs [65, 68, 73-75].
3.2 Risk Factors
Only few studies have evaluated seroprevalence of Leishmania infection among candidates for
organ transplantation or recipients of SOT [74, 76-78]. A study from northeastern Brazil conducted
among 310 haemodialysed patients showed a 22.3% reactivity to Leishmania by indirect
fluorescence antibody test [74]. Another study from Brazil evaluating 50 liver recipients and 17
liver donors found a 1.5% seroprevalence, but when polymerase chain reaction (PCR) was applied,
23.5% of donors and 8% of recipients resulted positive for PCR-specific Leishmania infantum either
in blood, liver, or spleen samples [76]. In the USA, five out 48 (10.6%) Hispanic transplant
candidates had positive Leishmania antibody titres [77]. Finally, a study from southern Spain found
a 4.8% prevalence of positive Leishmania antibodies from 625 asymptomatic renal transplant
recipients [78]. A multicenter case-controlled study performed in Brazil and Spain found a 5.7-fold
higher incidence of VL in the former country that has been explained by the higher incidence of VL
in Brazil (1.8 cases per 100,000 inhabitants) in comparison with Spain (0.4 cases per 100,000
inhabitants) and by an earlier onset of the disease as a consequence of reactivation [79]. In the
above cited study, high-dose prednisone in the preceding 6 months was the only independent risk
factor significantly associated with development of VL (OR 2.5) [79].
Interestingly, a study conducted in Madrid during an outbreak of leishmaniasis found an annual
risk of developing VL among SOT recipients 136 times higher compared to immunocompetent
subjects living in the same area [80]. Three risk factors emerged as associated with the diagnosis
of VL: 1) living in close proximity to the area affected by the outbreak (relative risk 11.74%),
explained by a higher chance to be bitten by the infected phlebotomous; 2) receiving a SOT during
the outbreak; and 3) being black from sub-Saharan Africa, with a relative risk of 6.40% [80]. The
role of ethnicity and its possible association with VL needs to be explored in future studies, as
black people emerged as the most affected in another study from Brazil [81].
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3.3 Clinical Presentation
VL is by far the most frequently encountered clinical presentation of leishmaniasis among SOT
recipients described in kidney, liver, heart, lung, and pancreas transplantation [7, 68, 79-81]. Fever
is the most common symptom of VL, but in the study by Clemente et al., 14% of patients were
afebrile [68, 79]. Visceromegaly (either hepatomegaly or splenomegaly) has been variably
reported in the literature but is generally high (75-81%), although only one-third of patients
present with the classic triad of fever, visceromegaly, and pancytopenia [68, 79, 81]. The median
time to diagnosis of VL after transplantation ranges from 11 months to 28 months, although in one
study, one-third of patients were diagnosed within the first 6 months following transplantation [79,
81]. Active bleeding from the digestive tract was observed in 23% of patients and can be the mode
of onset of the disease [81, 85]. Septic shock has been reported in 8% of patients in one study [79].
Concurrent cutaneous and visceral leishmaniasis has been observed among kidney and liver
transplant recipients and both typical and atypical presentation of CL are reported in the literature
[86-90]. Mucosal leishmaniasis localised on the tongue, lip, labial commissure, and nose has been
described among SOT patients almost exclusively in the Mediterranean basin where the species
responsible is L. infantum [68, 91-95]. Relapse of VL was reported in 26% to 28% of SOT patients
and in one of these studies, more frequently among patients not receiving prophylaxis (34.8%)
than those receiving prophylaxis (8.3%), with a p value of 0.19 [79, 81]. Relapse of VL has been
reported to occur among kidney transplant recipients in a period ranging from 1 month to 5 years
after the initial diagnosis [95]. Multiple episodes of relapse, as observed in HIV-positive patients,
can be diagnosed also among SOT recipients, although for those living in endemic areas it is
difficult to rule out reactivation from reinfection [95].
3.4 Diagnosis
A direct diagnosis of leishmaniasis (VL, CL, MCL) requires the demonstration of protozoa in
biopsy samples from bone marrow or the spleen (VL) or from skin ulcer or mucosal lesions. This
task can be achieved by microscopy, culture, or molecular diagnosis. In the study by Clemente et
al., the sensitivity of bone marrow microscopy for the diagnosis of VL was 80.6%, better than the
75% achieved by polymerase chain reaction and the 56% achieved by culture [79]. However, in the
same study, combining the three methods yielded a sensitivity of 89% [79]. Polymerase chain
reaction (PCR) is considered the best available method for the diagnosis of VL, combining high
sensitivity and specificity, rapid species identification, and the advantage of using peripheral blood
samples (rather than bone marrow) with identical sensitivity and specificity [96]. However, the
utilization of PCR in SOT is limited to few reported cases [79, 95, 97, 100]. Moreover, the problem
of asymptomatic patients with positive PCR results needs to be considered because a threshold
value capable of distinguishing this condition (asymptomatic parasitaemia) from the disease is
presently unknown. It should be highlighted that in a recent case report of VL in a lung transplant
recipient using real-time PCR which targets the kinetoplastic DNA, the authors were able to
retrospectively detect the DNA of the parasite months before the diagnosis, suggesting the
possibility to adopt a preemptive approach [97]. Leishmania serology has been reported to be
positive in 76% of SOT patients with VL, but it is unable to distinguish between prior exposure and
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active disease; additionally, in areas where Chagas disease coexists, cross-reactivity can be a
problem because both parasites share antigens [7, 98].
3.5 Screening and Management of Leishmaniasis
Since there is not a clear demonstration of the utility of screening either among candidate
organ transplant recipients or organ donors, available guidelines do not recommend this practice
[7, 99, 100]. It is generally recommended that transplant recipients visiting endemic countries use
insect repellent and avoid outdoor activities during the hours when sand flies are more active [7].
Liposomal amphotericin B (L-AMB) is considered the drug of choice for the treatment of
leishmaniasis in SOT with a cumulative dose of 40 mg/kg administered over 10 infusions (days 1-5
followed by one week administration for 5 times) [100]. The liposomal formulation of
amphotericin B is generally well tolerated and is preferred over amphotericin B deoxycholate
among SOT recipients [79, 81]. In a review of the literature, the initial cure rate of VL among
transplant recipients has been documented as 84% [68]. A Brazilian study conducted among
kidney transplant recipients reported an 80% VL remission and return to dialysis in 33% of patients
achieving VL remission [81]. Finally, in a Spanish–Brazilian study involving kidney, liver, heart, and
lung transplant recipients, the cure rate at the one month follow-up was reported to be 94.2% [79].
Experience with miltefosine (the only available oral therapy for VL) in the setting of SOT is
limited to 6 patients in whom the drug was used as salvage treatment after first-line therapy with
L-AMB [101]. Patients were treated with 2.5 mg/kg/day of miltefosine for 28 days but 50%
relapsed after an initial clinical improvement. As commonly used in HIV-infected patients, a
secondary prophylaxis seems to also be warranted among SOT recipients, although the interval
and means of administration are presently unknown [7, 79]. As far as the treatment of CL in SOT
recipients, it is recommended to use the same systemic treatment (i.e. L-AMB) as for VL [7].
4. Malaria
4.1 Introduction
Malaria is the most common human protozoan disease worldwide caused by six different
species of Plasmodium: Plasmodium falciparum, P. vivax, P. ovale wallikeri, P. ovale curtisi, P.
malariae, and P. knowlesi, the latter being a zoonotic parasite emerging in East Asia [102]. The
disease is usually transmitted by the bite of infected Anopheles mosquitoes, but transmission by
blood (via transfusion or sharing of contaminated needles), by mother to child, or following organ
transplantation is also possible [103-106]. Post-transplant malaria may be the consequence of a
donor-derived infection, transmission by blood transfusion, recrudescence, or relapse of a
previous infection in the transplant recipient [107-109].
4.2 Donor Deferral and Screening
There are no uniform recommendations about deferral of candidate donors who have resided
or travelled in endemic areas for malaria. In general, most recommendations refer to adopted
policies for exclusion of blood donors [110]. The European Society of Clinical Microbiology and
Infectious Diseases (ESCMID) recommendations indicate screening with nucleic acid tests (NATs) in
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all donors and recipients who have resided or travelled to areas of malaria endemicity in the 3
preceding years *111+. If the donor’s death is secondary to malaria, organs should be rejected
[111]. Brazilian guidelines and the recently published guidelines from Latin America recommend
routine screening for donors coming from endemic regions, based on annual parasite incidence
(API), and excluding those with a diagnosis of malaria in the previous 12 months, with fever in the
previous 30 days, or having returned from a city with a high API in the previous 30 days [2, 8].
Candidate donors who had a history of P. malariae are permanently deferred from donation
because this parasite probably persists for life, posing a risk even decades after a previous episode
of apparently cured malaria, as observed in cases of transfusion-transmitted malaria [8, 103].
Moreover, potential donors with a diagnosis of active infection should be deferred from organ
donation until the malaria is diagnosed and treated. All guidelines recommend the use of
molecular screening with NATs which are able to detect low parasitaemia, a condition which can
be missed by thick blood smears and rapid antigen tests that are considered insensitive [2, 8, 111].
Serology testing can be considered as a marker of previous exposure in the case of unclear donor
travel history.
Even with the use of the most sensitive diagnostic test on blood, liver transplantation has been
associated with the transmission of P. vivax due to the persistence of hepatic hypnozoites, which
is also possible for P. ovale [112, 113]. Several cases of multi-organ transmission of malaria from a
single donor have been described [107, 114, 115].
4.3 Post-Transplant Management
Malaria also carries a possible risk of recrudescence or reactivation among recipients with
asymptomatic infection following immunosuppression [116]. For this reason, it has been
suggested to prospectively monitor high risk patients (i.e., those coming from malaria-endemic
areas) with PCR for a period of two months [117].
4.4 Clinical Presentation
Post-transplant malaria presents with high fever and chills that do not respond to empirical
antibiotic therapy [107, 114, 115, 118-121]; thrombocytopenia and anemia are commonly
observed as in the case of vector-borne malaria [114, 115, 118-121]. Mental impairment, coma, or
acute renal failure may be observed as complications of P. falciparum malaria when the diagnosis
is delayed [115, 118, 119]. Patients with a diagnosis of malaria after a liver transplant can display
liver function deterioration with important increases of transaminases and bilirubin [107, 112,
115]. Malaria diagnosis in cases occurring through infected grafts is entertained after a median of
29.5 days [8]. Death of the patient was reported in 12% of cases recently reviewed, with the worst
outcome among liver and heart transplant patients, although the overall low number of malaria
cases prevent any definite conclusion [8].
4.5 Diagnosis
In all the reported cases of post-transplant malaria, the correct diagnosis was always achieved
by conventional thick and thin smears of peripheral blood [8, 107, 112-115, 118-121]. Few cases of
mixed infections caused by P. falciparum and P. vivax as well as by P. malariae and P. ovale were
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reported in the literature [114, 121]. To the best of our knowledge, a very sensitive quantitative
PCR for malaria has been used only in a single case of an allogenic haematopoietic stem cell
transplant patient; it showed a long-term persistence of a positive PCR result (> 30 days) after
therapy-induced resolution of symptoms and parasite disappearance detected by microscopy
[109].
4.6 Treatment
Patients were treated according to the species of Plasmodium identified and the severity of the
malaria picture observed [107-109, 112-115, 119-121]. There is an anecdotal report of two
patients who underwent a pre-emptive treatment for malaria after the recognition of the disease
in a recipient from the same organ donor [122]. Artesunate, the drug of choice for severe malaria,
has been employed in a single case of malaria in a heart transplant patient [115].
The recommendations for treatment of malaria in SOT recipients are essentially the same as for
the population of non-transplant patients [8].
5. Conclusion
In conclusion, although rarely observed, CD, leishmaniasis, and malaria pose a risk that is not
negligible among SOT recipients, especially in the present era of globalisation. The awareness of
this risk in recent years has led to the introduction of molecular tests in the clinical practice to
screen both donors and recipients (especially for CD), and to promulgate recommendations and
guidelines. The risk of reactivation is particularly important for CD, requiring PCR monitoring of the
blood in order to make an early diagnosis and preemptive therapy. High quality studies are
needed to accurately identify risk factors for CD reactivation.
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Abstract
Flaviviruses can cause epidemics and endemics with substantial public health threat and
economic impacts. In the last few decades, many flaviviruses have re-emerged or expanded
their territories to new regions or continents, including West Nile virus (WNV) which has
become endemic in the US since its arrival in 1999 and Zika virus (ZIKV) which recently
spread across the Americas. These events demonstrate the speed with which a vector-borne
pathogen can disseminate when introduced into a susceptible population with competent
vectors. The threat of flaviviruses has special relevance to the solid organ transplant
populations because of the possibility of donor-derived transmission and increased disease
severity in immunocompromised patients. This review will focus on the clinical
manifestations, diagnosis, treatment and prevention of flavivirus infection, with an emphasis
on WNV and ZIKV as they both garnered much attention in the SOT arena when introduced
into the US and they epitomize the unpredictability of the epidemiological and clinical
features of flaviviruses. Several other flaviviruses will also be discussed when data regarding
transplant patients are available.
© 2019 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.

OBM Transplantation 2019; 3(1), doi:10.21926/obm.transplant.1901038

Keywords
West Nile virus; Zika virus; flavivirus; solid organ transplantation

1. Introduction
The genus Flavivirus, in the family of Flaviviridae, has >70 members and includes a number of
important human pathogens such as West Nile (WNV), dengue (DENV), yellow fever (YFV), Zika
(ZIKV), St. Louis encephalitis (SLEV), Japanese encephalitis virus (JEV) and others. Flaviviruses are
small, non-enveloped viruses with a single, positive strand RNA genome of 10-11kb in length. The
genome encodes a single polyprotein, which is processed by cellular and viral proteases into 3
structural proteins [a capsid protein (C), an envelope protein (E), and a transmembrane protein
(prM)] as well as 7 non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5). The nonstructural proteins form the viral replication machinery and also modulate the host immune
response [1]. Most of the flaviviruses are arboviruses transmitted by mosquitoes or ticks, with
birds or non-human mammals as part of the replication cycle. Several flaviviruses (e.g. YFV, DENV
and ZIKV), are well-adapted to replication in humans and do not necessarily require other animal
hosts for transmission, but for others (including WNV), humans are incidental dead-end hosts, as
they do not develop sufficiently prolonged or high-level viremia to play a significant role in viral
amplification and transmission [2].
Flaviviruses can cause epidemics and endemics with substantial public health threat and
economic impacts [3]. In the last few decades, many flaviviruses have re-emerged or expanded
their territories to new regions or continents, likely due to changes of human behaviors and
environmental conditions. Dense urbanization, population growth, rapid globalization as well as
global climate changes that affect vector prevalence and demography are all likely contributors.
After WNV’s first arrival to North America in 1999, it subsequently spread to all 48 states of the
continental United States (US) of America and has become endemic in the US. The more recent
spread of Zika in America further demonstrates the speed with which a vector-borne pathogen
can disseminate when introduced into a susceptible population with competent vectors. The
threat of flaviviruses has special relevance to the solid organ transplant (SOT) populations because
of the possibility of transmission through the transplanted organs and increased disease severity
in immunocompromised patients. This review will focus on the clinical manifestations, diagnosis,
treatment and prevention of flavivirus infection, with emphasis on WNV and ZIKV as they both
garnered much attention in the SOT arena when introduced into the US and they epitomize the
unpredictability of the epidemiological and clinical features of flaviviruses. Several other
flaviviruses will also be discussed when data regarding transplant patients are available.
2. Epidemiology and Transmission
2.1 West Nile Virus
For WNV, natural transmission is mosquito-borne with the principle vectors being Culex spp.,
while susceptible birds, especially corvids, are the principle vertebrate reservoir. Humans, horses,
and many other animal species are incidental hosts only [2]. WNV was first isolated in Uganda in
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1937. Several epidemics occurred in the Old World in the subsequent decades, but most cases
were asymptomatic or mild. Since the mid-1990s, there were increased frequency and scale of
outbreaks in humans and horses, along with increased disease severity in humans, including
neurological complications and death [4]. WNV entered the US (and the Western Hemisphere) in
August 1999, then subsequently spread throughout the US continent. The majority of WNV
infections are asymptomatic and/or unreported, but a previous report estimated that 2-4 million
people in the US were infected by this virus [4]. Per data from ArboNET (which is a national
arboviral surveillance system managed by the CDC and state health departments), by the end of
2017, more than 48,000 cases have been reported in the US, including approximately 23,000 cases
of neuroinvasive disease and 2,164 deaths [5]. For the last 2 decades, WNV activities have
fluctuated, likely attributable to a number of factors involving susceptible vectors and vertebrate
hosts, as well as environmental factors [6, 7]. In 2018, WNV activities have been detected in 47
states and District of Columbia.
Other than natural transmission through mosquito bites, WNV infections in humans have also
been acquired through blood product transfusion [8, 9], breast-feeding [10], transplacental
transmission [11], occupational exposure in laboratory workers [12], and SOT, which will be
discussed in detail below.
2.2 Zika Virus
ZIKV has 2 distinct transmission cycles and in contrast to WNV, non-human primates and
humans appear to be the only vertebrate hosts in nature [13]. The sylvatic cycle involves
transmission between non-human primates and forest mosquitoes; the urban cycle involves
humans and urban-dwelling mosquitoes with Aedes aegypti and Aedes albopictus as the principle
vectors. Zika was first isolated from a sentinel rhesus macaque in the Zika forest of Uganda in 1947,
and the first human case was recognized in Nigeria in 1952. In the next 5-6 decades, only sporadic
cases were reported and they were confined to a relatively narrow equatorial belt across Africa
and Asia. However, in 2007 explosive human outbreaks were reported on Yap Island, Micronesia,
causing ~5,000 infections in a total population of ~6,700 (with an attack rate of ~75%) [14]. In
2013-14, an outbreak in French Polynesia involved 32,000 persons, with an attack rate of 66% [15].
It subsequently spread across the Pacific Islands and entered Latin America in March 2015 in
northeastern Brazil. By the end of 2015, there were 440,000 to 1,300,000 suspected cases in Brazil
alone, and by March 2016, it affected at least 33 countries and territories in the Americas [16, 17].
ZIKV can be detected in multiple body fluids, including blood [18], semen [19], urine [20], saliva
[21], amniotic fluid [22] and breast milk [23]. Other than natural transmission by mosquitoes,
other reported modes of transmission include mother-to-fetus transmission during pregnancy,
peripartum transmission, sexual transmission, and blood transfusion. Infections acquired through
a monkey bite and lab accident have also occurred [24, 25] and breast-feeding is a potential
transmission route as well [23].
For the US territories, a total of 37,270 cases of ZIKV were reported by September 2018, with
5,723 cases in the US and District of Columbia [26]. Greater than 99% of those cases in the US
territories were acquired through presumed local mosquito-borne transmission. In contrast, those
in the US were mostly among travelers returning from affected areas (95%); only 4% acquired
infection through presumed local natural transmission and ~1% (52 cases) were thought to be
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transmitted by sexual activity. Blood transfusions were thought responsible for a few cases, but no
cases of ZIKV transmission by transplanted tissues or organs have been reported to date.
In February 2016, given the alarming rate of its spread through much of Central and South
America as well as the Caribbean, the World Health Organization (WHO) declared that ZIKV
infection associated with microcephaly and other neurological disorders constitutes a public
health emergency of international concern. However, natural transmission of ZIKV in the US seems
to have peaked in 2016. There was a marked decrease of cases in 2017, and in 2018 as of
September, only 41 ZIKV cases were reported in the US. All 41 cases were in travelers returning
from affected areas, with no cases of presumed natural transmission [26].
3. Clinical Syndrome
In general, flavivirus infections are mostly asymptomatic, and symptomatic cases are often selflimiting, with resolution of the illness in about a week. However, severe or life-threatening disease
can be seen in a small percentage of patients, depending on the virus type, as well as the age,
immune status and co-morbidities of the patients. Previous flavivirus infection might also
modulate disease outcome and this phenomenon is best known with DENV. While the first DENV
infection is frequently asymptomatic and mild, secondary infection with a heterologous serotype
can increase risk for severe disease (e.g. dengue hemorrhagic fever or dengue shock syndrome).
Such an increased risk in secondary infection is thought to be due to antibody-dependent
enhancement (ADE) of viral infection through IgG engagement of Fc receptors [27, 28]. ZIKV
shares a high degree of genetic and structural relatedness with other flaviviruses. In particular, the
viral surface glycoprotein envelope (E), which is the major target for neutralizing antibody
responses, contains regions that are highly conserved between ZIKV and DENV [29] and high crossreactivity has been demonstrated in serological assays [30]. DENV or WNV-convalescent plasma
has been shown to enhance ZIKV infection in vitro and in animal models [31]. It is conceivable that
individuals immune to DENV might develop more severe disease when infected with ZIKV through
ADE, although a recent study of ZIKV-infected patients in Brazil who were previously exposed to
DENV did not demonstrate ADE effects in vivo [32].
3.1 West Nile Virus
The incubation period for WNV in general ranges from 2 to 14 days. However, among
transplant recipients who acquired WNV through SOT or blood transfusion, incubation time can be
prolonged, with a median incubation time of about 13 days [33, 34]. Among those infected, about
80% are asymptomatic [35, 36]; 20-30% develop a mild infection called West Nile fever (WNF),
which is mostly self-limiting. Symptoms of WNF may include fever, malaise, lymphadenopathy,
periocular pain, gastrointestinal symptoms (such as nausea, vomiting, abdominal pain), myalgia,
and headache. Complications such as myocarditis, myositis, orchitis and pancreatitis [37-40] have
been reported, but these are rare.
The most severe manifestation of WNV is CNS disease, which develops in only 1 in 150 infected
patients in the general population [35], but can be up to 1 in 40 in SOT populations per estimate
by one study [41]. Clinical syndromes of CNS involvement include meningitis, encephalitis, and
acute flaccid paralysis (AFP). Advanced age is a major risk factor for the development of
neuroinvasive disease [42]. Other independent risk factors include male sex, hypertension,
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diabetes mellitus, immunosuppressing conditions and cardiovascular disease [43, 44]. Symptoms
of WNV encephalitis (WNE) are non-specific, but most patients have fever, headache, and altered
mental status, and some also have vomiting, diarrhea and rash [45]. A prominent finding of WNE is
muscle weakness with flaccid paralysis and hyporeflexia in up to 30-50% of patients. Cranial
neuropathies (e.g. peripheral 7th nerve palsy), optic neuritis, ataxia, movement disorders (e.g.
postural or kinetic tremor, myoclonus), and Parkinsonian features (e.g. rigidity or postural
instability) are other neurologic findings [45, 46]. Rarely, seizures, increased intracranial pressure,
and cerebral edema have also been reported [46].
AFP occurs in 5-15% of patients with neuroinvasive disease and is more common in younger
patients, although elderly patients suffer from a higher mortality (up to 22%). AFP can present as a
poliomyelitis or more rarely, Guillain-Barré-like syndrome (GBS) [4, 47]. The spectrum of clinical
presentations range from single extremity paralysis to flaccid quadriplegia with cranial nerve
involvement. Respiratory failure and bladder dysfunction have been observed in 54% and 22% of
patients, respectively [48].
Among those with severe illness due to WNV, the overall case-fatality rates range from 3% to
15% and are highest among the elderly [5]. Those with WNV neuroinvasive disease (WNND) can
be left with persistent cognitive deficits or neurologic impairment [48, 49]. However, even those
with mild WNF may have long-lasting subjective or somatic complaints [50], including tremor, and
abnormalities in motor skills and executive functions [51]. After symptomatic WNV infection, more
than half of the patients experienced persistent symptoms for more than six months [52, 53].
3.2 Zika Virus
The incubation period for ZIKV infection is ~3-12 days. Similar to other flavivirus infections,
most infections result in mild and self-limited illness [13]. For the Yap Island outbreak, only 19% of
infected individuals were symptomatic [14]. Symptoms are non-specific and “flu-like”, including
transient low-grade fever, maculopapular rash, arthritis or arthralgia. Other reported symptoms
include non-purulent conjunctivitis, myalgia, fatigue, headache and retro-orbital pain [14, 54]. A
number of neurologic complications have been reported, including GBS [55], acute motor axonal
neuropathy, meningoencephalitis, acute myelitis [56, 57] and ophthalmologic disease [58], but
compared to WNV, neuroinvasive disease is rare. In the French Polynesian outbreak, incidence of
GBS was estimated to be 0.24 per 1000 infections [59]. Non-perinatal ZIKV-associated fatalities
have been described, but only rarely [60]. However, while immunocompromised hosts might be at
higher risk for severe disease, it is important to note that some of the patients who succumbed to
ZIKV infection were previously healthy, or with only mild comorbidities [60-63]. The most
devastating clinical syndromes caused by ZIKV are congenital abnormalities, including
microcephaly and other CNS malformations, as well as fetal demise [13]. ZIKV has broad tissue
tropism, but notably can infect mature neurons as well as neural progenitor cells, which suggest a
potential mechanism for causing microcephaly [64, 65].
4. Flavivirus Infections in SOT Recipients
For transplant recipients, mosquito-borne transmission remains the most likely route to acquire
flavivirus infection, although transmission through blood transfusion and organ transplantation
have been well documented.
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Immunocompromised hosts, including transplant recipients, likely experience higher morbidity
and mortality from flavivirus infections, as compared to immunocompetent hosts. Among 9 SOT
recipients that acquired WNV through blood transfusion [66], all patients developed severe
neurological complications, and 2 subsequently died. During the epidemic in Israel in 2000,
immunocompromised patients were noted to have a mortality rate of 31%, as compared to 13%
among those not immunocompromised [67]. A case series of 11 transplant patients with
mosquito-borne WNV reported a mortality rate of 18% [68]. For the 2002 outbreak in Toronto,
Canada, the risk of meningoencephalitis in a transplant patient infected with WNV was estimated
at 40% as compared to 1% in the general population [69]. These reports studied naturallytransmitted WNV infection in transplant patients, who were mostly months to years posttransplant. SOT patients that acquired WNV through donor-organ transmission might have even
higher rates of morbidity and mortality, as the level of immunosuppression is likely enhanced
during the immediate post-transplant period.
There are at least 9 clusters of WNV transmission through SOT, involving a total of 9 donors and
26 recipients (Table 1). All cases occurred in the US except 2 in Italy. For the donors, 2 were
thought infected through blood transfusion; infection in the other 6 were likely mosquito-borne.
Of the 26 recipients, 22 were found infected, and 14 (64%) developed WNV encephalitis resulting
in high morbidity and mortality. For hematopoietic stem cell transplant (HSCT) recipients,
morbidity and mortality are likely increased as well. Among 7 such patients reported in the
literature, 5 died shortly after presentation [70, 71].
For ZIKV, there have not been any cases of transmission through SOT reported to date, but
limited data regarding ZIKV infection in SOT recipients suggests that these patients may present
with more severe illness. In a recent case series of 4 SOT patients in Brazil (2 liver transplants and
2 kidney transplants) with confirmed ZIKV infection by reverse transcriptase-polymerase chain
reaction (RT-PCR), patients presented with abnormal graft function; 75% developed anemia, and
100% developed thrombocytopenia and bacterial infections during the course of illness [72]. A
fatal case of a heart transplant patient who developed ZIKV meningoencephalitis presented with
severe symptoms of headache, seizures, and hemodynamic instability [73]. After stopping the
patient’s immunosuppressive regimen, he developed cardiogenic shock and died of a cardiac
arrest due to acute cardiac allograft rejection raising further questions about the management
strategies of immunosuppressants in this setting.
Experiences with other flavivirus infections in immunocompromised patients are noteworthy.
Transmission of DENV through SOT has been reported in DENV endemic areas [74, 75]. While most
reported on a single case, Rosso et al. [74] described 4 cases of DENV transmission from 2
different donors involving 1 heart recipient and 1 liver recipient in one cluster and 2 kidney
recipients in another. All organ recipients presented with fever within the first week after
transplant; 3 of the 4 recipients also had thrombocytopenia and lymphopenia. Other signs and
symptoms included hepatitis, myalgia, arthralgia and transient encephalopathy. As there are no
specific treatments for DENV, these patients received supportive measures and all 4 patients
survived.
A number of studies have reviewed the clinical characteristics and outcomes of dengue fever
among renal transplant patients [76, 77]. In a cohort of 102 renal transplant recipients in Pakistan
with dengue infection, most patients had mild disease with good recovery [76], but in a recent
systematic review by Weerakkody et al. [77], significantly higher incidence of severe dengue and
Page 368/394

OBM Transplantation 2019; 3(1), doi:10.21926/obm.transplant.1901038

higher mortality were noted. In both studies, about 60-70% of patients experienced graft
dysfunction during the illness, but most had renal function recovery [76, 77].
Similarly, SLEV may cause more severe illness in immunocompromised patients. Hartmann et al.
reported 3 cases of SOT recipients with meningoencephalitis caused by SLEV with 1 death [78].
Venkat et al. reported a case of possible SLEV transmission via blood transfusion into a kidney
transplant recipient [79], but no cases of SLEV transmission through transplanted organs have
been reported to date.
In summary, the diagnosis of flavivirus infection in transplant recipients requires a high index of
clinical suspicion, when the patient presents with unexplained fever, with or without neurological
manifestations, and in particular, when there is known flavivirus activity in the region.
Furthermore, the possibility of donor- or transfusion-derived flavivirus infection must be
considered during the early post-transplant period.
5. Diagnosis
5.1 West Nile Virus
5.1.1 Laboratory and Imaging Findings
In patients with WNV infection laboratory findings include relatively normal to elevated total
leukocyte count with associated lymphocytopenia and anemia [80, 81]. Hyponatremia can also be
seen, especially in patients with encephalitis. Initial studies of cerebrospinal fluid (CSF) in general
show a lymphocytic predominant pleocytosis (generally <500 cells/mL), but elevated neutrophils
has also been reported [82]. Protein levels are usually elevated (generally <150 mg/dL), while
glucose levels remain normal. These findings follow similar trends in the immunocompromised
populations [41, 80], although the CSF WBC counts in transplant patients with WNE are minimally
elevated as compared to immunocompetent patients (mean CSF WBC 86 cells/mm 3 versus 227
cells/mm3) [34]. In the case series of naturally acquired WNV encephalitis in transplant patients
reported by Kleinschmidt-DeMasters et al. [68], pleocytosis was present in all cases (range 5-540
cell/l; mean±SD, 89±152). In contrast, among the 14 patients with organ-transmitted WNE (Table
1), CSF data were available for 9 patients and 3 did not have any pleocytosis.
Imaging findings in WNV encephalitis tend to be non-specific. Magnetic Resonance Imaging
(MRI) findings share similarities with many other inflammatory and infectious processes, including
those of SLEV and JEV. Patients with WNND can have normal neuroimaging studies, but
abnormalities, when present, are primarily seen in areas of the basal ganglia, thalamus,
cerebellum, and brainstem [83]. Some patients may also have involvement of the mesial temporal
structures. For patients with extremity weakness, abnormalities can be seen in the grey matter of
the spinal cord, more pronounced in the ventral horns, as well as the conus medullaris and the
cauda equina. Abnormalities seen by MRI may be progressive, transient and/or migratory, and the
transient nature of the imaging abnormalities might explain the negative studies in some patients
[84]. Overall, while the MRI findings in WNV tend to be ambiguous, certain MRI findings, such as
deep grey matter or mesial temporal lobe involvement, should prompt inclusion of WNV on the
differential diagnosis, especially if the clinical picture, epidemiologic factors and mosquito
exposures are taken into account. Additionally, the use of electromyography and nerve
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conduction studies have been used to distinguish between WNND and GBS where there is a
predominance of demyelinating lesions with axonal changes seen in WNV infection [85].
5.1.2 Laboratory Diagnosis
The laboratory diagnosis of WNV remains challenging and often requires second level testing.
The currently recognized diagnostic criteria from the European Union include patients with clinical
presentation of fever or encephalitis or meningitis in an endemic area with at least one laboratory
criterion: (i) isolation of WNV from blood or CSF, (ii) detection of WNV RNA in blood or CSF, (iii)
identification of WNV specific antibody response (IgM) in CSF, or (iv) high titer WNV IgM and
detection of IgG, and confirmation by neutralization [86]. Similarly, the CDC guidelines
recommend studies on blood or CSF for detection of IgM antibodies, plaque reduction
neutralization tests (PRNT) using acute and convalescent phase serum samples, viral culture, or
RT-PCR for the diagnosis of WNV [5].
Nucleic Acid Testing (NAT). Detection of WNV RNA can be performed through NAT using RTPCR. The viremic stage of the disease however tends to occur when the patient is asymptomatic
making this detection method less sensitive. About 70-80% of WNV patients have undetectable
viral RNA in blood at the time of symptom onset [87]. The window for detection in both blood and
CSF is approximately 2-18 days after infection, but extended duration of viremia has been shown
to occur in SOT patients [88]. Despite its limited sensitivity, positive RT-PCR allows for rapid
diagnosis and can be performed on multiple different sample types including blood, CSF, urine,
plasma and tissues. Urine samples tend to have higher viral loads than plasma and are more
frequently positive in symptomatic patients [89]. WNV shedding in the urine may also persists for
months after the initial infection and can be a useful tool in confirming the diagnosis [90]. NAT
should be performed routinely in the immunocompromised host population (especially those
taking rituximab) given their limited ability to mount an antibody response [91] and possible
prolonged viremic period [88].
Serology. Detection of IgM and IgG is one of the most widely used methods for the diagnosis of
WNV given the timing and brief duration of the viremic phase of infection. Serological testing can
be performed by enzyme-linked immunosorbent assay (ELISA), immunofluorescence assay (IFA),
neutralization test and by hemagglutination-inhibition assay. IgM antibodies become detectable in
serum on average 4 days after the initial infection but can persist for months or even > 1 year [92].
In one study, up to 17% of patients had detectable IgM levels 1 year after the acute infection [93].
IgG levels usually follow 3-4 days after IgM and are often detectable life-long. In transplant
recipients, the development of antibodies might be delayed [68]. For instance, the liver recipient
reported by Morelli et al. [94] developed a WNV IgM antibody response by day 26 post-transplant,
but did not develop IgG seroconversion to WNV for more than 4 months after transplantation.
Given the prolonged timelines for serology detection, IgM, IgG, and RT-PCR can be tested
concurrently [95]. Since IgM does not typically cross the blood-brain barrier (BBB) but is produced
locally within the CSF by infiltrating lymphocytes, a positive IgM in the CSF is usually indicative of
CNS infection. However, it is conceivable that serum IgM may enter the CSF in the setting of
infection or inflammation that disrupts the BBB in general; thus, finding of IgM in the CSF needs to
be interpreted with caution in the correct clinical setting. The sensitivity of this test in CSF is also
high given that a large proportion of patients with CNS disease will have detectable IgM within 8
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days of the onset of symptoms [96]. A limitation of serology testing is cross-reactivity with other
flavivirus species which can co-circulate with WNV as natural transmission and among populations
which have been vaccinated against JEV, YFV and now possibly DENV [97]. A previous external
quality assurance evaluation of WNV serology showed that IgM testing for WNV had a sensitivity
of 50% and a specificity of 95%, and IgG had a sensitivity of 86% and a specificity of 69% [98]
demonstrating the limitations of the current diagnostics available. Thus, for diagnosis of flavivirus
infections, including WNV, a careful assessment of the patient’s travel, exposure and vaccination
history as well as the local epidemiology of flaviviruses is crucial.
Positive serological results for WNV by EIA or IFA can be confirmed by PRNT, which is
considered the gold standard for distinguishing the serodiagnosis in flaviviruses [98]. This assay
improves the specificity of the serology testing by measuring the binding of the antibodies in
patient's sera with a laboratory WNV strain [99]. If neutralizing antibodies are present, they will
bind to the virus thus inhibiting its entry into cells and preventing plaque formation. This test is
also useful in detecting acute infection, by measuring a four-fold increase in titer between an
acute and convalescent sample taken at least 2 weeks apart. However, the sensitivity of this test
suffers especially early on during the infection when neutralizing antibody titers may be low or in
patients with blunted immune responses. Additionally, this assay requires a biosafety level-3 (BSL3) facility and is available only in reference laboratories [5].
Viral Culture. Culturing WNV requires a class II biological safety cabinet located within a BSL-3
facility [5]. The virus itself can be propagated in tissue culture of mammalian or mosquito cells.
Time to cytopathic effect is 2-7 days depending on the initial viral load of the patient [100]. While
isolation of WNV can be performed on multiple different sample types including serum, CSF, urine,
and tissues, this diagnostic method is less sensitive than NAT. It is also not routinely available, and
is not practical nor recommended for making a clinical diagnosis.
NS1. NS1, a nonstructural protein of flaviviruses that functions in the immune evasion of the
virus [101], is secreted from infected cells during acute infection and can be detected in acute
phase serum. While this is done regularly for other flaviviruses including DENV [102], there are
currently no WNV-specific commercial NS1 Ag tests available. However, ELISA tests for NS1 have
been shown to detect early stage WNV infections and may be a useful adjunct to current
diagnostics for acute infection [103, 104].
5.2 Zika Virus
5.2.1 Laboratory and Imaging Findings
ZIKV infection has been implicated in a broad range of neurologic complications in adult
patients including GBS, meningoencephalitis, transverse myelitis, and acute disseminated
encephalomyelitis [105]. CSF findings in these patients appear to be similar to other viral
encephalitides. In a case report of fatal ZIKV-associated encephalitis the initial CSF studies
demonstrated a pleocytosis with a cell count of 10 cells/mm 3 (80% lymphocytes), glucose of 48
mg/dL, and elevated protein of 110 mg/dL [61]. In a case of ZIKV-associated meningoencephalitis
in a heart transplant patient, the initial CSF showed a cell count of 2 cells/mm 3 (100%
lymphocytes), normal glucose, and elevated protein, but repeat CSF analysis one week later
showed 58 cells/ mm3 (100% lymphocytes), elevated protein level to 105.37 mg/dL and a CSF to
blood glucose ratio of 0.41 [73].
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MRI imaging in the setting of ZIKV associated neurologic diseases tend to be non-specific and
similar to those associated with other flaviviruses such as WNV and JEV including increased
intensity in the spinal cord, middle peduncle, and anterior horns [105]. Other findings of ZIKV
encephalitis include diffuse and confluent lesions in the basal ganglia, thalamus, and white matter
[61]. When associated with GBS, the most common findings include post-contrast enhancement of
the conus medullaris and cauda equina nerve roots. In addition, T2-hyperintensity and postcontrast enhancement of the lumbar spinal ganglia may be seen bilaterally [105, 106]. However,
given the lack of specificity of these findings the diagnosis of ZIKV should be made with additional
clinical and laboratory testing.
5.2.2 Laboratory Diagnosis
Methodologies for diagnosing ZIKV are similar to those for WNV. Given the overlap in
symptoms and geographic locations of ZIKV and other arboviruses such as DENV and chikungunya
(CHIKV), early suspicion and testing is important for appropriate diagnosis. Due to issues of crossreacting antibodies among flaviviruses, it is likely that the seroprevalence of ZIKV cases has been
underestimated.
Serology. ZIKV can be detected by NAT in the sera within 5-7 days after infection and may be
detected in other body fluids such as urine and semen for a longer period [107]. Given this narrow
window, while a positive test is sufficient for the diagnosis of ZIKV, a negative test in the
appropriate clinical setting requires further work up [108]. For patients presenting later on in the
course of illness measurement of ZIKV IgM is recommended. This test has several limitations given
the known cross-reactivity of ZIKV with other circulating viruses in endemic areas and PRNT can
also be employed for confirmation. For instance, a positive ZIKV diagnosis would require a positive
ZIKV PRNT titer and a negative DENV PRNT titer [109].
NAT. In the SOT population there are unique considerations given concerns for reduced
antibody production and possible increase in the duration of viremia [110]. Therefore, testing with
both serology and NAT on suspected cases may be useful. Additionally newer technologies such as
multiplexed assays for the detection of ZIKV, CHIKV, and DENV are being developed to enhance
diagnostic accuracy [111]. There is some evidence that ZIKV likely adheres to red blood cells
making detection in whole blood preferable to plasma [112]. Detection of virus in urine and semen
is also prolonged as compared to blood samples. It has be shown that ZIKV can persist in the urine
up to 20 days after loss of detection in blood, and in semen for several weeks to months [113,
114]. The WHO currently recommends obtaining whole blood/serum and/or urine for NAT testing
in the acute phase of illness [115].
NS1. ZIKV NS1 ELISA assays are another modality for acute phase diagnosis. NS1 is secreted by
infected cells into the blood stream leading to elevated NS1 specific antibody titers. These
antibodies often have a high specificity and limited cross-reactivity with other similar viruses [116,
117]. Further broad-based assays are being developed to help differentiate between these viral
febrile illnesses given their similar presentations. Metagenomic next generation sequencing
(mNGS) has more recently been used for diagnosis and for identification of co-infections in this
setting. This technology can be used on the same patient samples by extracting nucleic acids and
constructing NGS libraries for sequencing [118, 119].
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New technologies are also being developed for point-of-care diagnostics including a paper
microfluidic chip platform [120] and a FDA approved ZIKV point-of-care serology test [121]. These
technologies have the potential to improve diagnosis of ZIKV in resource limited settings.
6. Treatment
Treatment of flaviviruses is mostly supportive and there is no specific antiviral therapy available.
In patients on immunosuppression there may be some benefits to lowering or removing the
immunosuppressive regimen to improve both the humoral and cellular immune responses to the
virus [91]. Since WNV can cause debilitating or life-threatening infection, several modalities of
treatment have been tested or employed in animal studies and human cases [122]. In contrast,
non-perinatal ZIKV infection is relatively mild and treatment remains mostly supportive.
6.1 Intravenous Immunoglobulin (IVIG) and Monoclonal Antibodies
IVIG is a therapeutic preparation of normal human IgG obtained from pooled plasma from
thousands of healthy blood donors. Besides the direct neutralizing activities against specific
pathogens, IVIG may also confer protective effects through its anti-inflammatory and
immunomodulating properties [123]. The activity of IVIG against any specific pathogens depends
on the prior exposure of the donors to the microbes as well as immunity obtained through
vaccination. Thus, IVIG preparation from different areas or countries can have substantial
variability in their capacity in neutralizing different flaviviruses [124]. Successful use of IVIG to
treat WNV infection has been reported in several cases, including SOT recipients [125-127]. In all
these cases, the patients had severe neuro-invasive disease from WNV, but recovered after
prompt administration of IVIG. However, there might be a reporting bias and cases of failure have
been noted [128]. A phase I/II randomized, placebo-controlled trial that evaluated the safety and
efficacy of hyperimmune IVIG (Omr-IgG-am) in the treatment of patients with or at high risk for
progression to WNV encephalitis was completed in 2007 (ClinicalTrials.gov: NCT00069316), but no
results have been reported to date.
After infection by flaviviruses, invasion of the CNS may occur in a few days, and the timing of
IVIG administration might be crucial. A number of animal models demonstrated clear-cut
protection by IVIG when the animals are treated during the viremic phase, before or shortly after
inoculation with WNV [129, 130]. In clinical studies, most patients that responded to IVIG
treatment were treated early in the course, or before the development of neurological symptoms
[131, 132]. Thus, the timing of IVIG administration may be critical to its efficacy [127]. However,
most patients are no longer viremic when they present [133, 134] and therefore, might not
respond to IVIG treatment. Other than the timing of starting IVIG, the route of administration may
be important as well [128]. IgG enters the blood-brain barrier at only low level, and that might
explain the relative ineffectiveness of IVIG treatment when CNS involvement is already evident. In
cases of GBS caused by ZIKV, IVIG is primarily used as a non-specific modality for GBS, but not as a
specific treatment of ZIKV.
Antiserum or monoclonal antibodies against flaviviruses are known to have neutralizing
properties and can protect against flavivirus infection in vivo. Humanized monoclonal antibodies
against WNV have been developed [122]. A humanized monoclonal antibody against WNV E
protein (MGAWN1) was found safe and generally well-tolerated in healthy human subjects in a
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phase I clinical trial [135], but a phase II study to evaluate its safety and efficacy in patients with
WNV infection was terminated due to inability to enroll (ClinicalTrials.gov: NCT000927953). A
number of monoclonal antibodies with neutralizing properties against ZIKV have also been
developed and they can protect against lethal ZIKV challenge or maternal-fetal transmission,
infection and disease in animal models [136, 137]. A first-in-class monoclonal therapeutic against
ZIKV, tyzivumab, is currently in a phase I clinical trial (NCT03443830). ZIKV immune globulin (ZIKVIG) is also being developed as a therapeutic intervention against ZIKV infection. A phase I clinical
trial is being conducted to evaluate the safety and pharmacokinetics of ZIKV-IG in healthy adult
volunteers (NCT03624946).
There is a theoretical concern for ADE of infection, during which subneutralizing concentrations
of antibodies bound to a flavivirus can enhance infection by facilitating uptake into Fc-receptorbearing cells [138]. However, as discussed previously, the significance of ADE among non-DENV
flavivirus infections is unclear.
6.2 Antiviral Compounds
There have been substantial efforts in the development of broad-spectrum antiviral agents for
flavivirus infections. Since all flaviviruses share similar genomic organization and replication
mechanisms, targeting certain conserved viral proteins or enzymes might confer antiviral-activity
across a number of flaviviruses. The most promising potential viral targets include the NS3
protease and NS5 polymerase. Other potential viral targets may include the capsid protein, NS4B,
the E glycoprotein and so on. Host molecules exploited by the flaviviruses as part of their
replication cycle can also be targeted. This subject has been thoroughly reviewed by Boldescu et al.
[139]. However, these molecules are in the preclinical stage and none have been tested in human
clinical trials to date.
For WNV, the only antiviral compound tested in human cases is ribavirin [140]. Ribavirin (1--Dribofuranosyl-1,2,4-triazole-3-carboximide) is a synthetic nucleoside analog with in vitro and in
vivo activities against a number of DNA and RNA viruses. Its mechanism of action may include
competitive inhibition of inosine monophosphate dehydrogenase, lethal mutagenesis after
incorporation into the viral genome as well as its non-specific immunomodulatory properties [141143]. Ribavirin has some activities again flaviviruses in vitro, but only with very high doses [122,
144]. As such, clinical use would be limited by its side effects and toxicities [145]. Its low lipid
solubility, which leads to ineffective passage through lipoid membranes would argue against its
efficacy in treating CNS infections [144]. A hamster WNV model and human experiences suggest
that ribavirin treatment may actually increase mortality [140, 146], although arguably, ribavirin
was offered to patients with advanced disease and later in the course of illness [140].
The relative homogeneity of ZIKV strains may improve the rapidity of identifying drug targets.
There are ongoing efforts towards development of anti-ZIKV therapeutics including repurposing
approaches which have identified potentially useful compounds (e.g. emricasan that inhibits
caspase function to reduce apoptosis and bromocriptine that inhibits the ZIKV NS2B-NS3 protease
in vitro) [147, 148], but larger scale in vivo studies are still needed to evaluate their efficacy [149].
Nucleoside/nucleotide analogs have also been explored as ZIKV therapeutics. These drugs tend to
have better safety profiles by targeting viral proteins. Several drugs in this family, including
sofosbuvir, ribavirin, favipiravir, and 7-deaza-2’-C-methyladenosine (7DMA), have been evaluated
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for their anti-ZIKV effects [150]. Sofosbuvir was shown to reduce ZIKV replication and infection in
cell culture and demonstrated a mortality benefit in mice [151]. 7DMA has been shown to reduce
cytopathic effects and overall cell death in vitro as well as delayed disease progression in a murine
model [152]. However, other than antiviral properties, these drugs may also need to cross the BBB
and/or the placental barrier to be clinically useful.
6.3 Other Strategies
Interferons (IFNs) play important roles in defense against viral infections. Interestingly, all of
the flaviviruses examined thus far (including WNV, ZIKV, DENV, YFV and JEV) can antagonize IFN-I
responses by preventing JAK-STAT signaling, suggesting an important evolutionary advantage for
these viruses to interfere with the host’s interferon response *153+.
IFN- has been studied in several clinical trials against flavivirus diseases. A small pilot study
showed efficacy of IFN--2b against meningoencephalitis due to SLEV [154], but a larger
randomized double-blind placebo-controlled trial of IFN--2a for JEV did not show any improved
outcome [155]. For WNV, only case reports exist, and experiences of both success [156, 157] and
failure [158] have been reported. However, similar to the use of IVIG, failure of IFN in treating
WNV might be under-reported due to publication bias. The IFN pathway has also been studied in
the setting of ZIKV with the aim of developing new therapeutics. Administration of IFN leads to
upregulation of interferon stimulatory genes (ISGs) which have an immune modulatory effect. A
subset of these ISGs termed interferon inducible transmembrane proteins (IFITMs) have been
shown to play a role as restriction factors to prevent ZIKV infection [159]. For example, IFITM3
showed a reduction in ZIKV replication by inhibiting the formation of the fusion pore by altering
aspects of the plasma membrane [160, 161]. Another ISG with potential antiviral effects is
cholesterol-25-hydroxylase (CH25H) enzyme [162]. IFN activation leads to increased expression of
CH25H which converts cholesterol into 25-hydroxycholesterol (25HC). 25HC regulates the
induction of retinoic acid-inducible gene-I in macrophages which can inhibit viral particle entry
[163]. However, while there are several promising targets in this pathway, the side effects of IFN
therapy make treatment in the setting of pregnancy challenging.
For SOT patients, IFN therapy may potentially induce an immunoreactive state and increase the
risk of graft rejection [164]. For instance, the long-term use of IFN--2b has been associated with
an increased risk of acute rejection in renal transplant recipients [165]. In contrast, 4 renal
transplant recipients with WNE in a single cohort received short courses of IFN (4-17 days) and did
not have any significant deterioration of their renal graft function [68].
Other anti-flavivirus treatment strategies also include RNA interference-based intervention and
antisense technology. These approaches have been shown to protect mice against flaviviruses,
including WNV and JEV [166, 167]. A phase I/II randomized-blinded study in humans was initiated
in 2004 to evaluate the safety and efficacy of an antisense compound AVI-4020 targeting WNV
(ClinicalTrials.gov: NCT00091845). However, the study was terminated due to a limited pool of
eligible WNV patients.
Among all the flaviviruses, DENV is currently most wide-spread throughout the world, infecting
~50-100 million people annually, with an estimate of about half a million deaths from fatal
sequelae of DENV infection, such as dengue hemorrhagic fever and dengue shock syndrome. As
such, much effort has been devoted to developing effective treatment for DENV infection and
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many drugs or molecules have been tested in the clinical setting. A detailed description of these
therapeutics is beyond the scope of this article [168], but treatment modalities efficacious for
DENV would likely benefit drug development for other flaviviruses as well.
7. Prevention
7.1 General Approach
For natural WNV or ZIKV infection through mosquitoes, preventive strategies that can reduce
this route of transmission include avoiding outside activities when it is prime mosquito feeding
time (e.g. night time and dawn for Culex species, but day time for Aedes species), application of
insect-repellents (e.g. N,N-diethyl-m-toluamide, DEET), wearing permethrin treated clothing/gear
or long-sleeved shirts and long pants, elimination of stagnant waters as breeding sites and
avoiding travel to endemic areas if possible. Integrated mosquito management by local
governments is also a crucial component to control mosquitoes. Methods employed include
mosquito surveillance, larval control by source reduction and larvicide application, adult mosquito
control by targeted or space spraying and so on [169].
7.2 Screening Blood Products
Screening of blood-donors can also help reduce acquisition of flaviviruses through transfusion
of blood products. The FDA has issued guidance to test the blood supply for WNV and ZIKV, but
not for other arboviruses such as DENV or CHIKV [170]. For WNV [171], the FDA recommends
testing donor samples by NAT in “minipools” (MP-NAT), and if reactive, followed by testing of the
individual donations (ID-NAT). Year-round screening should be performed on donor samples with
either MP-NAT or ID-NAT; however, ID-NAT screening is recommended during periods of high
WNV activity.
For ZIKV [172], the FDA had initially issued guidance in February 2016 recommending deferral
of donors who reported a diagnosis of ZIKV infection, or might be at risk for ZIKV through travel or
sexual contact. For areas with active transmission, the FDA had recommended discontinuing local
blood collections and obtaining blood components from unaffected areas of the US. However,
with the first local mosquito-borne cases of ZIKV reported in Florida in July 2016 and the concern
for potential rapid spread of ZIKV in the US, the FDA revised its recommendation in August 2016
that ID-NAT should be performed on all blood donations to minimize the risk of ZIKV transmission
through blood transfusion. Saá et al. have recently analyzed this approach and found it costly with
a low yield [173]. With ~4 million donations screened for ZIKV infection by ID-NAT, 160 were
initially reactive and 9 were confirmed positive. In total, the cost of identifying these “truepositives” through ID-NAT was 5.3 million USD each. The Blood Products Advisory Committee
subsequently reviewed the available data on ZIKV blood donor screening and the evolving ZIKV
epidemiology in the US, and determined that the current incidence and prevalence of ZIKV did not
support continued universal ID-NAT. Thus, in July 2018, the FDA issued revised guidance to
recommend the use of MP-NAT year-round in all US states and territories, but with defined
criteria to switch to ID-NAT when local mosquito-borne ZIKV transmission is suspected or
documented [172].
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7.3 Screening Organ Donors
The Organ Procurement and Transplant Network (OPTN) in the US currently does not require
WNV laboratory testing of all organ donors. Instead, organ procurement organizations are advised
to defer deceased donors with encephalitis, meningitis, or acute flaccid paralysis of undetermined
etiology from regions with reported WNV activity [174, 175]. Current OPTN policy requires that
living donors be evaluated for risk of transmitting WNV to recipients. As most WNV infections are
asymptomatic, laboratory screening is recommended during periods of human WNV activity
where the donor lives, works or travels. Screening of living donors with WNV-NAT should be
performed as close to the time of donation as possible [176]. Recommendations for identification
of potentially WNV-infected SOT donors has been outlined by Singh and Levi [177].
As most people infected with WNV remain asymptomatic, prevention of WNV transmission
through organ transplantation relies on the exclusion of donors with viremia. However, among the
9 clusters of organ-transmitted WNV, screening by NAT alone would have only identified 5 donors
as acutely infected with WNV (Table 1). This certainly underscores the fact that current
methodologies for donor screening for WNV are imperfect. Clinicians evaluating donors for organ
transplantation or taking care of transplant recipients need to carry a high index of suspicion for
WNV infection when the patient presents with a febrile illness and neurological symptoms,
especially during the peak season of transmission in endemic areas.
For ZIKV, OPTN recommends that either deceased or living donors with exposure to ZIKV and
compatible symptoms should be used with caution. Living donors with symptoms could be tested
for ZIKV with the assistance of state health departments. Testing for DENV and CHIKV would be
appropriate as well. No testing is currently available in a time frame likely to assist in the decision
of whether or not to procure organs from a potential deceased donor, but an active viral infection
will most likely rule out a donor as a viable option [178].
As ZIKV can persist in tissues, it is uncertain the amount of time that a donor with a positive
NAT for ZIKV should be deferred. The FDA, however, has defined a 4-week deferral period for
blood donation after travel to a ZIKV endemic area. For donors of human cells, tissues, and cellular
and tissue-based products (HCT/P), the FDA requires a 6-month deferral for both living and
cadaveric donors [179]. For deceased organ donors, no automatic deferral is recommended at this
time [178].
For regions endemic for other flaviviruses, such as DENV, the incidence of transmission through
transplanted organs is difficult to estimate, as screening of donors for these infections is not
routinely performed. A few cases of DENV infections were reported in the immediate posttransplant periods [75, 180, 181], but in some cases, whether the recipients were infected by
natural transmission or donor organs could not be easily determined. In particular, several of
these cases involved live kidney or liver donors, who tend to be relatives of the recipients. It is
thus conceivable that both the donors and their recipients might have shared similar vector
exposure prior to the elective organ transplant. As described above, 2 clusters of DENV
transmission through SOT were reported by Rosso et al. [74]. As a consequence, their hospital in
Cali, Colombia implemented screening with NS1 antigen detection in donors during DENV
outbreaks. To date, no additional cases have been detected since then (Rosso, personal
communication).
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Table 1 West Nile Virus (WNV) transmission through solid organ transplantation (SOT).

Year
Location
[Reference]
2002
Georgia,
USA
[182]

Donor or
Recipient
Age
(year)/Sex
Donor
20 F
Recipient 1
31 F

Recipient 2
8M

Recipient 3
63 M
Recipient 4
71 F
2005
New York,
USA
[131]

Transplanted
Organ

Donor
NA

Mode of
donor WNV
acquisition

Clinical
diagnosis
of recipients

Blood
transfusion

NAT/PCR
CSF Serum

(+)

WNV
encephalitis

Kidney

Kidney

WNV
encephalitis

Heart

WNV
encephalitis

Liver

WNV fever
Mosquitoborne

WNV testing
Serology
CSF
Serum

IgM(-)

Others

(-)

Outcome of
recipients

Supportive

Alive, with
neurologic
deficit

Supportive

Died

Serum (+)
viral
culture

IgM(+) IgM(+/-)

(+)

Treatment of
recipients

Brain at
autopsy
PCR(+)/
IHC(+)/
viral
culture(+)

IgM(-)

IgM(-)

IgM(+)

IgM(+)

Supportive

Alive

IgM(+)

Supportive

Alive

IgM(+)
IgG(+)
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Recipient 1
NA
Recipient 2
NA
Recipient 3
NA
Recipient 4
NA
2008
Louisiana,
USA
[183]

Lung

WNV
encephalitis

Kidney

Asymptomatic

(+)

Kidney

Not infected

(-)

Blood
transfusion

Donor
53 M

(+)

IgM(+)

IgM(+)

Omr-IgG-am

Comatose

(-)

IgM(+)
IgG(+)

IgM(+)
IgG(+)

Omr-IgG-am

Comatose

Omr-IgG-am

Alive

Omr-IgG-am

Alive

IgM(+)

Supportive

Alive, with
neurologic
deficit

Mosquitoborne
Liver

(+)

IgM(+)

FFP, OmrIgG-am

Alive

(+)

IgM(-)

IgM(-)
IgG(-)

IgM(+)

Blood
donor to
organ
donor
(+)IgM

(+)
Asymptomatic

Possibly
mosquitoborne

IgM(-)
IgG(+)
IgM(-)
IgG(-)

(-)

WNV
encephalitis

Heart

Donor
78 F
Recipient
25 F

2009
California,
USA
[127]

WNV
encephalitis

Donor
18 M

Recipient
62 M
2009
Italy
[94]

Liver
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Recipient
55 M
2009
USA
[175]

2010
USA
[175]

Donor
50 M
Recipient 1
55 M
Recipient 2
54 F
Recipient 3
49M
Donor
55 M
Recipient 1
NA
Recipient 2
NA
Recipient 3
NA

2011
Italy
[184]

(-)

Mosquitoborne

IgM(+)

IgM(+)

IVIG

Alive

IgM(+)
IgG(+/-)

(+)

Kidney

WNV
encephalitis

NA

Alive

Kidney

Not infected

NA

Alive

Liver

Not infected

NA

Alive

Mosquitoborne

IgM(-)
IgG(+)

(+)

Kidney

WNV
encephalitis

NA

Died

Kidney

Asymptomatic

NA

Alive

Liver

Not infected

NA

Alive

IVIG with
high WN titer

Critically ill

NA

Critically ill

NA

Alive and

Donor
NA
Recipient 1
NA
Recipient 2
NA
Recipient 3

WNV
encephalitis

Liver

NA
Kidney
Kidney
Heart

IgM(+)
IgG(+)

(-)
WNV
encephalitis
WNV
encephalitis
Asymptomatic

(+)

(+)

(+)

(+)
(-)

IgM(+)
IgG(+)
IgM(+)
IgG(+)

IgM(+)
IgG(+)
IgM(+)
IgG(+)
IgM(-)
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NA
Recipient 4
NA
Recipient 5
NA
2011
California,
USA
[34]

Liver

Asymptomatic

(-)

Lung

Neurological
symptoms
due to drug
toxicity

(+)

IgM(+)
IgG(+)

(-)

IgM(+)
IgG(+)

Donor
56 M
Recipient 1
59 M
Recipient 2
51 M
Recipient 3
59 M
Recipient 4
63 M

IgG(-)
IgM(+)
IgG(+)

Mosquitoborne
Kidney

WNV
encephalitis

(+)

(+)

(-)

(-)

NA

well
Alive and
well
Neurological
symptoms
due to drug
toxicity

Tissues
(+)PCR

IVIG, IFN,

Died

Kidney

WNV
encephalitis

(+)

(+)

(-)

IgM(+)

IVIG, IFN, FFP

Alive, no
residual
neurologic
deficits

Lung

WNV
encephalitis

(+)

(+)

IgM(+)
IgG(+)

(-)

IVIG, IFN

Died

Liver

Asymptomatic

(+)

(-)

(-)

IgM(-)
IgG(+)

IVIG, ribavirin

Alive and
well

M, male; F, female; NA, not available; NAT, nucleic acid testing; PCR, polymerase chain reaction; CSF, cerebral spinal fluid; IHC, WNV specific immunohistochemical
staining; FFP, fresh frozen plasma; IVIG, intravenous immunoglobulin; IFN, interferon alpha-2b.
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In general, it is recommended that for donors with a cause of death clinically compatible with
an arborvirus infection, donations should be used with great caution.
7.4 Vaccines
A detailed discussion of vaccines against flaviviruses is beyond the scope of this review.
Currently, several WNV vaccines are licensed for use in horses, but no WNV or ZIKV vaccines are
available for human use. A number of WNV and ZIKV vaccines are currently in development using
various strategies, including mRNA- or DNA-based, inactivated, live-attenuated, viral vector-based
vaccines and so on [185-187]. A number of these vaccines are in phase I or phase II clinical trials.
Universal WNV or ZIKV vaccination in the US is not likely to be cost-effective [188], given the
sporadic nature of WNV and limited spread of ZIKV at this time. However, certain high-risk
populations, such as those with immunodeficiency and/or residence in endemic areas, may
benefit from a safe and effective vaccine.
7.5 Travel Recommendations for SOT Recipients
Travel advice for SOT recipients has been recently reviewed [189, 190]. Among the flaviviruses,
vaccines approved for human use in the US are available for YFV and JEV, but they are either
contraindicated or with uncertain efficacies for immunocompromised patients. The only available
vaccine for YFV is a live-attenuated vaccine (YF-Vax) and is contraindicated post SOT due to the
risks of prolonged viremia and encephalitis [189, 190]. Immunocompromised persons should avoid
travelling to areas where yellow fever is endemic [191]. For JEV vaccines, both live-attenuated and
inactivated versions have been marketed, but only an inactivated Vero-cell culture-derived vaccine
(JE-VC; manufactured as Ixiaro®) is currently available in the US. While this vaccine is safe for SOT
recipients, data on its immunogenicity and efficacy in SOT or other immunocompromised
populations are lacking.
In general, the epidemiology of flaviviruses is a constantly changing landscape. SOT recipients
and their physicians are encouraged to consult the CDC’s travel webpage *192] for updated
information on areas at risk for ZKV, YFV, JEV, WNV and other arboviruses. Taking steps to prevent
mosquito bites remains the most important measure to protect against flavivirus infection when
traveling to endemic areas, as discussed above.
8. Summary
Despite both being mosquito-borne, WNV and ZIKV have apparently taken different courses in
the US; WNV has become endemic since its introduction in 1999, but ZIKV activity has apparently
peaked in 2016 after its arrival, with no local mosquito-borne transmission in 2018 to date.
Regardless, both viruses have emerged among susceptible hosts with unexpected virulence and
new clinical syndromes, while limited preventive and therapeutic options are available.
Immunocompromised populations are particularly vulnerable and may experience increased
morbidity and mortality to flavivirus infections. The potential of donor-derived transmission in SOT
remains a concern. To respond to the threat of these viruses, a multi-pronged approach that
includes research on viral, host, ecologic and entomologic factors, development of improved
diagnostics and therapeutics, as well as effective public health strategies, is urgently needed.
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As pointed out by Fauci and Morens [193], pandemic expansion of arboviruses previously
restricted to remote ecologic niches is a potential new disease-emergence phenomenon.
Physicians caring for SOT populations must be vigilant against such threats and be prepared to
manage transplant recipients amidst such endemics or epidemics.
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