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Abstract
Nowadays, hematopoietic stem cell transplantation (HSCT) is a common procedure in
hematology units within reference centers, mainly for the treatment of hematological
malignancies such as multiple myeloma, lymphoma, and acute leukemia. Nevertheless, HSCT
has much wider applications, namely in autoimmune diseases, congenital metabolic defects,
and hemoglobinopathies. Thalassemia major and sickle cell disease make up the most
frequent hereditary hemoglobinopathies worldwide. Despite advances on the prevention
and treatment of complications related to these diseases, the only curative approach
available resides in allogeneic HSCT. The main challenges of this treatment remain focused
on the toxicity of pre-transplant conditioning regimens and short-term transplant related
complications like graft-versus-host disease, infections, and disease recurrence. Thus, it is
crucial to establish a balance between the risk vs benefit of HSCT for each patient and follow
the available guidelines for both diseases. Recently, gene therapy has become a real
alternative to allogeneic HSCT. Recent advances in molecular biology methods have
provided more accurate and reliable gene editing techniques such as the CRISP/CAS9 system.
© 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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The long-term outcome of gene manipulation procedures remains uncertain, especially in
the immune system of the host. This review will focus on HSCT and gene therapy in
hereditary hemoglobinopathies.
Keywords
Hemoglobinopathies; transplantation; bone marrow; sickle cell disease

1. Introduction
In recent decades, hematopoietic stem cell transplantation (HSCT) has greatly evolved to
become a routinely established treatment for hematopoietic malignancies and some congenital or
acquired diseases. In 2015 the Worldwide Network for Blood and Marrow Transplantation (WBMT)
published the results of a retrospective observational study reporting about one million
hematopoietic stem cell transplants, both autologous and allogeneic [1], performed from 2006 to
2014 worldwide amongst World Health Organization (WHO) member states. Around 1.4% of the
allogeneic hematopoietic stem cell transplants performed in Europe in 2017 were in the clinical
setting of hemoglobinopathies [2]. From 2006 to 2013, the East Mediterranean/African region
registered an increase of 200% in HSCT for hemoglobinopathies [3].
Sickle cell disease (SCD) and β-thalassemia are the most common hereditary
hemoglobinopathies. It is estimated that around 311,000 neonates /year worldwide are born with
SCD [4, 5] and around 56,000 with thalassemia major (TM) [6].
These patients exhibit inadequate erythropoiesis and their peripheral red blood cells (RBC)
display shortened life spans, which leads to anaemia. They often rely on chronic blood
transfusions ultimately suffering from iron overload and its subsequent consequences on heart
and liver function. About 75% of children affected by these diseases are born in low-income
countries and most will probably die before the age of 5 years [6]. With increasing migration,
predictions indicate that these patients will be of important health and economical concern for
high–income countries in the near future.
Children suffering from congenital hemoglobinopathies who are born in high-income countries
can live decades; nevertheless, they often have a poor quality of life, attributed not only to the
chronic treatments they must endure, but also to the cumulative sequelae these diseases inflict on
their physical and psychological development. HSCT for patients with congenital
hemoglobinopathies, namely SCD and β-thalassemia, is the only curative treatment available at
the moment.
This review will focus on HSCT in the context of genetic haemoglobin disorders SCD and βthalassemia major. We will briefly describe these pathologies and summarize the recent advances
in HSCT, namely donor types, conditioning regimens, graft-versus-host-disease (GVHD), and late
effects after HSCT. We will finish with an overview of the current status of gene therapy applied in
these settings.
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2. Pathology and Clinics
2.1 Sickle Cell Disease
Haemoglobin S (Hb S) is a variant of adult haemoglobin (Hb A) that results from a point
mutation which leads to the substitution of a glutamic acid for a valine at the sixth position of the
β-globin chain. This mutation causes changes in stability and solubility leading to the formation of
polymers in situations of low oxygenation, reducing the life span of the red blood cell (haemolysis)
and contributing to a vaso-occlusion phenomena with ongoing ischemia-perfusion injury, chronic
organ damage, and decreased life-expectancy. Sickle cell disease is a generic term used to denote
a group of diseases characterized by the presence of haemoglobin S in the absence of HbA1
production. This classification excludes HbS carrier HbAS, which is the heterozygous form where
the concentration of HbS is always lower than the concentration of HbA and it is mainly
asymptomatic. However, although HbAS stands as a protective condition for malaria infection,
carriers can suffer from exertional rhabdomyolysis and other non-fatal exercise complications,
progressing to end-stage renal disease in chronic kidney disease and elevated risk of venous
thromboembolism and arterial events [7]. The homozygous state (HbSS) represents the most
serious phenotype of sickle cell disease [8-10].
Children may have their growth and development impaired by chronic anemia, malnutrition,
increased metabolic rate, and renal loss of nutrients. Other complications of the disease can be
divided in two main groups: those related to large-vessel vasculopathy (cerebrovascular disease,
pulmonary hypertension, priapism, and retinopathy) and those caused by progressive ischemic
organ damage (hyposplenism, renal failure, bone disease, heart failure, and liver damage).
Infections are another important concern in this population and a major cause for the increased
morbidity and mortality rates, especially in children where they are the main cause of premature
deaths. This is due to functional asplenia and progressive ischemic involution of the spleen that
provokes an increased susceptibility to bacterial infections (namely Pneumococcus and
Haemophilus influenzae). These situations can be overcome with vaccination and antibiotic
prophylaxis, which in high-income countries led to a childhood mortality rate now close to the one
of the general population. Another potentially life-threatening situation in children is acute splenic
sequestration, which consists of sequestration of red blood cells resulting in acute anemia,
hypovolemia, splenomegaly, thrombocytopenia, and reticulocytosis. There is also an increased risk
of stroke, but early screening with transcranial doppler (TCD) ultrasonography is an important
feature to reduce the incidence of this complication [11, 12].
2.2 Thalassemia Major
Thalassemia represents a heterogeneous group of hypochromic and microcytic anaemias
whose diagnosis requires the exclusion of iron deficiency anaemia, which is the most common
type of anaemia worldwide affecting all ages. Thalassemia is characterized by diminished or
absent production of alpha or beta globin chains, which alters the normal balance of chains,
leading to intracellular accumulation of the non-affected chain and resulting in pathological effects
such as the early destruction of the erythroid precursors before reaching the state of complete
maturation. The erythrocytes that overcome this maturation disorder have abundant precipitates
of excess globin chains that invariably decrease their circulating life span (haemolysis). In severe
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forms, ineffective erythropoiesis results in the expansion of bone marrow, leading to the
distortion of bone structure and to extramedullary activity with enlargement of the hematopoietic
sites. Additionally, chronic anaemia, severe ineffective erythropoiesis, and hypoxia also cause iron
overload due to increased intestinal absorption of iron, ultimately leading to the formation of
reactive oxygen species that can cause tissue damage, organ dysfunction, and death.
Beta-thalassemia usually results from point mutations in globin genes located on the short arm
of chromosome 11 [8, 10, 13]. The clinical severity is also a function of the number and type of
genetic defects, ranging from less severe forms such as beta thalassemia trait which is
asymptomatic and characterized by mild microcytic, hypochromic anaemia, to more severe forms
like beta thalassemia major in which patients suffer from severe anaemia from infancy. Between
these two extremes lies beta thalassemia intermedia with a variable phenotype between the two
aforementioned [10, 13].
Children with beta thalassemia major and some with beta thalassemia intermedia typically
manifest failure to thrive, progressive anaemia that evolves to a transfusion-dependent condition,
and hepatosplenomegaly as a manifestation of extramedullary haematopoiesis. During their life
time, they are confronted with many complications, some derived from the disease itself and
others from treatment. Reduced bone mineral density occurs in over 30% of children with beta
thalassemia major. They experience growth abnormalities from chronic anaemia, hypermetabolic
states, endocrine abnormalities, and iron overload. The latter, particularly, is a major concern
because it can lead to a wide range of complications from gonadal dysfunction, cirrhosis, and
endocrine disorders. Furthermore, deposits of excess iron occur in cardiac muscle leading to
cardiac dysfunction which is a common cause of death for these patients. Beta thalassemia major
patients also have a multifactor increased risk of infection [10].
2.3 Treatment Strategies
Supportive treatment is the only option for patients with beta thalassemia intermedia or major.
Treatment strategies involve frequent blood transfusions combined with chelation therapy. For
sickle cell disease the mainstay treatment is hydroxyurea, which induces HbF synthesis preventing
polymerization of HbS and consequently improving blood rheology, reducing adhesive interactions,
increasing total haemoglobin concentration, and decreasing platelet, reticulocyte, and neutrophil
counts. Altogether these events will diminish the frequency of vaso-occlusive crisis and
subsequently lead to fewer blood transfusions and a reduction of acute chest syndrome events,
preserving organ function. Ultimately this will diminish the need for hospitalizations and decrease
mortality. Ongoing studies hypothesize that hydroxyurea may be used in nontransfusiondependent beta thalassemia patients [14].
Splenomegaly with hypersplenism is a common problem in thalassemia due to severe anaemia
and extramedullary haematopoiesis leading to exacerbation of haemolysis and thereby worsening
anaemia and increasing transfusion requirements. In these situations splenectomy is
recommended, not only to decrease blood consumption and blood transfusions but also to
improve iron overload and to minimize extramedullary haematopoiesis and growth failure.
However, splenectomised patients carry an increased risk of infection, pulmonary hypertension,
heart failure, and thrombosis. Splenectomy should be avoided in children less than 5 years of age
because pneumococcal bacteraemia is more common in young children. Prior to surgery,
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immunizations against Pneumococcus, Haemophilus influenzae, and Meningococcus are necessary,
and post-splenectomy antibiotic prophylaxis can be considered although this approach is not
consensual.
Transfusion therapy should be started early in life to alleviate symptomatic anaemia, suppress
ineffective erythropoiesis, improve growth, reduce iron overload from increased gastrointestinal
absorption, and prolong life. Specifically, in the case of sickle cell disease, it reduces HbS and can
prevent several complications, namely stroke, vaso-occlusive crisis, and acute chest syndrome.
Associated complications include the risk of transfusion-transmitted infections (primarily hepatitis
B and C) and transfusional hemosiderosis which still remains the leading cause of mortality due to
cardiac complications in thalassemia. Iron chelation therapy in childhood improves survival and
quality of life, and recommendations suggest beginning with an oral chelator given its high oral
bioavailability, longer half-life (enabling once daily dosing), and ability to better chelate cardiac
iron. However, side effects include skin rash, nausea, and diarrhea, which decreases compliance to
the treatment. Furthermore, it is an expensive treatment which is unaffordable in most
developing countries [10, 12, 15].
3. Bone Marrow Transplantation
HSCT is the only available treatment with a curative intent in both diseases regardless of
whether or not gene therapy and gene editing approaches become a valid option in the near
future. Recommendations suggest that if a suitable donor is available, HSCT should be considered
during childhood in SCD. On the contrary, in TM, HSCT is the only curative treatment available and
its efficacy has been established [16].
Despite this, HSCT is a therapeutic option taken cautiously and considered mainly for patients
who have failed all other treatment strategies and in whom disease complications have
importantly diminished their quality of life. Despite major advances performed to lessen HSCT
toxicity and to increase its success rates, the fact that patients proposed for HSCT suffer from
severe complications translates into poor post-transplant outcomes, mainly due to infections,
graft rejection, acute and chronic GVHD (aGCVH, cGVHD), and other post-transplant side-effects
leading to significant morbidity and mortality rates.
3.1 Sickle Cell Disease
In 1984 the first patient with SCD was transplanted [17]. According to the European Society for
Blood and Bone Marrow Transplantation (EBMT) activity survey, in 2016 in Europe there were 138
transplants in patients with SCD, of which 101 were from HLA-identical donors [18].
Awareness of the importance of neonatal screening tests and advances in the treatment of SCD,
especially with the administration of hydroxyurea, have greatly decreased child mortality [19, 20].
Nowadays, 95% of children with SCD reach adulthood, albeit in most cases at the expense of an
accumulation of serious complications which render them incapable of complying with a normal
daily routine, leading inevitably to a decreased survival in adulthood. In fact, although child
mortality has decreased, in adulthood, mortality has increased 1% [21, 22] due in part to the
accumulation of several episodes of acute illness throughout life which invariably lead to endorgan damage [23].
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Despite its curative potential, allogeneic HSCT was regarded in the early 90s as an intervention
of limited usage not only due to the lack of a suitable donor but also due to the inherent risk of
transplant-related complications which could ultimately lead to death. Despite the immense
distress that this disease imposes on patients with its high morbidity, for a long time, HSCT was
restricted to patients with severe disease related complications [24]. In the last decades we have
witnessed an increase in safety of transplant related procedures and a reduction of transplant
related mortality which inevitably shifted the balance of risk versus benefit towards more
favorable HSCT outcomes when compared to quality of life without transplantation. These
changes took time and were slowly reached through the development of several clinical trials
which consequently changed clinical indications of HSCT in SCD [25-27].
Approximately 22 years ago, criteria for bone marrow transplantation included previous
manifestations of severe disease such as stroke, recurrent acute chest syndrome, and vasoocclusive crisis. Furthermore, this procedure was restricted to children less than 16 years of age
with an HLA-identical related donor [24]. Independently of the disease status, in this group of
patients the estimated overall survival (OS) and event-free survival (EFS) at 4 years was 91% and
73%, respectively (Table 1) [24].
In 1998, Vermylen et. al. published results of HLA-identical HSCT performed in 50 children
divided into two groups according to the severity of complications [28]. The myeloablative
conditioning regimen consisted of busulfan (Bu)+cyclophosphamide (Cy) (BuCy) and either total
lymphoid irradiation (TLI) or anti-thymocyte globulin (ATG). This study demonstrated that OS and
EFS at 11 years were higher in the group with no history of previous disease related complications
(100% and 93%, respectively), compared to the group with serious disease complications (88% and
76%, respectively) [28]. These results were corroborated by a study involving 50 children
transplanted with matched sibling marrow allografts between 1991 and 1999 [29]. The
conditioning regimen used was BuCy and either ATG or alemtuzumab and the estimated OS and
EFS at 8 years were 94% and 84%, respectively. In both studies, a major concern after HSCT was
gonadal dysfunction [28] and amenorrhoea in females, especially in HSCT performed during peripuberty years [28]. Other complications like pulmonary function and cerebral vasculopathy
remained stable or were improved after HSCT (Table 1) [29].
Patients were treated prophylactically with cyclosporine (CSP) with or without methotrexate
(MTX) for a minimum of 6 months after transplantation [28, 29] to minimize the occurrence of
GVHD [28]. In the trial of Walters et al. patients also received prednisone which might explain the
better outcomes obtained concerning the occurrence of GVHD (12%) [29]. In this study, levels of
haemoglobin S (HbS) were maintained at 30% prior to HSCT to minimize the occurrence of
cerebrovascular disease and improve transplantation outcomes (Table 1) [29].
The selection of the conditioning regimen used in HSCT in SCD patients should take into
consideration that contrary to malignant hematologic patients, the effect of graft versus disease is
not required.
A study involving 30 transplant centers and a total of 67 patients using mostly the BuCy
myeloablative regimen (94% of patients) reported an OS and disease free survival (DFS) at 5 years
of 97% and 85%, respectively, with an overall probability of graft rejection at day 100 of 10% and
22% (aGVHD and cGVHD, respectively) (Table 1) [30].
Similarly, studies from Bernaudin et. al. involving 87 patients transplanted from 1988 to 2004
under the classical BuCy conditioning regimen showed an OS and an EFS of 93% and 86%,
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respectively [31]. Interestingly, this group reported an overall cumulative incidence of rejection of
7% at 5 years partly due to the high cumulative incidence of rejection found in the group of
patients transplanted before 1992 (22.6%). These patients also exhibited low mixed chimerism
(5%-49% donor cells) which prompted clinicians to suggest the inclusion of ATG in the standard
conditioning regimen for patients transplanted from 1992 onwards [31]. Adaptations of these
conditioning regimens using BuCy+ATG were implemented by other groups obtaining similar
results in incidence of rejection and stable mixed chimerism (Table 1) [32].
A direct comparison between studies from different centers is always difficult to perform
because several variables are modified at the same time. Nevertheless, in 2014, an attempt was
performed to directly compare the BuCy and the BuCy+ATG regimens but the number of patients
in each group was very small and no differences were found in DFS between the two arms of the
study (50% BuCY and 66.7% BuCy+ATG). Interestingly, the authors found that in patients
previously treated with hydroxyurea (HU), DFS was greatly increased (97.4%) and no rejection was
observed [33]. Another group in Rome published very encouraging results in 40 SCD transplanted
patients, using BuCy+ATG and obtaining a DFS of 91% concomitant with sustained engraftment
and 100% donor chimerism (Table 1) [34].
Altogether these observations suggest that not only does the inclusion of ATG in conditioning
regimens seem to reduce the incidence of rejection by increasing chimerism, but also that
treatment of SCD patients with HU prior to transplantation reduces graft rejection.
Busulfan is considered one of the main myeloablation drugs in HSCT for hemoglobinopathies;
however, it carries a degree of interindividual variability and higher clearance in children [35].
Inclusion of busulfan in conditioning regimens is decisive for a successful engraftment [36] but the
dose administered is limited by its side effects, namely, sinusoidal obstructive syndrome, seizures,
and increased overall transplant related mortality (TRM) [37-39].
A high incidence of neurological complications was observed after HSCT in SCD patients [40, 41],
which prompted clinicians to review the guidelines and include the need for anticonvulsant
prophylaxis initiated before and after administration of busulfan and for a period of at least 6
months post-HSCT. Targeted Bu therapy performed in 25 SCD patients undergoing HSCT has
demonstrated that increasing the dose of Bu, administered either orally or intravenously (iv),
allowed for OS and DFS rates of 96% each, at a median follow-up of 4.9 years reporting no graft
rejection [42]. In this study, 16% of patients presented with seizures and although 32% of patients
developed sinusoidal obstructive syndrome, the authors found no statistically significant
correlation with the cumulative Bu exposure despite a trend towards aggravation of this condition
in patients receiving orally administered Bu (Table 1) [42]. Despite the improved transplantation
outcomes using a higher dosage of Bu, long-term effects like gonadal dysfunction remain an
important concern with this conditioning regimen.
With this in mind, the fine tuning of Bu dosing seems crucial to minimize side-effects while at
the same time avoiding graft rejection. A published study using 16 SCD patients who underwent
HLA-matched sibling donor HSCT assessed a different dose of Bu and showed excellent results
with 100% OS and EFS at 3 years, 13% grade I-II aGVHD, no grade III-IV aGVHD, or cGVHD and no
sickle cell related complications post-transplant (Table 1) [43]. Unfortunately, this regimen was
not able to avoid gonadal dysfunction in some of these patients.
In an attempt to improve HSCT outcomes while minimizing toxicity of myeloablative therapy,
other conditioning regimens were tested. A combination of Bu+fludarabine+alemtuzumab was
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administered to 18 patients with SCD before HLA-matched sibling donor HSCT with an OS and EFS
of 100% evaluated at 2 years [44]. Furthermore, no sinusoidal obstructive syndrome was found
and pulmonary, cardiac, and neurological functions were stable or improved. Incidence of aGVHD
was 17% and cGVHD was 11%, comparable to previous studies under the classical condition
regimen of Bu-Cy-ATG, which represents a step forward for the minimization or even ablation of
HSCT side-effects [44]. Similarly, a study involving 14 patients assessed the feasibility of decreasing
the doses of Bu and Cy while maintaining the dose of ATG constant and introducing a fourth agent,
fludarabine. These authors reported that successful engraftment could be achieved with lower
doses of Cy if concomitant administration of fludarabine was used (Table 1) [45]. Unfortunately, it
was not possible to further reduce the dose of Bu, which was the main objective of this study, but
it is worth mentioning that the number of subjects in each group was too small to establish
definitive conclusions from this multicenter trial.
Other strategies have been tried in an attempt to avoid the usage of Bu. Strocchio et. al. used a
treosulfan + thiotepa + fludarabine conditioning regimen in 15 children with SCD transplanted
with hematopoietic stem cells from an HLA-matched sibling or unrelated donor showing an OS and
DFS of 100% and 93%, respectively and no grade II-IV GVHD. In this cohort study no grade III-IV
regimen-related toxicity was observed for either group (treated with the Treo regimen or the
classical Bu regimen), a finding that the authors attributed to their vast experience in Bu-level
monitoring and strict dose adjustment (Table 1) [46]. Thus, this study showed non-inferiority
results when compared to a classical regimen using Bu.
Side-effects of classical myeloablative conditioning regimens, especially gonadal dysfunction
[47], limit the application of HSCT as a routine procedure for SCD patients. A published report
using a non-myeloablative conditioning regimen consisting of total-body irradiation (TBI) of 300
rad, alemtuzumab and sirolimus in 30 SCD patients (children and adults) enlisted from 2004-2013
showed no aGVHD or cGVHD up to two years post-transplant with an OS of 97% and DFS of 87%,
although with 13% graft failure (4 out of 30 patients) (Table 1) [48]. In 2015 another group
reported the usage of alemtuzumab, fludarabine, and melphalan in 43 SCD pediatric patients
undergoing HSCT from an HLA-matched sibling donor with OS of 93% and EFS of nearly 91% at a
median follow-up of 3.42 years, although with a 13% incidence of cGVHD (Table 1) [49]. The effect
of these non-myeloablative regimens in gonadal function remains to be assessed.
Recommendations from 2014 from an international expert panel suggest the usage of Bu+Cy+ATG
as the standard conditioning regimen for HSCT in SCD and thalassemia major [50].
It is now considered beneficial that children with SCD and a matched sibling donor should
receive an HSCT as early as possible, preferably at pre-school age [50, 51]. Older patients tend to
have more disease related complications which might contribute to worse HSCT outcomes [28].
An international retrospective survey including Eurocord, EBMT, and the Center for
International Blood & Marrow Research (CIBMTR) reviewed 1000 children and adults transplanted
from an HLA-identical sibling donor from 1986 up to 2013, and found an inverse correlation
between the age of the patient and the 5-year EFS (93% for <16 years and 81% for ≥16 years,
p<0.001) and OS (95% for <16 years and 81% for ≥16 years, p<0.001). In addition, patients ≥16
years exhibited a higher risk of aGVHD and higher hazard ratios for death and treatment failure
with increasing age [52].
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Table 1 Comparison of outcomes of HSCT in several clinical trials in sickle cell disease patients.

Reference

Patients

Stem cells

Donor

Conditioning

OS

Graft
EFS/DFS aGVHD cGVHD rejection
(or failure)

Walters et al.,
[24]

22

BM

Identical

Bu+Cy+ATG

91

73/84

9

4.5

18

9

Vermylen et al.,
[28]

50

BM,CB

Identical

Bu+Cy, Bu+TLI,
Bu+ATG, Bu

93

82/85

40

20

10

4

Walters et al.
[29]

50

BM

Identical

Bu+Cy+
ATG or AL

94

84/-

8

4

10

6.2

Panepinto et al.
[30]

67

BM,CB,PB

Identical

Bu+Cy
other regimens

97

-/85

10

22

13

4.4

87

BM,CB,PB

Identical

Bu+Cy±ATG

93

86/-

20

12.6

7

6.9

10

BM,CB,PB

Identical

Bu+Cy+ATG

90

77/-

36.3

45.4

9

10

50

BM,CB,PB

Identical

Bu+Cy±ATG

94

85.6/-

22

20

8

4

40

BM

Identical

Bu+Cy+ATG
Bu+Cy+Flu

91

-/91

50

5

2.5

9

27

BM

Identical

Bu+Cy+ATG

96

-/96

12

ND

0

3.7

16

BM

Identical

Bu+Cy+ATG

100

100/-

13

ND

0

0

18

BM,CB

Identical

Bu+Flu+AL

100

100/-

17

11

0

0

Bernaudin et al.
[31]
Majumdar et al.
[32]
Dedeken et al.
[33]
Lucarelli et al.
[34]
McPherson et al.
[42]
Maheshwari et
al. [43]
Bhatia et al. [44]

TRM
or
OM
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Horan et al. [45]

14

BM,CB

Identical

Bu+Cy+Flu-ATG

ND

-/100

14

14

7

0

Strocchio et al.
[46]

30

BM,CB,PB

MRD, MUD

Treo+Thio+Flu

100

-/93

17

ND

7

0

Hsieh et al. [48]

30

PB

MRD

AL+TBI+Sir

97

-/87

0

0

4

1

King et al. [49]

52

BM,CB

MRD

AL+Flu+Mel

93

91/-

23

13

1.9

5.7

Gluckman et al.
[52]

1000

BM,CB,PB

Identical

MAC and nonMAC

92.9 91.4/-

14.8

14.3

2.3

7

Saraf et al.[53]

10

PBSC

Haploidentical

ATG+Flu+Cy+TBI

87.5 -/87.5

25

12.5

12.5

12.5

BM- bone marrow; CB- cord blood; PBSC- peripheral blood stem cells; MUD - matched unrelated donor; MRD – matched related donor (including matched sibling);
Identical – HLA identical sibling; aGVHD – acute graft-versus-host-disease grade II-IV; cGVHD – chronic graft-versus-host-disease ; TRM –transplant related
mortality; OM – overall mortality; Bu- busulphan; Cy- cyclophosphamide; Flu- fludarabine; TBI- total body irradiation; ATG- anti-thymocyte globulin; Thio- thiotepa;
Treo- treosulfan; Dexa- dexamethasone; AZA- azathioprine; HU- hydroxyurea; TT-; MAC- myeloablative conditioning; RIC- reduced intensity conditioning. Numbers
represent percentages.
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3.1.1 Source of HSCs
Donor stem cells can be obtained from bone marrow (BM), peripheral blood (PBSC), or
umbilical cord blood (CB). Early studies on HSCT in SCD used BM or CB as the source of
hematopoietic stem cells. CB has some advantages, namely, cells are readily available from CB
banks, latent viral infection is rare, collection poses no risk for the donor, and, more importantly, it
allows for HLA-mismatches and carries a lower risk of GVHD and relapse which is partially
attributed to the more immature nature of these cells. Nevertheless, CB cells have some
disadvantages that limit their usage, especially the delay in engraftment and consequently in
immune reconstitution, increasing the risk of viral infection which subsequently may influence
graft failure. Furthermore, additional donations from the same donor are not available and cell
dose is an important issue because the volume of cells collected is usually small and may not have
sufficient stem cell numbers for HSCT in adults [54].
Following on this subject, Bernaudin et al. reported no GVHD amongst patients receiving CB as
the source of HSC [31]. If a matched sibling donor is available, recommendations from an
international expert panel suggest that HSCT for SCD should be considered using either BM or CB
stem cells [50].
PBSC carry a greater risk of GVHD [55] because they contain mature T cells. For SCD patients
the graft versus disease effect is not required, thus PBSC can be T cell depleted and/or CD34 +
selected after collection and prior to transplantation, if necessary. Engraftment and immune
reconstitution using PBSC are faster than with CB cells allowing the patient a faster recovery of
hematopoiesis which may decrease the risk of infections during aplasia and graft failure [54].
Recent studies from 2018 reported that PBSC from a haploidentical donor can be transplanted in
adults with SCD resulting in stable engraftment and very low incidence of GVHD; however, this
study included only 10 patients and a larger, multicenter, ideally prospective, trial including more
patients should confirm these observations (Table 1) [53]. Thus, deciding which type of donor
stem cells to use depends not only on the availability of an HLA-matched sibling donor but also on
the clinical situation of the patient and on the urgency of the HSCT. Most clinical trials performed
in children using HLA-identical sibling donors have focused on the usage of BM or CB stem cells.
3.1.2 Unrelated and Haploidentical Donors
Finding an HLA-identical sibling donor is the major limitation of HSCT in SCD patients. It is
estimated that less than 30% of these patients will have an HLA-identical sibling donor [56]. In
these situations, stem cells have to be obtained from HLA-matched unrelated donors or HLAhaploidentical related donors. The probability of finding a matched unrelated donor varies with
the racial and ethnic group of the patient and it has been shown to be around 18% and 19% for
the African and African-American population, respectively [57].
These alternative donor sources carry an increased risk of GVHD and graft rejection, especially
when reduced-intensity conditioning regimens are used (Table 2) [58].
If taken from BM, stem cells of HLA-haploidentical or HLA-matched related donors transplanted
into children and adults under non-myeloablative regimens induced 43% of graft failure [59]. On
the other hand, transplantation of stem cells from HLA-matched related donors into SCD patients
treated with a myeloablative regimen showed no graft rejection or failure; however, these
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patients suffered a progressive decline in renal, pulmonary, and cardiac function, which, by its
characteristics, the authors attributed to toxicity of the conditioning regimen used (Table 2) [60].
A regimen of GVHD prophylaxis consisting of calcineurin inhibitor, methotrexate, and
methylprednisolone was used in SCD patients after transplantation of BM from HLA-matched
unrelated donors. These patients had been treated with a conditioning regimen containing
alemtuzumab, fludarabine, and melphalan and obtained an OS and EFS at 2 years of 79% and 69%,
respectively, but registered an incidence of cGVHD at 1 year of 62%, of which 38% reported
extensive GVHD and 7 GVHD related deaths (Table 2) [61].
A retrospective study of 19 patients receiving BM stem cells or PBSC either from HLA-identical
sibling donors (47.3%), HLA-matched unrelated donors (31.5%), or α/β T cell depleted related
haploidentical donors (21%) reported an OS at 2-years of 89%, 83%, and 75%, respectively. The
authors found an overall incidence of aGVHD of 26% with no significant difference in the group of
haploidentical transplants irrespective of the source of stem cells used [62]. Other studies with
haploidentical donors reported good engraftment times and low incidence of GVHD using BM or
PBSC [53, 63] as sources of hematopoietic stem cells.
A fine balance between stable engraftment and GVHD prophylaxis is one of the main concerns
in HSCT using haploidentical donor stem cells. Schemes of post-transplant GVHD prophylaxis also
contribute to graft failure and strategies to overcome this conundrum are necessary. A regimen
based on ATG+Bu+fludarabine preceded by an immunosuppressive conditioning of
fludarabine+dexamethasone yielded promising results if used with a scheme of GVHD prophylaxis
based on Cy+tacrolimus+mycophenolate mofetil (Table 2) [64]. The side effects of such an
aggressive regimen in long-term organ function remain to be assessed. Furthermore, eligibility for
such a conditioning requires good organic reserves to allow such level of immunosuppression. The
complexity of HSCT from haploidentical donors is demonstrated by the modest, but very relevant
findings, using a conditioning of ATG+ Cy+fludarabine+TBI (3Gy) and Cy+sirolimus+mycophenolate
mofetil for GVHD prophylaxis, with around 87% of stable engraftment and only 1 patient (out of a
total of 8 adult patients) developing cGVHD [53].
These studies indicate that HSCT using HLA-matched unrelated donors or haploidentical donors
should still be considered as a future alternative for SCD patients without an HLA-identical sibling
donor. Nevertheless, at the moment, this procedure requires additional clinical studies before its
widespread use.
Determining the best conditioning regimen and the best GVHD prophylaxis is crucial for the
routine clinical application of HSCT in this setting. At the moment at least 4 clinical trials are
recruiting patients in the USA. These trials target different aspects of the HSCT procedure. Some
intend to use BM stem cells, others PBSC. Conditioning regimens will also be studied as well as
GVHD prophylaxis. The likely major limitation of these studies is always the same: the small
number of patients recruited in most studies. Despite these issues, HSCT should be pursued in an
attempt to improve the technique so it can be safely applied routinely to SCD patients in the
future.
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Table 2 Comparison of outcomes of HSCT in several clinical trials in sickle cell disease and thalassemia major patients using hematopoietic
stem cells from different sources.

Reference
Kamani et al.
[58]
BolanosMeade et al.
[59]
Dallas et al.
[60]

Patients

Stem
cells

Donor

Conditioning

OS

EFS/DFS

aGVHD

cGVHD

Graft
TRM
rejection
or
(or
OM
failure)

8

CB

MUD

AL+Flu+Mel

87.5

37.5/-

25

12.5

42.8

12.5

17

BM

Haploidentical,
MRD

Flu+Cy+ATG+TBI

14

-/64.7

5.9

0

0

0

14

BM,CB

MRD

Bu+Cy+ATG

93

-/93

28

21

38

0

75

-/38

50

37.5

10

25

Dallas et al.
[60]

8

PBSC

Haploidentical

Flu+Thio+Bu+AT
G+OKT3,HU+
AZA+Thio+Cy+
OKT3

Shenoy et al.
[61]

30

BM

MUD

AL+Flu+Mel

79

69/-

28

62

10

23.3

Khazal et al.
[62]

19

PBSC,
BM

Identical,
MUD,
haploidentical

Several

84.2

26/-

10.5

10.5

-

-

de la Fuente
et al. [65]

18

BM

Haploidentical

Cy+Flu+ATG+
TBI± thio

100

>90

27.7

5

5

11
Page 13/312

OBM Transplantation 2019; 3(3), doi:10.21926/obm.transplant.1903086

Fitzhugh et
al. [63]

Pawlowska et
al. [64]

23

4

PBSC

PBSC

Haploidentical

AL+TBI+Sir+Cy

87

0 (cohort
1) # , 25
(cohort 2),
50 (cohort
3)

Haploidentical

ATG+Bu+Flu
preceded by
Flu+Dexa

*

*

8.7

4.3

25*

75*

100
(cohort
1) # , 12.5
(cohort
2), 17
(cohort 3)
0*

0

0*

BM- bone marrow; CB- cord blood; PBSC- peripheral blood stem cells; MUD - matched unrelated donor; MRD – matched related donor (including matched sibling);
Identical – HLA identical sibling; aGVHD – acute graft-versus-host-disease grade II-IV; cGVHD – chronic graft-versus-host-disease ; TRM –transplant related
mortality; OM – overall mortality; Bu- busulphan; Cy- cyclophosphamide; Flu- fludarabine; TBI- total body irradiation; ATG- anti-thymocyte globulin; ALalemtuzumab; Sir- sirolimus; TIB- total body irradiation; OKT3- muromonab CD3 OKT3: Mel- melphalan; Thio- thiotepa; Treo- treosulfan; Dexa- dexamethasone;
AZA- azathioprine; HU- hydroxyurea; TT-; MAC- myeloablative conditioning; RIC- reduced intensity conditioning; # each cohort refers to a different concentration
of cyclophosphamide; * study with only 4 patients. Numbers represent percentages.
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3.2 Thalassemia Major
Contrary to the controversy still surrounding HSCT in SCD, in TM this procedure is widely
accepted and even recommended as early as possible in children who depend on chronic blood
transfusions and for whom an HLA identical sibling donor is available [50]. In 2016 in Europe, 335
bone marrow transplants were performed in patients with thalassemia, from which 203 were
from HLA identical donors [18].
The first publications on HSCT performed in TM patients dates from the 80s and 90s [66-68]. In
these early studies is included the “Pesaro Experience” which identified 3 classes of risk for
patients with TM which could be used to correlate the medical status at the time of
transplantation with the predicted outcome post-procedure [67, 69]. These 3 classes are based on
the presence of three criteria: degree of hepatomegaly, degree of portal fibrosis, and quality of
chelation therapy before the transplant. Patients for whom all three criteria are adverse are
included in Class 3; if none of these criteria are adverse they belong to Class 1; with one adverse
criteria or any combination of two, patients are included in Class 2 [69]. This group reported EFS of
95%, 84%, and 64% for patients of Class 1, 2, and 3, respectively, transplanted with BM from an
HLA-identical donor [69] under a BuCy conditioning regimen. Similar results for Class 3 patients
(EFS 62.2%) were obtained in a study in Turkey comprising of 245 children with TM receiving BM
from an HLA-matched related donor (Table 3) [70].
Similarly, two pediatric centres in the UK reported their joint results with TM patients (most in
Class 2 or 3) transplanted with BM from HLA-identical donors over a period of 10 years, showing
an EFS of 82% despite 31% and around 14% of aGVHD grade II-IV and cGVHD, respectively [71]. A
study with 197 patients showed that in fact Class 3 is a heterogeneous group that can be further
subdivided, according to age and liver size, into two subgroups identifying a high-risk group with
very poor HSCT outcomes (OS 39.01% and EFS 23.93%) [72]. These and other studies revealed
similar results in what concerns the incidence of aGVHD and cGVHD with sinusoidal obstructive
syndrome as one of the most threatening events but in general, these results revealed a low
incidence of long-term post-transplantation side effects [73-75]. Most patients in these studies
were submitted to myeloablative regimens with Bu (per os), Cy with or without ATG. Other
conditioning regimens were developed using Bu (iv)+Cy with or without thiotepa or fludarabine in
pediatric patients with values of OS as high as 97% and low rejection rates (around 2% and 5%)
(Table 3) [76, 77].
To minimize rejection in Class 3 pediatric patients, other immune suppressive conditioning
regimens were tested. One of the strategies adopted included a scheme of hyper-transfusion
combined with hydroxyurea, azathioprine, and fludarabine a few weeks prior to the classic BuCy
conditioning regimen. This group reported 93% OS and 85% EFS with only 8% graft rejection in 33
patients and minimal aGVHD (Table 3) [78].
Busulfan is considered a major agent for myeloablation, but its concentration must be balanced
to achieve minimal mortality and morbidity due to its side-effects while maintaining high enough
concentrations to minimize graft rejection [36, 39]. Due to the difficulty experienced to achieve
the correct concentration of busulfan, especially in children, some groups have tried equally
effective and less toxic regimens using thiotepa+treosulfan+fludarabine obtaining OS from 93% to
78.5%, EFS from 84% to 71.4%, and graft rejection from 9% [79] to 7% [80]. It is extremely difficult
to compare these and other studies because they differ on the source of stem cells used and some
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even used several sources of stem cells within the same study [77, 80]; furthermore, in some trials
both HLA-identical related and unrelated donors [77, 79] are used and Class 3 patients vary in
number for each study (Table 3) [75, 79, 80].
A national French multicenter study published results on HSCT performed from 1985 to 2007 in
a total of 108 patients transplanted from HLA-identical sibling donors and conditioned with BuCy
with or without ATG. The authors found a decrease in graft rejection from 35% to 10% when ATG
was included in the conditioning regimen and around 82% EFS in patients with ATG versus 55%
EFS without ATG [81]. An Italian group proposed the addition of ATG in conditioning regimens for
high-risk TM patients, i.e., Class 3 pediatric patients, adults, patients receiving hematopoietic stem
cells from unrelated donors, or patients receiving a second HSCT (Table 3) [67, 78, 82, 83].
An alternative strategy would be to perform a risk assessment for each patient and tailor
conditioning regimens for each individual score, which was the strategy adopted by Hussein AA et
al [84]. This group used a myeloablative conditioning regimen consisting of BuCy+ATG in Class 1
and 2 patients whereas Class 3 patients were treated with a reduced intensity conditioning
consisting of Bu+fludarabine+TLI (total lymphoid irradiation)+ATG. OS and EFS were around 97%
and 90%, respectively, for myeloablative conditioning regimen and 100% and 77%, respectively,
for reduced intensity conditioning regimen (Table 3) [84].
A retrospective non-interventional study analysed data from the hemoglobinopathy registry of
the European Society for Blood and Bone Marrow Transplantation from 2000 to 2010 in a total of
1493 patients undergoing HSCT for TM [16]. Their findings showed that if patients were
transplanted below age 14, from a matched sibling donor or a matched family donor, an OS >90%
and an EFS >83% could be expected.
3.2.1 Source of HSCs
In most studies mentioned so far for HSCT in TM, authors analysed heterogeneous groups of
patients regardless of the source of stem cells used, PBSC or BM. As for SCD, a comparison of
hematopoietic transplantation outcomes amongst different stem cell sources is of crucial
importance.
Publications have shown that Class 1 and 2 TM children treated with BuCy and transplanted
with HLA-matched PBSC or BM had no differences in 2-year OS (83% and 89%, respectively) and
EFS (76% for both groups) despite a higher incidence of aGVHD grades II-IV (72% with PBSC vs 55%
BM) and cGVHD (48% with PBSC vs 19% BM) in patients transplanted with PBSC [85]. GVHD
prophylaxis with cyclosporine and methotrexate showed a higher incidence of GVHD (especially
cGVHD) in patients transplanted with PBSC, highlighting the need for alternative strategies for the
prevention of GVHD (Table 3) [85, 86].
Implementation of a triple immunosuppression protocol (cyclosporine, methotrexate, and
prednisolone) for prophylaxis and treatment of GVHD in Class 3 BM and PBSC transplanted
patients proved efficient with no statistically significant differences found between aGVHD (grade
II-IV 26% PBSC vs 30% BM) and cGVHD (30% PBSC vs 24% BM) in the two groups of patients, i.e.,
with BM or PBSC (Table 3) [87].
As for SCD, in TM patients HSCT can be performed using CB cells with very good outcomes.
Despite slower neutrophil and platelet recovery times, overall, patients transplanted with CB stem
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cells exhibit less acute and chronic GVHD with similar OS and DFS as compared to patients
transplanted with BM (Table 3) [88].
3.2.2 Unrelated and Haploidentical Donors
The availability of a matched sibling donor is the major limitation to HSCT in TM patients. The
advances and successes of conditioning regimens have allowed the extension of the application of
HSCT to TM patients without an HLA matched sibling donor. Bone marrow from matched
unrelated donors has been used successfully in HSCT of TM patents treated with BuCy with an OS
of 79%, EFS of 66%, and 13% of graft rejection, despite 41% of aGVHD and 25% of cGVHD (Table 3)
[89]. The study also reported that 83% of the patients who died (5 out of 6) were Class 3 patients.
In 2014 a group published its results with 98 TM patients divided into two groups receiving
matched-related or unrelated donor BM and showed an EFS of 88% and 82%, respectively, with an
OS of 94% similar to both groups [90]. The major pitfall of this study is that it included Class 3
patients that were treated with a reduced intensity conditioning regimen and a group treated with
a myeloablative conditioning regimen but each of these groups included recipients of related and
unrelated donor stem cells. Furthermore, within the myeloablative conditioning regimen group,
conditioning was different for recipients of related or unrelated stem cells. In spite of this, the
authors showed very good results not only for TM patients transplanted with stem cells from
unrelated donors as described above, but also for class 3 patients treated with a reduced intensity
regimen with OS and EFS of 90% each [90]. In 2018 a study reported results on 51 class 1 and 2 TM
patients treated with BuCy+fludarabine+tiothepa+ATG receiving HLA-matched HSCT from
unrelated donors with an OS and EFS of 98% and 92%, respectively and only 2 patients
experiencing graft rejection (Table 3) [91].
The use of HSC from unrelated donors broadens the window of application of HSCT to TM
patients without an available HLA-identical sibling or HLA matched family member. However, due
to the high rates of acute GVHD, these procedures should be performed in experienced centers
and, preferably, in class 1 and 2 TM patients. Furthermore, a 10/10 or 9/10 match between donor
and recipient should be the minimum requirement.
Unfortunately some patients do not find an HLA-matched unrelated donor and in this case
alternative donors need to be used. In these situations the only solution is to rely on
haploidentical donors. Advances in conditioning regimens and in treatments for acute and chronic
GVHD will probably make it possible to look at this class of donors as a real option in the future. At
the moment, early studies using heavy conditioning regimens including BuCy + fludarabine +
tiothepa + ATG and T cell depleted PBSC have shown promising results despite high rates of graft
rejection (Table 3) [92-94].
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Table 3 Comparison of outcomes of HSCT in several clinical trials in thalassemia major patients.

cGVHD

Graft
rejection
(or failure)

TRM or
OM

13.5

12.5

31.8

7.75

31

14.5

13.2

5.4

-

17 (high risk
class 3)
14 (low risk
class 3)

53.6
(high
risk
class 3)
20 (low
risk
class 3)

Patients

Stem
cells

Donor

Conditioning

OS

EFS/DFS

aGVHD

Yesilipek
et al. [70]

245

BM,
PBSC,
CB

MRD

Several

85

-/68

Lawson et
al. [71]

55

BM

Identical,
MRD

Bu+Campath,
ATG or Flu

94.5

-/81.8

23.9 (high
risk class 3)
70.3 (low
risk class 3)

Reference

Mathews
et al. [72]

197

BM

MRD

Cy+Bu or
RIC

39 (high
risk
class 3)
78.3
(low risk
class 3)

Di
Bartolome
o et
al.[73]

115

BM

MRD

Cy+Bu

89.2

-/85.7

37

17

6.7

8.7

MRD

Bu+Cy,
HU+AZA+
Flu+Bu

79

-/75

35.4

8.3

10.4

20.8

MRD

Bu+Cy±
ATG

91 (class
2) 64
(class 3)

88 (class 2)
62 (class 3)

38

13

9.4

6.1

Ullah et
al.[74]
Sabloff et
al. [75]

48

179

BM

BM
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Gaziev et
al. [76]

Li et al.
[77]

71

BM

82

BM,
PBSC
BM+CB

Bu iv
Phenotipica different
lly identical doses,
parent
preceded by
HU+AZA
MRD, MUD

Sodani et
al. [78]

33

BM

Identical

Bernardo
et al. [79]

60

BM

Identical,
MUD

Choudhary
et al. [80]
Galambru
n et al.
[81]
Lucarelli
et al. [82]
Gaziev et
al. [83]

28

108
107

122

BM,
PBSC,
CB+BM
BM,
PBSC,
CB+BM
BM

BM

Bu+Cy+Flu+
Thio
By+Cy+
preceded by
HU+AZA+Flu
Flu+Thio+
Treo

91

87

30

12

5

8.5

92.3
(PBSC),
90 (BM)

90.4
(PBSC),
83.3 (BM)

9.6
(PBSC),
3.6 (BM)

0

1.9 (PBSC),
6.9 (BM)

7.7
(PBSC),
10 (BM)

93/85

85/-

9

ND

8

6

93/84

-/84

14

1.7

9

7

MRD, MUD

Flu+Thio+
Treo

71.4

-/78.5

14

7.1

7.1

21.4

Identical

Bu+Cy±ATG

86.8

-/69.4
(83 post
1994)

20.4

11.1

10

12

Identical

Bu+Cy

66

-/62

-

-

4

28

Bu+Cy (Group
A)Hu+AZA+
Flu (Group B)

66
(Group
A), 67
(Group
B)

62 (Group
A),
67 (Group
B)

20.5
(Group
A),20
(Group
B)

5.6
(Group
A),13.3
(Group
B)

4 (Group A),
8 (Group B)

37
(Group
A), 27
(Group
B)

Identical
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Hussein et
al. [84]

Ghavamza
deh et al.
[85]
Iravani et
al. [86]
Irfan et al.
[87]

86.4
(total),
90.3
(MAC),
77 (RIC)

20.5
(total),
16.1
(MAC),
30.8
(RIC)
74
(PBSC),
57 (BM)

16
(total),
19
(MAC),
7.6
(RIC)
49
(PBSC),
17 (BM)

47

28

11.3 (total),
6.4 (MAC),
23 (RIC),

2.3
(total)
3.2(MA
C) 0
(RIC)

18 (PBSC),
9 (BM)

14
(PBSC),
9 (BM)

5.8

13.5

44

PBSC

183

BM,
PBSC

MRD

Bu+Cy

52

BM,
PBSC

Identical

Bu+Cy

80

Bu+Cy+ALG

73 (BM),
67
(PBSC)

65 (BM),
55 (PBSC)

30 (BM),
26 PBSC

24 (BM),
30 PBSC

7 (BM),
15 (PBSC)

27
(BM),
33
(PBSC)

85 (BM),
83 (CB)/
88 (BM),
83(CB)

21 (BM),
10 (CB)

11.8
(BM),
7.1 (CB)

7.4 (BM),
10.4 (CB)

4.6
(BM),
3.1 (CB)

56

BM,
PBSC

MRD

Bu+Cy+ATG,
Bu+Flu+ATG+
TBI

97.8
(total),
96.8
(MAC),
100
(RIC)
83
(PBSC),
89 (BM)

MRD

76 (PBSC),
76 (BM)
65

Locatelli
et al. [88]

485

CB,BM

Identical

several

95 (BM),
97 (CB)

La Nasa et
al. [89]

32

BM

MUD

Bu+Cy,
Bu+Cy+Thio

93

66

41

25

13

25

98

BM

MRD, MUD

Flu+Bu,
Cy+Flu+Bu

94

87

31.6

12.2

6

7.1

51

BM, PBSC

MUD

BuCy+Flu+
Thio+ATG

98

92

12

0

3.9

1.9

Anurathap
an et al.
[90]
Karasu et
al. [91]
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Gaziev et
al. [92]

14

PBSC

Haploidenti
cal

ByCy+Thio

84

69

28

21

14

7

Sodani et
al. [93]

31

BM,
PBSC

Haploidenti
cal

BuCy+Flu+
Thio+ATG

93

70

0

0

23

7

PBSC

Haploidenti
cal

Flu+Dexa
followed by
ATG+Flu+Bu

95

94

29

16.1

6.4

3.2

Anurathap
an et al.
[94]

31

BM- bone marrow; CB- cord blood; PBSC- peripheral blood stem cells; MUD - matched unrelated donor; MRD – matched related donor (including matched sibling);
Identical – HLA identical sibling; Bu- busulphan; Cy- cyclophosphamide; Flu- fludarabine; TBI- total body irradiation; ATG- anti-thymocyte globulin; Thio- thiotepa;
Treo- treosulfan; Dexa- dexamethasone; AZA- azathioprine; HU- hydroxyurea; TT-; MAC- myeloablative conditioning; RIC- reduced intensity conditionin; TRM –
transplant related mortality; OM – overall mortality; aGVHD – acute graft-versus-host-disease grade II-IV; cGVHD – chronic graft-versus-host-disease. Numbers
represent percentages.
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4. Gene Therapy
TM and SCD are both hemoglobinopathies but the course of the disease differs greatly between
the two. Moreover, these pathologies are extremely debilitating, greatly reducing the quality of
life of patients and are a huge burden to healthcare systems. The only available cure is HSCT but
this therapy comes with high risks and side effects either from immunosuppression, GVHD, or
graft rejection. Furthermore, in most cases, no matched sibling donors are available which further
increases the risks associated with this approach.
Recently, gene therapy arose as a new potential strategy to cure TM and SCD. Several groups
have worked on gene transference into hematopoietic stem cells to cure hemoglobinopathies. The
major goal is to achieve safe and efficient gene expression that would allow transplanted stem
cells to safely and stably express the gene of interest.
Retroviral vectors were one of the available tools for gene transfer experiments. Although
initially promising due to their stable integration into the genome, they proved inefficient because
they are prone to variegation and silencing in stem cells [95]; furthermore, they mainly integrate
dividing hematopoietic stem cells and their tendency to insert near transcriptional sites makes them
more prone to alter the expression of endogenous genes and induce insertional oncogenesis [96].
Lentiviral vectors can insert larger amounts of DNA, integrate non-dividing cells, and have a bias
towards integration into sites of gene bodies. Furthermore, they were designed with a selfinactivating strategy which minimizes activation of genes in the vicinity of the insertion point,
increasing their safety profile [97].
Lentiviruses were amongst the first viral vectors to be tested successfully [98, 99]. In short,
CD34+ autologous stem cells are obtained from peripheral blood by apheresis or from bone
marrow, and ex vivo transduced with the lentiviral vector carrying the gene of interest. Afterwards,
transduced autologous hematopoietic stem cells are transplanted (reinfused) into the recipient
[98, 100].
In 2017, Ribeil J.A. and colleagues presented their results on the first SCD patient successfully
transplanted with lentiviral transduced autologous CD34+ bone marrow cells achieving stable
haemoglobin levels and transfusion independence for 6 months after transplantation [101]. No
adverse events related to the lentiviral vector used were reported in this study.
In a very recent study, 22 TM patients were submitted to a myeloablative conditioning regimen
with Bu and reinfused with autologous CD34+ cells transduced ex vivo with a lentiviral vector
encoding a variant of haemoglobin A. At a median of 26 months after infusion most patients were
red cell transfusion independent with haemoglobin levels ranging from 8.2 to 13.7 per decilitre.
The adverse events observed were transplant related and not attributed to lentiviral gene therapy
itself [102]. Numerous phase I-II clinical trials are ongoing and, in the future, patients lacking an
HLA-identical donor will certainly be eligible and benefit from gene therapy [103, 104].
4.1 CRISP/CAS9 Technology
An important goal of gene therapy is to overcome the random insertion of viral vectors into the
human genome. An ideal strategy would target the locus of insertion in the DNA and precisely
place the gene carried by the viral vector at specific sites in the DNA. So, instead of using a gene
addition procedure, we should rather adopt a gene editing approach.
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One strategy to achieve this goal is by using the CRISP/Cas9 (clustered, regularly interspaced
palindromic repeats-associated nuclease Cas9) technology. CRISP/Cas9 allows the introduction of
site-specific double-strand DNA breaks into the human genome guided by a RNA molecule (gRNA)
which recognises a specific sequence on the DNA and is bound to an endonuclease, Cas9, which
cleaves the double stranded DNA.
Two different approaches were tested by researchers: 1) correction of the mutated β-globin
gene, and 2) enhancing fetal haemoglobin production. In both, the major challenge is to choose
the best approach to deliver CRISP/Cas9 gRNA inside the cells.
Hoban and colleagues have achieved 18% of gene modification in vitro in human CD34+ and
progenitor cells using electroporation to insert the CRISP technology into the HSCs [105]. This
strategy is less likely to succeed because as holes are introduced in the cell, it recognizes this as an
external insult and reacts to correct it by destroying the RNA material inserted. As such, small
percentages of modified cells should be expected.
Several approaches have been tested to correct the β-globin mutation using a viral vector to
insert the CRISPR/Cas9 gRNA inside the cell, thus avoiding its destruction at cell entry. Results are
modest, but promising. More frequently, an adenovirus is used to deliver the CRISP technology
inside the hematopoietic cell. After enrichment for modified CD34+ cells, a percentage of 90% of
gene corrected cells can be achieved [106].
Another group used an unmodified single gRNA together with a single stranded DNA
oligonucleotide donor (ssODN) which allowed the correct placement and correction of the SCD
mutation in HSCs without the need to resort to a viral vector for CRISP/Cas9 technology delivery [107].
More recently an improved CRISP/Cas9 system with higher on-target activity (HiFi Cas9) was
used successfully to correct, ex vivo, the mutation causing SCD in human CD34+ hematopoietic
and progenitor cells [108].
Rescuing fetal haemoglobin expression seems easier than correcting the β-globin gene. The
reason is simple: expression of fetal haemoglobin is silenced through a set of genes, disrupting any
of those genes will break its effect and automatically result in re-expression of fetal haemoglobin.
This approach does not require homology-directed repair, because it does not involve correction
of a mutation, but solely disruption of the expression of a repressor gene [109]. This approach is
pursued by several pharmaceutical companies with promising results (CRISP Therapeutics,
http://www.crisprtx.com; Editas Medicine, http://www.crisprtx.com).
Although encouraging, these are pre-clinical studies mainly with ex vivo transductions of
hematopoietic stem cells and experiences in animal models. Hematopoietic stem cells are fragile
and will require extensive in vitro manipulation in order to achieve β-globin gene correction
followed by re-infusion into the host. It remains to be assessed if their potential to differentiate
into the different subsets will be affected.
Other important issues concern the longevity of these cells after re-infusion, how they will
repopulate the bone marrow, and how stable the edited gene expression will be.
5. Conclusion
Currently HSCT in SCD is only recommended for symptomatic pediatric patients with an HLAidentical sibling donor. The same happens with pediatric TM patients for whom HSCT is
recommended before the development of iron overload and iron-related tissue damage [50]. At
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the moment HSCT from unrelated donors for SCD and TM patients should only be considered in
the context of controlled trials [50] due to the higher risk of graft rejection and cGVHD. Exceptions
are pediatric TM patients with life-long controlled iron overload and a well-matched unrelated
donor. This is a serious obstacle to the wide application of the procedure. Most patients do not
have a matched sibling donor, so either they are enrolled in controlled HSCT trials or they must
comply with the classic medical treatment with all its limitations.
Whenever possible BM should be used in HSCT for TM or SCD patients due to the higher rate of
cGVHD observed with PBSC [50]. The prophylactic regimen recommended for prevention of
cGVHD is a feature that also needs to be reviewed. The most widely used protocol includes MTX
and cyclosporine but other associations using ATG or alemtuzumab should be tested in
combination with other immunosuppressive drugs [50].
Consensus for HSCT in TM is easier to achieve because this pathology courses with more
homogeneous clinical features and transfusion dependency is usually accepted as an indication for
HSCT in these patients. On the contrary, in SCD there are substantial clinical differences between
patients and disease development is often complicated and unexpected, so indications for HSCT in
SCD are not so consensual.
In these hemoglobinopathies HSCT are allogeneic and considered the last treatment option. In
haematological malignancies HSCT are mostly autologous and sometimes a first line treatment as
soon as the patient is in remission. The fact that TM and SCD patients have more treatment
options, although with a poor quality of life, sometimes deters them from risking HSCT.
In SCD it is also important to have in mind the late consequences of HSCT, namely gonadal
dysfunction, which carries a high psychological burden for the remaining life of the patient. Would
it be more beneficial to comply with a chronic transfusion program or to be transplanted with
HSCT from HLA-identical donors? The DREPAGREFFE trial intends to answer this and other
questions and it is surely a very important study whose results will be anxiously expected as soon
as enough patients are recruited [110].
Furthermore, HSCT is a complex and very expensive technique only available in high income,
developed countries, which requires expert teams and very well equipped centres, so it is not
available for the majority of TM and especially SCD patients. The high cost of HSCT, when the
majority of hemoglobinopathies occur in very low income countries, associated with the fact that it
is not a first choice treatment probably explains why so few HSCT have been performed for these
diseases. Nonetheless, these patients are a huge burden for healthcare systems. In the USA, it is
estimated that a SCD patient at the age of 45 has cost $1 million in healthcare expenses so far [111].
The assumption that HSCT carries a considerable risk of mortality which may be superior to the
one observed with supportive care in SCD patients imposes an enormous barrier to the
acceptance of this procedure. The inherent risks of infertility and GVHD are additional obstacles to
the wide acceptance of this procedure by patients and their parents. On the other hand, a
successful transplant will enable normal erythropoiesis and a life free of SCD and its related lifelong complications. Thus, the final questions are: do these patients show an improvement in
quality of life? Will they remain disease free or is the risk still too high to take? More clinical trials
need to be performed so we can answer these questions confidently, but surely HSCT is the only
available option for some TM and SCD patients and it is an option that should seriously be
considered whenever an HLA-identical donor is available.
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New developments in gene therapy treatments bring hope to the application of new strategies
for the cure of SCD or TM. So far, this approach has proved efficient and safe but long-term effects
need to be studied and evaluated and at the present we can only be optimistic about this
methodology as a promising future treatment.
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Abstract
Chronic inflammatory states lead to T cell exhaustion, characterized by reduced T cell
proliferation and activity. Immune checkpoint inhibitors (ICPI) reactivate T cells to restore
the immune system’s natural defenses against foreign antigens. The widespread use of these
agents in the treatment of malignancy has led to markedly reduced tumor burden and
improved patient survival, sparking curiosity about their potential role in the treatment of
other chronic inflammatory states, including infectious diseases. While ICPI have been
associated with the development of several reactivated and opportunistic infections in
patients with malignancy, recent studies also highlight the efficacy of these agents in
managing infections alongside first-line antimicrobial therapy. Future research of ICPI should
continue to build on our understanding of their infectious complications as well as their
utility in preventing and treating infectious diseases.
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1. Introduction
The emergence of immune checkpoint inhibitors (ICPI) has revolutionized the field of cancer
immunotherapy and provided new hope to patients with malignancy refractory to standard
chemotherapy, radiotherapy, and surgical interventions. Yet despite the widespread use of these
agents, our understanding of the relationship between ICPI and infectious diseases is still in its
infancy. Reactivated and opportunistic infections have been reported in patients with cancer
exposed to ICPI and several articles detail strategies to reduce these risks, such as screening and
vaccinations prior to treatment initiation as well as antimicrobial prophylaxis throughout use. A
growing body of literature concomitantly suggests ICPI may actually inform future treatment
options for infectious diseases—especially those heavily dependent on T cell activity for
suppression or cure, such as viral and mycobacterial infections.
This article provides a brief overview of the mechanisms of action, clinical applications, and
immune-related adverse events associated with ICPI before focusing on the relevance of this
therapy to both potential infectious risks as well as the future treatment of infectious diseases.
2. Overview of Immune Checkpoint Inhibitors
2.1 Mechanism of Action and Indications of Immune Checkpoint Inhibitors
Deranged elements of the patient’s own immune system can facilitate the development and
progression of malignancy [1]. Chronic inflammatory states can lead to genomic instability and
carcinogenesis. Malignant cells which are poorly immunogenic or those with mechanisms
designed to evade detection by the immune system perpetuate to ultimately create clinicallysignificant tumor burden. Immune checkpoint signals, normally responsible for downregulating T
cell activity to allow for self-tolerance and prevent autoimmune disease, are manipulated to
accept malignant cells as “self” and encourage tumor proliferation. In addition to suppressing
cytokine and T cell production, established tumors enhance these inhibitory cell signals to curtail
the antitumor response.
Cytotoxic lymphocyte-associated protein 4 (CTLA-4) and programmed cell death-1 (PD-1)
receptors, as well as programmed cell death ligand-1 (PDL-1), proliferate on cell surfaces in
response to antigen and cytokine exposure, interacting to collectively quiet T cell activity [2]. The
interaction between the CD80/86 ligand of an antigen-presenting cell and the CTLA-4 receptor of a
T cell, for example, promotes downstream cell signalling to inhibit its priming and activation. The
interaction between the PDL-1 of an antigen-presenting cell and the PD-1 receptor of a T cell leads
to T cell apoptosis and anergy. Immune checkpoint inhibitors consist of antibodies designed to
interrupt these interactions, reducing downstream cell signals and reengaging the patient’s
natural antitumor defenses.
First studied in metastatic melanoma, ICPI were quickly and successfully applied to the
treatment of advanced renal cell carcinoma, metastatic colon cancer, and advanced squamous
non-small cell lung cancer (NSCLC) among others, significantly reducing tumor burden and
improving patient survival. Currently-available ICPI target CTLA-4 (ipilimumab), PD-1 (nivolumab,
pembrolizumab, and cemiplimab), and PDL-1 (atezolizumab, durvalumab, and avelumab)
receptors. Anti-PD-1 agents have demonstrated superior efficacy in reducing tumor burden as
compared to anti-CTLA-4 agents [2]. Combination therapy including both CTLA-4 and PD-1
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inhibitors has been found to be superior to monotherapy for treatment of certain cancers, albeit
with increased associated toxicities.
2.2 Immune-Related Adverse Events
Immune checkpoint inhibitors are not without risk. The restoration of previously-suppressed T
cell activity endangers not only malignant cells, but also the patient’s own cells, giving rise to a
potential plethora of autoimmune manifestations. Immune-related adverse effects (IRAEs),
including enterocolitis, dermatitis, pneumonitis, encephalopathy, and endocrinopathy, have been
well-described in the literature and are listed as boxed warnings on the package inserts of these
agents. Up to 90% of patients exposed to CTLA-4 blockade and 70% of those exposed to PD-1
blockade suffer IRAEs of varying severity, with life-threatening reactions observed most frequently
in patients receiving combination therapy [3]. The risk of developing IRAEs appears to be dosedependent for anti-CTLA-4 agents but not for anti-PD-1 or anti-PD-L1 agents. IRAEs often occur
within the first 3-6 months of therapy and the majority of these cases either self-resolve or rapidly
improve with steroids. However, immunosuppression such as high-dose steroids, tumor necrosis
factor (TNF)-alpha inhibitors, azathioprine, and mycophenolate mofetil may be required to
mitigate severe IRAEs [3].
As several IRAEs closely resemble infectious syndromes, it is imperative for the clinician to rule
out infection prior to initiation of immunosuppressive therapy. Diarrhea, for example, should
prompt stool testing to rule out enteric pathogens including Clostridioides difficile before
immunosuppression is administered. Confirmation of colitis and evaluation for infectious
etiologies with colonoscopy or sigmoidoscopy is indicated for patients with persistent diarrhea
and a negative noninvasive workup [3]. Viral hepatitis should be considered and evaluated in a
patient with new elevation in liver function tests before a diagnosis of hepatotoxicity as an IRAE is
made. Pulmonary toxicity typically manifests with a dry cough, progressive dyspnea, and fine
inspiratory crackles; once congestive heart failure is ruled out and a computerized tomography (CT)
scan of the chest is obtained to confirm suspected pneumonitis, immunosuppression can be
started. Should the patient worsen on therapy, however, infectious etiologies such as
Pneumocystis jirovecii pneumonia (PJP) must be considered and bronchoscopy performed [3].
3. Infectious Complications in Patients Receiving Immune Checkpoint Inhibitor Therapy
3.1 Infectious Complications Associated with Immunosuppression Used to Treat Immune-Related
Adverse Events
Immunosuppression used to treat IRAE may precipitate the development of infectious
complications in up to 20% of patients treated with ICPI [4]. Higher incidence of infection has been
observed in association with anti-CTLA-4 agents compared to anti-PD-1 agents and with a
combination of ICPI as compared to anti-CTLA-4 or anti-PD-1 monotherapy; both observations are
likely related to increased incidence of IRAEs with anti-CTLA-4 agents and ICPI combination
therapy [5, 6]. The largest retrospective cohort study to date, conducted by Del Castillo et al.,
included 740 patients with melanoma treated with ICPI at Memorial Sloan Kettering Cancer Center
[6]. The majority of patients (73.2%) received CTLA-4 blockade with ipilimumab. Serious infections,
defined as those requiring hospitalization or parenteral antimicrobials, were observed in 54
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patients (7.3%) and predominantly included bacterial pneumonias and bloodstream infections.
Ten cases of Clostridioides difficile-associated diarrhea, three cases of PJP, three cases of herpes
zoster, and one case of Strongyloides hyperinfection were reported [6]. Nine patients (17%) were
thought to have died as a consequence of their infection. The mean duration from initiation of ICPI
therapy to development of infection was 135 days (range 6-491 days), with 80% of infections
occurring during the first six months of ICPI therapy. The use of steroids and the use of infliximab
to treat IRAE were associated with significantly increased risk of serious infections (odds ratio 7.71
and 4.74, respectively) [6].
Case reports and case series have described examples of severe bacterial and viral infections,
invasive fungal infections, and disseminated mycobacterial infections in patients who developed
IRAEs treated with immunosuppression [4]. The first cases of PJP were reported in two patients
with advanced melanoma successfully treated with ipilimumab in 2015 [7]. Both patients suffered
immune-related colitis which resolved with steroids and infliximab therapy, but presented to
medical attention within months with new respiratory symptoms [7]. Kyi et al. described a 68year-old man with metastatic melanoma who underwent treatment with ipilimumab complicated
by immune-related colitis [8]. Although his gastrointestinal symptoms improved with steroids and
infliximab, a surveillance chest CT scan demonstrated cavitating pulmonary infiltrates and
subsequent bronchoscopy revealed invasive pulmonary aspergillosis. Voriconazole and
amphotericin B were initiated but the patient ultimately expired. Fournier’s gangrene and
cytomegalovirus (CMV) viremia following IRAEs treated with immunosuppression have also been
noted by this group [8].
3.2 Reactivated Infections Observed with Immune Checkpoint Inhibitor Therapy
In contrast to the above experience, Uchida et al. observed the rapid progression of known,
chronic pulmonary aspergillosis in a 65-year-old man with NSCLC who was treated with nivolumab
but never experienced an IRAE [9]. Although the patient had been exposed to multiple cycles of
cytotoxic chemotherapeutic agents (carboplatin, paclitaxel, and docetaxel) before PD-1 blockade,
acute exacerbation of respiratory symptoms and the development of a fungal ball in his
previously-stable right upper lobe cavitating infiltrate only manifested after 20 cycles of nivolumab
[9]. In reengaging the patient’s natural defences against NSCLC, the authors suggest ICPI may
produce a hyperactive response to dormant pathogens akin to the immune reconstitution
inflammatory syndrome (IRIS) seen after the initiation of antiretroviral therapy in patients with
human immunodeficiency virus (HIV) infection [9]. A retrospective cohort study of 167 patients
with NSCLC who received nivolumab suggested that infections can occur independent of
additional immunosuppression for IRAE in this population [10]. The prevalence of diabetes
mellitus was higher amongst the 32 patients who suffered infectious complications as compared
to those who did not, but exposure to cytotoxic chemotherapy prior to nivolumab and
immunosuppression post-nivolumab did not differ between groups [10]. In fact, the median
number of nivolumab cycles was not associated with infectious diseases in this study.
Reactivated infections such as latent Mycobacterium tuberculosis (MTB) are well-documented
in patients administered ICPI, further suggesting the development of an IRIS-like response to
dormant pathogens. The first case of pulmonary tuberculosis identified after the initiation of ICPI
therapy occurred in an 87-year-old man with stage IA nodular sclerosis Hodgkin’s lymphoma who
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was treated with pembrolizumab [11]. Fujita et al. later described a 72-year-old man with
progressive stage IV NSCLC who responded to nivolumab therapy but subsequently suffered
pulmonary tuberculosis [12]. Biopsy specimens of associated lung nodules showed diffuse
lymphocytic infiltrations suggestive of an excessive immune response. The patient’s MTB
interferon gamma release assay (IGRA) was newly-positive, indicative of recent conversion [12].
Chu et al. reported the case of a 59-year-old man with stage IV adenocarcinoma of the lung
treated with nivolumab who developed a pericardial effusion and signs of pericardial tamponade
[13]. A pericardial biopsy sample demonstrated granulomatous inflammation and acid-fast bacilli
with MTB growing on culture of the pericardial effusion specimen [13]. None of the patients above
developed IRAE or received additional immunosuppression.
3.3 Other Reported Infections Complications of Immune Checkpoint Inhibitor Use
Few randomized controlled trials have used the National Cancer Institute Common Terminology
Criteria for Adverse Events (NCI CTCAE) to report infectious complications with ICPI use, though
the mechanisms behind these reported observations have not been fully defined [14].
KEYNOTE010, a randomized controlled trial evaluating the efficacy of pembrolizumab versus
docetaxel in the treatment of 1034 patients with advanced NSCLC, noted that 0.6-1.2% of those
administered pembrolizumab (n = 691) developed grade 1-2 (mild to moderate) lymphopenia. This
finding may partially explain the mechanism behind opportunistic infections associated with
administration of anti-PD-1 agents [15]. The study reported a total of grade 1-2 pulmonary
infections in four patients, grade 1-2 oral candidiasis in one patient, and grade 1-2 urinary tract
infection in one patient. Three patients suffered grade 3-4 pulmonary infection, defined as a
severe or life-threatening adverse event requiring hospitalization or urgent intervention. Grade 34 leukopenia was also described in 1% of patients administered nivolumab (n = 135) in CheckMate
017, a randomized controlled trial evaluating the efficacy of this anti-PD-1 agent as compared to
docetaxel in 272 patients with melanoma [16]. A phase 2, multicenter, single-arm study evaluating
the safety of nivolumab in 117 patients with refractory NSCLC reported a grade 3-4 herpes zoster
infection in one patient and a grade 3 pulmonary infection suspected to be responsible for the
death of another patient [17]. The infectious complications reported in each study were not
specifically correlated with presence of IRAEs or administration of immunosuppression.
3.4 Screening and Prevention of Infectious Complications of Immune Checkpoint Inhibitors
As multiple factors have been implicated in the development of severe infections after
exposure to ICPI, from subsequent administration of immunosuppression to hyperactive T cell
responses to the intrinsic properties of these agents, several groups have recommended
preventive measures to reduce infectious risk. Patients with mycobacterial, fungal, or chronic viral
infections have been almost universally excluded from existing clinical trials demonstrating the
safety and efficacy of ICPI, so strategies for ICPI use in these populations are largely based on
expert opinion and closely resemble those used in patients receiving tumor necrosis factor-alpha
inhibitors [18].
Non-invasive screening, such as tuberculin skin testing or IGRA for latent tuberculosis infection
(LTBI) and serologies for endemic fungal mycoses, hepatitis B virus (HBV), hepatitis C virus (HCV),
and HIV infection, may be prudent prior to starting therapy [4, 5]. Identification of select infections
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can allow for prompt initiation of antimicrobial treatment in conjunction with ICPI, though as of
this publication, there are no clear recommendations to initiate itraconazole or fluconazole
prophylaxis for positive histoplasma or coccidioides serologies, respectively. Although there are
similarly no guidelines for ICPI use in patients with LTBI, ICPI should be held in the context of active
disease [19]. The safest time to restart ICPI therapy after initiation of antituberculous therapy
remains unclear [19]. Chronic HBV merits antiviral prophylaxis with lamivudine for the duration of
ICPI [20]. Hepatitis C virus and HIV infections are not contraindications to ICPI therapy, but
patients should be closely monitored for signs and symptoms of IRIS especially if receiving
concomitant antiviral therapy [21]. There is no evidence to suggest that antiviral therapy should
be withheld in patients who are candidates for or who are actively receiving ICPI. Prophylaxis for
PJP should be prescribed to patients who experience IRAEs requiring treatment with at least 20
milligrams of prednisone per day (or the equivalent) for at least four weeks [4]. Herpes virus
prophylaxis for the duration of immunosuppression should be considered [22].
Administering age-appropriate vaccinations to patients who require ICPI therapy remains
controversial; while enhanced T cell activity may improve serologic responses in these particularly
vulnerable patients, additional antigen presentation may theoretically raise the risk for the
development of infectious diseases or IRAE [22]. The first retrospective, multicenter study
designed to explore the efficacy of influenza vaccination in oncologic patients treated with ICPI
reviewed 300 patients and reported a significantly higher incidence of influenza lung infection
among the 79 patients who were vaccinated (24.1% versus 11.8% unvaccinated; odds ratio = 2.4, p
= 0.009) [23]. Despite suffering a higher incidence of influenza lung infection, however, vaccinated
patients experienced greater one-year overall survival than their unvaccinated counterparts (86.7%
versus 66.7%, p = 0.02) [23]. Two retrospectives studies of influenza vaccination in patients
treated with ICPI did not find significantly elevated incidences of IRAE among vaccinated patients
[24, 25]. On the other hand, a prospective study noted that over half of 23 vaccinated patients
treated with anti-PD-1 or anti-PD-L1 agents suffered IRAEs, with 26% of these graded as severe
[26]. Further prospective trials evaluating the safety and efficacy of vaccinations in this population
are merited.
4. Future Uses of Checkpoint Inhibitors in Treating Infectious Diseases
4.1 Immune Checkpoint Receptor Expression in Infectious Diseases and the Effect of ICPI
Both malignancy and certain infectious diseases are states of chronic antigen presentation,
resulting in the upregulation of CTLA-4, PD-1, and PD-L1 receptors. The inhibitory responses set
into motion by these receptors are collectively described as T cell exhaustion, which reduces
severe tissue damage due to a hyperactive immune system triggered by foreign antigens [2]. Just
as CTLA-4 and PD-1 receptor enhancement have been demonstrated in the context of various
cancers, liver biopsies have confirmed the presence of high levels of PD-1+ CD4 and CD8 T cells in
patients with chronic HBV or HCV infection and cerebrospinal fluid of patients with HIV infection
showed HIV-specific PD-1+ CD8 T cells [2]. Upregulated CTLA-4 and PD-1 expression in peripheral
CD4 and CD8 T cells has been observed in HIV, CMV, and Plasmodium spp. Infections [2, 27].
Mycobacterium tuberculosis exposure is associated with increased PD-1 receptor expression in
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multiple cell types found in granulomatous infections including CD4 and CD8 T cells, regulatory T
cells, B cells, neutrophils, and NK T cells [2].
Malignancy and certain infectious diseases are also similar in their dependence on cellmediated immunity for eradication and cure, and T cell exhaustion can potentiate both disease
processes. Antiretroviral and antituberculous therapy partially work by downregulating expression
of CTLA-4, PD-1, and PD-L1 receptors to boost T cell activity against their respective target
organisms [27]. Given its success in cancer immunotherapy, ICPI use in the treatment of infectious
diseases has been extensively explored in pre-clinical studies. Several in vitro studies noted
increased immune system responsiveness with PD-1 blockade in samples obtained from patients
with MTB and chronic HBV infections, characterized by enhanced cytokine, T cell, and NK cell
activity [2]. PD-1 and PD-L1 blockade improved HIV-specific CD4 and CD8 T cell activity, increased
NK cell-mediated cytokine secretion and degranulation and killing of target cells, and ultimately
reduced HIV-infected cell counts [28]. In fact, PD-1 expression on CD8 T cells has been associated
with impaired CD4 T cell reconstitution [27]. In vitro PD-L1 blockade on peripheral bone marrow
cells of hematopoietic stem cell transplant recipients with chronic CMV disease led to increased
CMV-specific CD8 T cell counts and activity as well [2]. These studies collectively suggest that ICPI
can reactivate foreign antigen-specific defenses not only in the context of malignancy, for which
they were originally designed, but also in the context of chronic infectious states.
4.2 Immune Checkpoint Inhibitor Use in the Management of Chronic Infections
Parasitic, mycobacterial, and viral infections are heavily reliant on cellular immunity and
particularly difficult to eradicate, making these global challenges worthy targets for ICPI research.
Animal models in chronic infectious diseases have been used to explore clinical outcomes of
parasitemia and viral clearance as well as overall survival as they relate to ICPI use. For example,
Xiao et al. used a mouse model of chronic Toxoplasma gondii infection to show two weeks of PD-1
blockade encouraged T cell migration into the leptomeninges, choroid plexus, subependymal
tissue, and proximal brain parenchyma to ultimately reduce the number of brain cysts by 77% [29].
While PD-1 expression on T cell has been associated with impaired clearance of malaria infections,
ICPI has been demonstrated to reverse this process and improve antiparasitic T cell responses in
mice models of several Plasmodium spp. [30]. Yet mice infected with Plasmodium berghei suffered
increased incidence of cerebral malaria with ICPI enhancement of T cell activation and interferongamma production, alluding to the fine balance that immune checkpoint blockade must strike
between curing disease and inflicting tissue damage [27]. Similarly, the role of ICPI in treating
mycobacterial infections such as MTB is still controversial; while T cell activation may aid pathogen
clearance, precipitation of collateral damage in such cases as pulmonary tuberculosis and TB
meningitis remains a concern [30].
Immune checkpoint blockade in the management of chronic viral infections looks promising.
Anti-PD-1 agent use in simian immunodeficiency virus-infected rhesus macaques has resulted in
improved HIV-specific CD8 T cell proliferation [27]. Interestingly, this was especially pronounced in
macaques not receiving antiretroviral therapy (ART), suggesting that immune checkpoint blockade
is very much dependent on foreign antigen presentation reduced by concomitant ART. Clinical
outcomes including lower levels of viremia, delayed time to death, and delayed viral rebound after
combined antiretroviral therapy was ceased were noted in macaques exposed to ICPI as compared
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to controls [27, 31]. Future research aims to determine if enhanced HIV-specific CD8 T cell
function can successfully eliminate HIV-infected CD4 cells and reverse HIV latency to achieve cure.
Mouse models of chronic HBV, a viral infection similarly prone to latency, note that the
combination of antivirals (entecavir), therapeutic vaccination, and anti-PD-L1 agents lead to
seroconversion and complete viral clearance in some animals [27]. Clinical trials for nivolumab use
in patients with chronic HBV are ongoing. The first randomized, placebo-controlled study of antiPD-1 blockade in HCV-infected patients reported 10 of 35 patients exposed to the agent and one
of the seven patients exposed to placebo achieved a significantly reduced viremia [32]. Six of the
patients administered ICPI suffered IRAEs; one was categorized as grade 4 hepatotoxicity [32].
4.3 Immune Checkpoint Inhibitor Use in the Management of Sepsis and Acute Infections
ICPI use may additionally aid in the management of acute infectious disease states. Though
often known for its hyperinflammatory consequences, sepsis also precipitates immunoparalysis
characterized by predominantly anti-inflammatory responses. T cell exhaustion, first identified in
chronic infectious states, can occur during the immunoparalysis phase of sepsis, resulting in
increased T cell apoptosis and lymphopenia [33]. While effective at reducing collateral tissue
damage, such responses may be counterproductive in eradication of the culprit pathogen and
potentially allow for the development of secondary nosocomial or opportunistic infections. Chang
et al. evaluated blood samples of 43 septic patients and 15 critically-ill non-septic patients and
noted enhanced PD-1 expression on CD8 T cells of septic patients compared to non-septic patients,
even more so with increased length of stay in the intensive care unit [33]. When these CD8 T cells
were incubated overnight in isotype (inactive) control antibody, those of septic patients
manifested a 70% increase in apoptosis as compared to those of non-septic patients; CD8 T cells
incubated in anti-PD-1 antibody had a highly significant decrease in apoptosis [33]. Several other
pre-clinical studies have lent further support to the potential role for ICPI in addressing the
immunosuppressive manifestations of sepsis to improve survival, as reviewed elsewhere [34].
Burns, a major injury often leading to secondary and opportunistic infections, are similarly
characterized by both hyperinflammatory states and dysregulated immune function, leading to
enhanced immune checkpoint receptor expression on T cells. Patil et al. used a mouse model of
burn injury followed by superinfection with Pseudomonas aeruginosa or Staphylococcus aureus on
day 4 postburn to demonstrate that PD-L1 blockade improved CD4 and CD8 T cell counts and
interferon-gamma secretion, while reducing plasma cytokine levels [35]. This resulted in bacterial
clearance and improved survival for both pathogens. In pseudomonal wound infection, anti-PD-L1
agents also reduced organ failure as defined by wound-associated elevations in blood urea
nitrogen and transaminases [35]. A case report of a previously-healthy 30-year-old woman who
suffered traumatic burns, femoral osteomyelitis, and deep wound infections was diagnosed with
sepsis secondary to invasive mucormycosis [36]. She was started on liposomal amphotericin B and
posaconazole and underwent extensive surgical debridement, with nivolumab dosed ten days
after initiation of combination antifungal coverage. Her lymphocyte counts, CD8 T cells, and CT
scans gradually improved and the patient was successfully discharged 80 days after admission [36].
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5. Conclusions
The relationship between ICPI and infectious diseases will become clearer in the coming years
due to the increasing number of indications and global availability of these agents. Varying
degrees of severity of IRAEs including dermatitis, pneumonitis, and enterocolitis occur in up to 90%
of patients exposed to ICPI therapy and often resemble infectious syndromes; thus, it is of utmost
importance to rule out infections appropriate to the patient’s clinical presentation prior to
initiation of immunosuppressive therapy. Infections associated with ICPI have been predominantly
attributed to the immunosuppressive agents used to treat IRAEs, but other mechanisms behind
the development of reactivated and opportunistic infections have been reported. Hyperresponsive
cellular immunity precipitating an IRIS-like reaction and intrinsic effects of ICPI themselves such as
lymphopenia/leukopenia can both heighten the risk of infectious complications in patients with
progressive or refractory malignancy. Non-invasive screening methods to evaluate for latent
infections such as tuberculosis, hepatitis, and HIV are merited before initiation of ICPI to guide
treatment of LTBI, HCV, and HIV as well as prophylaxis of HBV. However, there are no clear
recommendations regarding prophylaxis for fungal infections, LTBI, or HSV. On the other hand, by
reengaging the immune system’s natural defenses, ICPI may have a significant role to play in the
prevention and treatment of both acute and chronic infectious diseases. Continued collaboration
amongst oncologists and infectious disease clinicians can further our understanding of these
agents’ risks and potentials.
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Abstract
The privileged liver, due to its immunological status, is referred to as a tolerogenic organ.
However, this alone does not explain the introduction of tolerance after single or combined
liver transplantation (kidney, heart, pancreas, and intestine); other factors, such as
recipient’s age, donor’s hepatic volume, iron metabolism, biomarkers, or imprint of
cytomegalovirus infection, appear to be involved in the identification of patients who are
likely to be tolerant to their graft. All the afore-stated factors appear to favor graft tolerance.
The use of non-specific immunosuppressive drugs during organ transplantation has reduced
the incidence of acute rejection significantly, although it does not protect the patient from
the deleterious effects of chronic immunosuppression. Therefore, different approaches,
such as stem cells infusion, Treg therapy, and immunosuppression conversion, have been
utilized in order to reduce or discontinue the use of immunosuppressive therapy. The
present review of the literature examined the mechanisms of tolerance occurring after
hepatic transplantation (alone or combined), as well as the currently available means for the
early identification of patients who might be the candidates for tolerance.
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1. Introduction
The liver is a tolerogenic organ, owing to its microanatomy, its cellular composition, and the
cytokine environment. It exhibits an easier acceptance of the hepatic graft when compared to
other solid organ transplants. Hepatic transplantation has significantly improved the survival of
patients suffering from end-stage liver disease. However, the transplantation is doomed to failure
in the absence of immunosuppression (IS). The 5-year survival rate among the transplant patients
has increased from 20% to greater than 60% in the 1980s and greater than 70% in recent years.
Non-specific immunosuppressive agents, such as calcineurin inhibitors (CNIs) and mTOR inhibitors,
are considered synonymous with control of rejection and side effects. In long term, the patients
exposed to this treatment are at the risk of dysmetabolic syndromes, cardiovascular complications,
neurotoxicity, de novo cancers, and renal complications [1-4]. One of the therapeutic approaches
in this regard has been to avoid CNIs (dose reduction, conversion, or total cessation) and minimize
the corticosteroid drugs while maintaining function. It is currently accepted that the conversion of
CNIs to mTOR inhibitors in pre-selected patients serves as a good alternative to minimizing the
immunosuppressive treatments. The customization of treatment in the patients with criteria
suggesting a state of tolerance is another strategy that relies on biomarkers, although it is also
dependent on the immunomodulatory effects of cell therapy. Operational tolerance is a state
when the recipients are immunocompetent and tolerate their grafts without the requirement of
any IS. Operational tolerance represents 20% of all the liver transplants [5]. Since the 1950s, when
the proof of concept was established [6, 7], various studies have demonstrated that several
mechanisms are involved in the induction of tolerance. Acting alone or in concert, these
mechanisms converge on a single goal of restoring homeostasis. The first case of operational
tolerance was reported sixty years ago, the case report from Joseph Murray, in which he
presented a case of kidney graft without using immunosuppressive treatment, and the graft was
prepared from his homozygous twin [8]. A few years later, it was the turn of liver transplantation,
with the concept of microchimerism in tolerance [9]. Since those times, the cases of operational
tolerance have been reported more frequently in the recipients of liver transplant compared to
any other organ transplant. Since liver is a "tolerogenic organ", it was assumed that it exerted a
protective influence on the second graft in the combined grafts. However, the study by Rana
demonstrated that recipients receiving two lungs or two kidneys were less subjected to rejection
and exhibited improved survival compared to the recipient receiving only one graft [10]. In liverkidney/liver-heart transplantation, rejection rate was observed to be reduced to almost half
compared to the isolated grafts.
The present review of the literature discusses the current state-of-the-art on clinical tolerance
in combined liver transplantation, and the related survival rate.
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2. Mechanisms
At the micro-environmental scale, the immunological events participating in this state of
tolerance remain unclear. However, each piece of the puzzle appears to be important. Hepatic
tolerance is a part of the benefits of transplantation [11], favoring the persistence of hepatotropic
viruses. One of the evoked tracks, especially in renal transplantation, is the involvement of
passenger leukocytes in the initiation of rejection. Indeed, the rejection of the transplants due to
transient depleted passenger leukocytes may be reversible through the adoptive transfer of donor
antigen-presenting cells [12]. In the liver, these donor-derived cells are mainly represented by
activated T-cells, Natural-Killer cells, as well as the resting T- and B-lymphocytes. In order to
elucidate the functional relevance of microchimerism in allograft tolerance, a study was
conducted on a cardiac allograft model in cyclosporine-treated rats. The depletion of donorderived leukocytes in the recipient was achieved at the time of grafting (Day 0) and at a time point
far from it (Day 18). The ones for whom the depletion was performed at Day 18 did not exhibit any
signs of rejection and exhibited survival similar to a syngeneic control group. On the contrary,
those for whom depletion was performed at Day 0 exhibited signs of severe chronic rejection [13].
Additionally, the absence of viable transient leukocytes in the liver at the time of transplantation
resulted in the rejection of the graft. Surprisingly, spontaneously tolerant transplant model was
observed to exhibit correlation between early passenger leukocyte migration and a transient
increase in the expressions of IL2 and IFNγ. This phenomenon is paradoxically less important
during an acute rejection *14+. Moreover, low concentrations of IL2 and IFNγ appear to be
insufficient for inducing rejection, although it may promote the state of tolerance through the
process of negligent death of the allo-reactive T cells [15]. Although the procedure was considered
safe, the in vitro treatment through kidney perfusion of an antibody solution (monoclonal antiCD45 antibodies specific for passenger leukocytes) into the human recipients prior to
transplantation revealed no evidence of reduced incidence of acute rejection [16]. Another
hypothesis suggested the persistence of a small percentage of graft-derived leukocytes in several
recipient tissues (microchimerism) [17, 18]. However, it was reported that microchimerism alone
was not automatically correlated with long-term allograft survival [19]. As with passenger
leukocytes, the donor hematopoietic stem cells present in the liver also contributed to the
persistent microchimerism [9, 17, 20] because of an abundance of these long-living cells in the
liver transplant donors. The resident cells of liver, which are closely related to the intestinal
microbiome [21, 22], are represented by parenchymal cells (hepatocytes) and non-parenchymal
cells (Kupffer cells, stellate cells, hepatic sinusoidal endothelial cells, and dendritic cells). These
cells have active participation in the tolerogenic effects. One of the properties of hepatocytes is
the presentation of the antigen to naive CD8+ T cells. This successful process results in the deletion
of CD8+ since it is insufficiently activated for the induction of permanent cytotoxic function [23,
24]. Non-parenchymal liver cells have been reported to be influenced by pattern recognition
receptors (PRRs), such as the NOD-like receptors and Toll Like Receptors (TLRs) [22, 25], which
play important roles in the innate immunity. The phenotype of tolerogenic cells derived from the
mononuclear phagocyte systems such as Kupffer cells and the immature dendritic cells is a
moderate expression of MHC (major histocompatibility complex) class II on their surface [26], low
CD80/CD86 co-stimulation [27], and the expression of the immunosuppressive factor PDL-1 [28].
In addition, the medium rich in IL-10 and TGF-β production *29, 30] may lead to the tolerance via
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differentiation of the naive T cells into regulatory phenotypes, as well as through apoptosis of the
CD4+ and CD8+ effector T cells, thereby achieving the induction of donor-specific hypo-reactivity.
The induction of systemic tolerance by the antigen-presenting cells (APC) of liver has been
attributed to both peripheral suppression and the induction of antigen-specific Treg cells. Recent
data have demonstrated that hepatic stellate cells also induce the expansion of regulatory T cells
(Treg) [31]. A recent study demonstrated the involvement of novel machinery in liver
transplantation tolerance, which comprises stellate and endothelial cells, through a mechanism
referred to as mesenchyme-mediated immune control (IMMC). The action of IMMC is induced
through the production of IFNγ by effector T cells, which leads to the expression of PD-L1 in the
stellate cells, and by endothelial cells, which leads to apoptosis of the effector T cells. In addition,
both stellate and endothelial cells produce soluble factors, such as retinoic acid and iC3b, in order
to promote myeloid-derived suppressor cells (MDSCs) and Tregs [32]. This highlights the fact that
the survival of Tregs appears to be under continuous influence of the donor antigen [33]. The
infusion of donor-specific Treg-enriched T cells from the liver to the recipient after liver
transplantation exhibited the presence of donor-derived Tregs in the recipient's circulation one
week after the transplantation. The author suggested that a few of the donor's Tregs come off the
graft during the infusion and migrate into the general circulation. In addition, the in vitro tests
confirmed their suppressive abilities [34]. An increase in CD4 + CD25+ FoxP3+ CTLA4+ Treg has also
been observed in the mouse model of tolerogenic liver transplantation, whereas the depletion of
this population by the action of anti-CD25 antibody results in acute rejection, which indicates an
important role of Tregs in maintaining tolerance during allogeneic liver transplantation [35].
However, the role of Treg in liver transplantation remains controversial, because according to the
study conducted by Joffre et al., Treg with direct allo-specificity alone does not provide protection
against chronic rejection [36], which supports the idea that Tregs require direct and indirect allorecognition in order to control allograft rejection [37]. Another track reported a close relationship
between the graft surface and antigenic charge. Prolonged exposure to a high antigen load
appeared to contribute to lymphocytic senescence through a dilution phenomenon as well as to a
state of operational tolerance [38, 39]. In case of combined grafts (liver-kidney and heart-kidney),
a reduction in the renal graft rejection rate was observed compared to kidney transplant (KT)
alone [40], and the hypothesis suggested that there was an obvious relationship between the
grafted surface and antigenic charge. Both experimental and clinical studies have demonstrated
the role of soluble MHC in tolerance, and the different mechanisms explaining the manner in
which the MHC class I presents have been suggested, such as (i) a direct interaction between MHC
class I and the CD8 allo-reactive lymphocyte in the absence of co-stimulation signaling, which
leads to their apoptosis, (ii) presentation of the antigen via tolerogenic presenting cells, which
allows differentiation from Th1 response to Th2 regulatory phenotype, and finally (iii) the ability of
the soluble MHC molecules to neutralize the lymphocytotoxic allo-antibodies. Pathogen
recognition involves both classical and non-classical MHC class I soluble molecules. In case of the
non-classical MHC class I soluble molecules, it has been observed that HLA-G (Human Leucocyte
Antigen) molecules possess multiple regulatory and tolerogenic immune properties. Indeed, the
recipients of a combined liver-kidney transplant exhibit a higher concentration of serum HLA-G,
compared to those with kidney grafts alone, which has been associated with lower allograft
rejection frequencies [41]. In liver transplants, the patients with operational tolerability exhibit
strong HLA-G expression on the surface of circulating monocytic dendritic cells which also
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promotes the Foxp3 gene expression [42]. Another interesting fact involves iron homeostasis.
Bohne et al. [39] observed the overexpression of the gene encoding hepcidin in the patients with
operational tolerance, as well as an increase in the serum levels of ferritin and hepcidin. The
author concluded that iron metabolism has a role to play in the intrahepatic allogeneic response
(Figure 1).

Figure 1 Mechanisms contributing to the tolerance in hepatic transplantation.
3. Biomarkers
Whatever the approach, classical techniques have their limits. The development of the "omic"
methods of analysis (genomics, transcriptomics, proteomics, and metabolomics) combined with
currently available clinical and biological data, allows the recognition of patients for whom
immunosuppressive therapy may be terminated. Biomarkers, which generally have a role of
prediction, have a role of prevention as well. The molecular signature of rejection or tolerance
may vary between organs within the same individual. Indeed, in liver transplantation, the
expression of the genes related to Natural Killer cells (NK cells) and Tγδ lymphocytes has been
associated with tolerance; whereas, in renal transplantation, approximately 70% of the identified
genes have been associated with B-lymphocytes. Two major consortia enabled the discovery and
validation of certain biomarkers: the ITN (Immune Tolerance Network) in United State and the IOT
(Indice Of Tolerance) in Europe. However, it was observed in a previous study that simple clinical
criteria such as the age of the recipient and the timing of weaning after the transplantation could
predict a state of tolerance in up to 40% of the transplant patients; this study (elective weaning
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protocol) demonstrated that the patients who were 50 years of age could start giving up their IS in
a shorter period of time in comparison to those who were over 60 years of age [43]. Moreover,
the Hepatitis C Virus (HCV) negative and non-autoimmune patients were more likely to shed the IS
treatment. Immunophenotypic studies have mainly identified an increase in the frequency of
Tregs and a predominance of the Tγδ Vδ1+ subpopulation of lymphocytes [44, 45]. However,
alteration in the Tγδ Vδ lymphocytes has been observed during viral infections, in which there is
an increase in the Vδ1/Vδ2 ratio. This finding was obtained in a prospective, non-randomized,
phase II, uncontrolled trial in which stable adult liver transplant HCV+ patients underwent IS
withdrawal. Contrary to the findings of a previous study concerning the barrier represented by
inflammation in a state of tolerance [28], Bohne et al. described for the first time, the weaning of
IS in HCV-positive patients despite a pronounced systemic expression of the pro-inflammatory
gene; the author suggested that the intrahepatic expression of ISG (Interferon Stimulated Gene)
could be an indicator of operational tolerance [38]. A similar phenomenon was observed in
cytomegalovirus (CMV) infections, in which a primary infection allowed for the long-term
expansion of the circulating Vδ1+ γδ T cells associated with the hyporeactivity of the donor-specific
CD8+ T cells in the tolerant patients after a liver transplant [46]. Among the resident liver
tolerogenic cells, plasmacytoid dendritic cells specialized in the production of type I interferons
(IFN) were increased in number in stable adult and pediatric liver transplant recipients with arrest
and withdrawal from IS [47]. Predicting rejection is another goal of biomarkers; therefore, an
increase in IFNγ and IL2 in stable patients grafted with the IS withdrawal liver, or before
transplantation, represents a risk of rejection [48]. In renal transplantation, anti-HLA-specific
donor antibodies (DSA) were reported to exert a negative impact on graft survival [49, 50],
although their correlation in liver transplantation is not completely understood so far. In a study,
high mean fluorescence intensity (MFI) of DSA was observed in 92% of the patients in chronic
rejection in contrast to 61% of the non-rejection patients, after liver transplantation [51]. The
same study demonstrated that the patients in chronic rejection exhibited a combination of 3
subtypes of immunoglobulin (Ig) G (1, 2, 3), as opposed to the predominance of IgG3 in the
patients with graft loss [52]. There has been a loss of interest in the C4d labeling since chronic
negativity suggesting the lack of complement activation in this situation has been observed. A
European multicenter study—planned to determine the predictive biomarkers and pathogenesis
of operational tolerance—identified two genes (HAMP and TFRC) coding for hepcidin (a peptide,
secreted mainly by the hepatocytes and regulates plasma concentration of iron) and responsible
for the increase in the plasma concentration of ferritin. Bohne et al. [39] also suggested a
protective impact of iron metabolism on the cytotoxic effects of allo-immune response as well as
the prognostic role of biomarkers in the identification of operatively tolerant recipients prior to IS
arrest (Table 1).
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Table 1 Non-exhaustive list of biomarkers and clinical features found in the patients tolerant to liver transplantation: LT: Liver
transplantation, IFN: Interferon, HVC: Hepatitis C virus, IS: Immunosuppression, CMV: Cytomegalovirus, HAMP: Hepcidin antimicrobial
protein, TRFC: Transferrin receptor, Gr-Tol: Tolerant patients, Gr-Non-Tol: Non-Tolerant patients, Gr-Vol: Volunteers, Gr-IS: Patients on IS,
Gr-A: Patients off immunosuppression, Gr-B: Patients undergoing prospective weaning, Gr-C: Patients on maintenance
immunosuppression, Gr-D: Normal control, Gr-AR: Patients with acute allograft rejection, Gr-SF: Patients with stable allograft liver
function, pDC1: Precursors of monocytoid DC, pDC2: Precursors of plasmacytoid DC.

Age

Study

Cohort (N)

Source

Follow up

Indicator

Tolerance

Comment

Reference

Prospective
Multicenter
clinical trial

41/98

56 y± 11
(Means ± SD)

> 3 years

>50 years



Caucasian
men

*43+



Time from
transplant
to
minimizatio
n start: 130
months

*43+



Gr-Tol vs GrIS
(p<0.01)
Gr-Tol vs GrVol (p<0.01)

*44+



Maintain
stable graft
liver

*45+

Weaning

Prospective
Multicenter
clinical trial

Tregs

Pediatric Living
Donor Liver
Gr-Tol: 12
Transplantatio Gr-Vol: 24
n (Elective
Gr-IS: 19
protocol)

41/98

Tγδ Vδ1 +
Adult liver
Gr-SF: 37
lymphocyte transplantation Gr-AR: 26

Clinical
Parameters,
blood, biopsy

Blood

Blood

> 3 years

Male gender,
older recipient,
absence of CNI

> 1 year

CD4+CD25+ cells

6 months

The numbers of
IL-10-producing
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Vδ1+ cells were
higher in Gr-SF
patients than in
Gr-AR patients.

ISG
expression

Prospective
study

Plasmacytoi
Prospective
d dendritic
study
cells

Gr-Tol: 17
Intrahepatic
Gr-Non-Tol: 15

IFN-stimulated
gene (ISG)
transcript levels
were similar
12 months
before and 12
months after
complete IS
withdrawal

Gr-A: 6
Gr-B: 23
Gr-C: 11
Gr-D: 13

pDC2:pDC1
ratio was
1 month – significantly
9 years
higher in
(time
patients Gr-A
weaning) and B compared
with patients on
Gr-C.

Blood

function



High
intrahepatic
IFN-I
signaling
induced by
HCV
infection

*38+



Withdrawal
from IS

*47+
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4. Tolerance in Combined Hepatic Transplantation (Figure 2).

Figure 2 Survival rate in combined liver transplantation and liver transplant alone. Y: years.
4.1 Liver-Kidney Transplant
The indication leading to a combined kidney-liver transplantation was established as a
treatment modality for the patients suffering from end-stage liver disease (MELD), which was a
scoring system for liver transplantation, with highly elevated serum creatinine levels (risk factor)
[53]. In a recent study, combined kidney-liver transplant patients with acute renal rejection
exhibited a post-transplantation reduction in renal function compared to those without renal
rejection [54]. The survival rate at one year for the patients and grafts currently exceeds 80%,
although with a decline in the survival rate at ten years (56%-64% for kidney-liver), which has
prompted the researchers to focus their attention on improving the survival beyond one year.
Although tolerance may change after the transplantation, the risk of minimizing IS is associated
with decreased graft survival. Immunosuppression protocols vary between the transplantation
centers, usually according to the CNIs used, such as tacrolimus. This immunosuppressive strategy
tends to be closer to the adapted protocol in liver transplantation. Despite the short-term benefit
of using CNIs in reducing the acute rejection episodes, CNIs are nephrotoxic in the long term,
leading to the poor long-term survival of the transplant [55]. Besides the fact that the
simultaneous graft has a lower rejection rate in comparison to the liver or kidney transplant alone,
it was observed that the patients transplanted with either liver or kidney, and not the ones
transplanted with both simultaneously, did not present any differences even after having been
selected on the basis of their HLA compatibilities [10]. HCV-infected recipients with double liverkidney transplant and receiving no anti-viral treatment exhibited poor survival at three years as
well as at five years [56]. Although the preliminary results demonstrated a novel approach to the
treatment of HCV-infected patients, direct-acting anti-virals appeared to eradicate the hepatitis C
virus with a sustained virological response up to 94%, in addition to exhibiting far fewer side
effects (reproached to interferons and ribavirin) [57]. A retrospective study conducted by an
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American research team revealed that approximately 20% of the combined liver-kidney
transplantations resulted in renal rejection (6.4% acute rejections and 11.4% borderline rejections
(biopsies)), while 11.4% resulted in acute hepatic rejection [54]. In comparison to the renal
transplantation alone, the effects of T-cell mediated rejection and anti-HLA antibody were
relatively lower after simultaneous kidney transplantation [58]. Recently, a clinical study revealed
the unique phenotypic and functional characteristics of the recipients of a dual simultaneous liverkidney transplant (SLKT) associated with a donor-specific hypo-allo-allergenic response. The SLKT
patients had, from a phenotypic perspective, a central memory type profile, while the patients
with renal transplant alone exhibited a regulatory type profile [59]. The gene expression profiles
(mRNA and miRNA) in SLKT in comparison to the profiles of the liver and kidney transplant
patients with stable transplant function clearly suggested that the SLKT patients had a profile
closer to the liver transplant patients rather than the kidney transplant patients, associated with
limited influence of IS [60]. As a continuation of the research work on the protective effects of
liver, Taner et al. analyzed the molecular signatures of renal biopsies after a renal transplantation
alone as well as after a renal transplantation in combination with liver; the cohort consisted of 28
patients divided into the following four groups on the basis of their crossmatch (XM): (+XM SLKT, XM SLKT, +XM KT, and -XM KT). Despite the small number of patients included in the study, the
author defended the hypothesis that liver contributes to the absorption of DSA through the
endothelial surface, a phenomenon referred to as the “high dose effect”. This protective effect of
the liver is reflected through the differential expression of genes associated with inflammation and
tissue repair. For instance, it has been observed that at one year, there was a lower expression of
inflammatory, endothelial, and DSA-selective transcript set in the kidney allografts (+XM SLKT)
compared to the +XM KT grafts [61]. The Kidney Donor Profile Index (KDPI) summarizes the
probability of transplant failure after deceased-donor kidney transplantation. In KDPI, lower scores
are associated with a longer estimated renal function, while higher scores are associated with a
shorter duration of estimated renal function. The KDPI score for the kidneys transplanted in SLKT
was 36%, while that for the kidney alone transplants was 46%, in a study with the objective of
improving survival in early hepatic transplantation with renal insufficiency [62].
4.2 Heart-Liver Transplant
In regard to liver transplantation, Starzl is the pioneer in the field, with the first heart-liver
combined transplant conducted on a six-year-old girl back in 1984. Despite the lack of comparative
studies, the available data suggest that the incidence of rejection after a combined liver-heart
transplant is lower than that after the liver transplantation alone. Cardiac rejection observed after
combined liver-heart transplantation was 13%, compared to the 60% rejected observed after
isolated heart transplantation [63]. The survival of the graft after heart-liver combined graft (80%
at one year and greater than 70% at ten years) was similar to that observed in case of isolated
heart and isolated liver grafts [64]. The indications of the combined heart-liver transplant were
heterogeneous. In genetic diseases with cardiac damage as the main damage caused, such as
amyloid neuropathy, classic cardiac transplantation indications were observed to be associated
with hepatopathy, while classic indications of liver transplantation were observed to be associated
with severe heart disease. In a large single-center series of studies, a lower-than-expected
rejection rate in the combined liver-heart transplants could be attributed to the protective effect
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provided by the hepatic allograft to the cardiac allograft [65]. A retrospective study conducted by
Taner [66] identified that despite similar IS, the incidence of T-cell-mediated rejection was lower in
the liver-heart combined grafts (31.8%) in comparison to that in the liver transplantation alone
(84%); however, no significant difference was observed in the antibody-mediated rejection (4.5%
versus 14.8%; p = 0.33). While humoral rejection has become a rarity in cardiac transplants, it
nevertheless represents a problem of clinical management owing to the diagnostic difficulty and
low predictive evidence associated with it. It has been demonstrated that when hepatic
transplantation precedes a cardiac transplant, there is a reduction in DSA and the positive crossmatch becomes negative again [67]. Moreover, a few authors have suggested a correlation
between the protective effect of the liver and the decrease in the IS treatment.
4.3 Lung-Liver Transplantation
This type of intervention is performed only in the transplant centers, which have double
expertise in thoracic and abdominal transplantation. Owing to its complexity, this procedure is
rare and requires coordination between several teams. The "liver first" approach introduced in
2014 by Ceulemans et al. was aimed at reducing the cold ischemic time of the liver, in order to
minimize the rate of biliary stenosis after the liver transplantation, while it prevented the other
complications as well [68]. The 5-year survival of these patients was 80% compared to the 20%
observed in the standard procedure [69]. A retrospective study conducted by Yi et al.
demonstrated a decrease in the acute rejection episode, although it did not conclude the
protective effect of the liver. However, it was interesting to note a reduction in the
immunosuppression in the first year [70].
4.4 Pancreatic-Liver Transplantation
According to United Organ Network Sharing, a total of 28 patients received a combined
pancreatic cystic fibrosis transplant between the years 1984 and 2014. The study conducted by
Mekeel on a small cohort of patients demonstrated that survival could reach 100% in five years in
the liver-pancreas transplantation when compared to the 83% observed for the hepatic
transplantation alone; all the patients with combined hepatic-pancreas transplantation were
deprived of insulin and did not require supplementation with pancreatic enzymes [71]. It has been
demonstrated in preclinical studies that hepatic graft plays a protective role and reverses the
continuous rejection of the pancreatic graft, producing subsequent pancreatic tolerance [72].
Similarly, in a multicenter clinical study, it was speculated that pancreas-liver combined graft
exhibited long-term superior pancreatic graft survival compared to the pancreas graft alone,
although no confirmation regarding this speculation was established [73].
4.5 Intestinal-Liver Transplantation
Infections and surgical complications are a hindrance to the beneficial effects obtained in liver
transplantation [74, 75]. Indeed, prolonged anhepatic phase and ischemia-reperfusion injury
appear to be responsible for early death in the cases of combined liver and intestinal grafts.
However, although the short-term survival appears to have improved, owing to IS treatment and
advanced care, the fact remains that the 5-year survival does not exceed 60% in the isolated
intestinal transplants [76]. A retrospective study conducted in a center compared children who
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had undergone a small bowel transplant (whether associated with liver transplantation or not) to
15 child controls in the time period between 1994 and 1998. First, it was suggested that the early
events occurring during the ischemia-reperfusion phase could be participating in the protective
effect of the liver on the intestinal grafts, and these events correspond to the significant
differences observed in the NF-κB expression in the intestinal biopsies obtained at Day 0
immediately after reperfusion. Indeed, a decrease in the induction of NF-kB during the early phase
of transplantation, therefore, plays a protective role against the allo-immune response [77].
Another more recent study highlighted the protective effect of liver on the severity of the acute
episode of cell rejection, on the incidence of chronic rejection, as well as on the acute rejection
induced by antibodies, while the infection was the leading cause of graft loss, suggesting that the
reduction in IS may be considered for reducing the increased risk of infection [78].
5. Conclusion
Apart from the indispensable position of immunosuppression and the innovative aspects of
certain therapeutic approaches (such as cell therapy) for obtaining tolerance, different studies
have demonstrated that liver has a protective property for facilitating the engraftment of other
organs. However, no cases of operational tolerance in combined liver transplantation have been
reported so far. It is obvious that the correlation between the protective effect and the occurrence
of tolerance is not proof of causality. The mechanisms involved in the induction of tolerance as
well as its maintenance are closely intertwined and complex. For instance, the study conducted by
Rana revealed that the combined grafts other than those of the liver are less prone to rejection,
and the most probable mechanism underlying this would be the exposure of the antigenic charge
in correlation with graft surface. In the long term (ten years), this mechanism could reduce or even
wean the patient from immunosuppression. Is it possible to discuss operational tolerance? Further
studies are required to be conducted with this category of patients who receive more than one
graft. In this context, biomarkers would play a role in the detection of rejection, prediction of
favorable outcomes in the recipients, and the identification of the pre-selected patients likely to
be tolerant, in addition to allowing the decision of withdrawal of the immunosuppression. The
problem associated with combined liver transplant is, essentially, the severity of the pathology for
which the patient is grafted, the attribution and the shortage of organ, and also the preservation
of the organs prior to the transplantation. However, recent studies have produced promising
results in terms of organ function and patient survival.
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Abstract
Background: Cardiac allograft vasculopathy (CAV) remains a major obstacle to long-term
heart allograft survival. A number of studies show that immune mechanisms are involved in
CAV. Using non-invasive cellular MRI (CMRI) to explore indicators of CAV lesions and
characterize its development could provide new insights into the target immune cells that
are responsible for the progression of CAV and reveal early markers of the disease before
irreversible changes occur.
Methods and Results: Rat heart transplant allografts (n = 88) and isografts (n = 22) were
employed in this study. CMRI at 4.7-Tesla revealed a few hypointense foci in the graft early
on during CAV with more regions becoming involved as the disease progressed. The areas of
image hypointensity corresponded with infiltrating ED1+ cells labeled with micrometer-sized
superparamagnetic iron oxide (MPIO), confirmed by MR microscopy (MRM) at 11.7-Tesla
and pathology. MRI abnormalities of the transplanted hearts correlated well with
histopathological findings. MPIO-labeled cells counted by a computer algorithm that
analyzed 3D MRM volumes exhibited a strong correlation with immunohistochemical
inspection of ED1+ cell infiltration counted manually (R2 = 0.8075). Histology found that in
the early phases of CAV, lesions were focal and mostly began in the adventitia.
Immunohistochemistry indicated that the infiltrates were mostly ED1+ cells and that their
density was significantly correlated with the severity of CAV (p < 0.05).
Conclusions: This study illustrates the feasibility of monitoring MPIO-labeled ED1+ cells as an
early indicator for CAV before vessel wall changes using non-invasive CMRI, which provides
information on the entire heart.
Keywords
Rat heart transplantation; cardiac allograft vasculopathy; magnetic resonance imaging; iron
oxide particles; immune cells

1. Introduction
Heart transplantation has become the preferred treatment for many patients with end-stage
heart failure [1]. Although advances in immunosuppression have significantly reduced the
incidence of acute rejection, chronic rejection, also known as cardiac allograft vasculopathy (CAV),
remains a major problem and accounts for about 50% of mortality by year 10 post-transplant [2,3].
Early diagnosis of CAV is important for prevention and treatment of the disease. However,
establishing such a diagnosis remains challenging [4], because the pathogenesis of CAV is not fully
elucidated and the majority of CAV presents insidiously due to the lack of clinical symptoms of
ischemia in the denervated allograft [4, 5]. Current clinical practices for detecting CAV depend
mostly on invasive techniques, such as endomyocardial biopsy, coronary angiography, and
intravascular ultrasound (IVUS) [6], to assess coronary vascular changes. Once vessel narrowing or
arterial wall thickening has developed sufficiently to be detected by coronary angiography or IVUS,
treatments may be too late to rescue the graft, thus long-term survival is reduced significantly [4].
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To date, non-invasive in-vivo observation of CAV lesions, prior to arterial wall thickening and
luminal narrowing, has not been established.
The development of CAV is a complex process that is not fully understood, but a growing body
of evidence supports the involvement of an inflammatory milieu that contributes to fibromuscular
and smooth muscle cell proliferation with subsequent coronary obstruction [7-9]. It has also long
been noted that mononuclear cells, mainly monocytes/macrophages, and T-cells, are abundant in
coronary artery lesions and can orchestrate the development of CAV [9, 10]. Infiltrating
monocytes/macrophages are increasingly recognized as inflammatory amplifiers and are
particularly appealing as pivotal and final effectors for CAV [8, 9], though the disease may result
from a diverse array of actions in both the innate and adaptive immune responses [11, 12]. Thus,
these infiltrates may be ideal targets to visualize CAV development.
Cellular MRI (CMRI) is a technique being used in both research and clinical settings for serially
monitoring a myriad of events, such as inflammatory responses [13, 14] or cellular therapies in
intact organisms and patients [15, 16]. Cells of interest can be labeled either ex vivo or in vivo with
an appropriate contrast agent, and their migration and accumulation can then be tracked by MRI
[17-20]. In this study we used a rat transplantation pair with restricted antigenic specificity that
develops chronic rejection without any immunologic manipulation [21]. We further used a
working heterotopic cardiac transplantation (WKHt) model where the recipient receives an
additional heart and lung in the abdomen. This model preserves intact pulmonary circulation and
physiological pressure and volume loading [22]. Our earlier work showed that recipient
macrophages in a rat CAV model can be effectively labeled in vivo by phagocytosis of nano- and
micrometer-sized paramagnetic iron oxide (USPIO and MPIO) particles [18]. The ability to
successfully monitor target cells over a long period of time by CMRI has led us to attempt to map
the accumulation pattern of MPIO-labeled cells as a marker for characterizing the development of
CAV in order to determine the onset of lesions and identify the early stages of the disease.
2. Materials and Methods
2.1 Animal Model and Experimental Designs
Syngeneic transplantation (isograft, n = 22) was performed using PVG R.8 to PVG R.8. We
examined 4 times more allograft hearts than isograft controls, because there were variations
among the allografts in developing different degrees of CAV during the same time period after
transplantation [21, 23]. At least 5 transplants per experimental group/per end-time point were
performed. All rats weighed between 260 and 280 g at the time of transplantation and received
humane care in compliance with the Guide for the Care and Use of Laboratory Animals published
by the National Institutes of Health.
The WkHt model of heterotopic heart and lung transplantation was chosen for this study
because orthotopic heart transplantation is not feasible at the present time and conventional
abdominal heterotopic transplant hearts do not receive proper pressure preload, and the
myocardium experiences atrophy over time [24]. The technical details of the surgical procedure of
the WkHt model are described elsewhere [18, 25]. Briefly, after the chest wall is opened in the
donor, 500 U/kg body weight of sodium heparin is injected into the IVC, and the left lung is ligated
and excised. The azygos vein with the left and right superior vena cava (SVC) is ligated and divided.
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The descending thoracic aorta is transected, and 10 ml of cold lactated Ringer's solution (Abbott
Laboratories) is infused into the IVC followed by ligation and division of the IVC. The ascending
aorta is dissected and transected at the portion between the left common carotid artery and the
left subclavian artery. The graft aorta and superior vena cava were anastomosed to the recipient
aorta and IVC, respectively, in an end-to-side fashion with a continuous 8-0 polypropylene suture
(Ethicon Inc, Somerville, NJ). The abdominal wall was then sutured with 6-0 silk (Ethicon Inc.).
Graft survival was monitored daily after transplantation for 1 week and then weekly by palpating
the transplanted heart.
Since the graft superior vena cava is anastomosed to the recipient abdominal inferior vena cava,
the graft heart has pulmonary circulation and receives proper volume loading and blood flow
toward the left ventricle. The graft can pump blood and is, thus, called a working heart. The heart
rates and ejection fractions of the transplanted hearts were similar to those of the native hearts
and also exhibited good wall motion with strains at physiological ranges.
Grafts were harvested after in-vivo CMRI assessment at end-points around Post-Operative Day
(POD) 14-112, and at least five transplants were performed per end-point. The grafts were fixed in
4% paraformaldehyde for 24 hrs, followed by MR microscopy (MRM), histopathology,
immunohistochemistry, and fluorescence microscopy examinations. Isografts served as the
control groups and were exposed to the same surgical procedure and CMRI assessments as the
allografts.
Animal protocols were approved by the Institutional Animal Care and Use Committee of
Carnegie Mellon University. For allogenic transplantation (allograft, n = 88), PVG.1U (RT1.AuBuDuCu)
and PVG.R8 (RT1.AaBuDuCu) rats obtained from the University of Louisville and bred in-house were
used as donors and recipients, respectively [18].
2.2 In-Vivo Immune-Cell Labeling
Immune cells (mainly monocytes/macrophages) were labeled in situ (12 mg Fe/kg) at POD 14
with MPIO particles containing dragon green fluorescence (Cat# MC05F; Bangs Laboratories,
Fishers, IN) according to our previous protocol [18, 19]. MPIO particles are coated with polystyrene-divinyl benzene and are not biodegradable. Thus, the internalized MPIO particles would
stay in the labeled cells for the entire life cycle and the labeled cells monitored by MRI
longitudinally [18].
2.3 In-Vivo CMRI Assessment
In order to monitor the development of CAV to capture the onset and ultimately, to identify the
early stages of the disease, graft hearts were imaged by serial in-vivo CMRI to map labeled cells,
starting 24 hrs before and after MPIO injection, and again around POD 28, 56, 84 and 112. The
CMRI procedure was previously described [19]. Briefly, rats were intubated and ventilated with 2%
isoflurane in a 2:1 O2:N2O gas mixture at 1.0 mL/100 g body weight and 60 breaths/min. Rectal
temperature was maintained at 36.5 ± 0.1oC with a warm air system and ECG of the transplanted
hearts was monitored with subcutaneous needle electrodes (SA Instruments, Stony Brook, NY)
placed on the abdomen. CMRI was performed on a Bruker BioSpec 4.7-Tesla/40-cm system
equipped with a 12-cm, 40-G/cm shielded gradient set. Multislice ECG- and respiratory-gated T2*weighted gradient-echo images were acquired with the following parameters: repetition time = 1
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respiration cycle (1 s); echo time = 7 ms; field of view (FOV) = 3 to 4 cm; slice thickness = 1 or 1.5
mm; in-plane resolution = 156 µm. At the designated endpoint of the study, the graft was
harvested and fixed in 4% paraformaldehyde.
2.4 In-Vivo Multiplanar Tagging MRI
Transplanted hearts were scanned with multiplanar tagging MRI covering the whole heart
volume as previously described [22]. Strains were analyzed with the HARmonic Phase method
(HARP) to evaluate the regional circumferential (Ecc) and radial strain (Err) [26].
2.5 MRM Assessment
MRM imaging of fixed hearts was performed ex vivo using a Bruker AVANCE DRX 11.7-Tesla/89mm system with a Micro2.5 gradient insert as previously described [19]. High-resolution 3D
gradient-echo images were acquired with the following parameters: repetition time = 500 ms;
echo time = 8 ms; isotropic resolution = 40 µm.
2.6 Pathological Analysis
Pathology examinations were performed independently by the University of Pittsburgh Medical
Center Transplantation Pathology Laboratory. Paraffin-embedded heart tissue was cut
transversely at 5-µm intervals and sequential sections were stained with hematoxylin and eosin
(H&E), Perls’ Prussian blue staining for iron detection, and immunohistochemical (IHC) staining for
determination of monocytes/macrophages (anti-ED1, AbD Serotec, Oxford, UK, Catalog#
MCA341R), and the smooth muscle cell layer [anti-smooth muscle actin (SMA), Dako Inc.,
Carpinteria, CA, Catalog# M0851] of heart vessels. ED1 is the rat homologue of human CD68. The
degree of CAV was scored from 0 to 3 (Figure 1) based on the scale of mononuclear cell infiltration
and the circumferential thickening affecting the lumen using a modified form of the criteria
according to previous reports [23, 27]. A grade of 0 (G0) indicates a normal coronary artery, G1
indicates faint and limited infiltration and thickening of the vascular wall involving approximately
50% of the perimeter of the vessel, G2 indicates moderate infiltration and thickening involving
between 50% and 100% of the perimeter of the vessel and, G3 indicates severe infiltration and
thickening involving 100% of the perimeter of the vessel. To determine the relationship between
the severity of CAV and the density of ED1+ cells infiltrated in/around the arteries, at least 12
vessels (approximately 0.2 mm in diameter) per CAV grade were inspected independently by two
researchers in a blinded manner using an optical microscope (Olympus PROVIS AX 70, Olympus
America, Melville, NY).
2.7 Fluorescence Microscopy Assessment
Graft sections corresponding to hypointense regions detected by CMRI were inspected with
fluorescence microscopy. Five-micrometer sections of snap-frozen allograft tissue were incubated
with mouse anti-rat ED1+ mAb (AbD Serotec, Oxford, UK) for 30 minutes at room temperature in
dark followed by incubation with biotinylated anti-mouse antibody and avidin D Texas red (Vector
Laboratories, Peterborough, UK) for 30 minutes at room temperature in dark. Sections were then
examined with dual-channel fluorescence imaging using an Olympus PROVIS AX 70 fluorescence
Page 66/305

OBM Transplantation 2019; 3(3), doi:10.21926/obm.transplant.1903083

microscope (Olympus America, Melville, NY) equipped with an automatic exposure system
(Olympus, Tokyo), with FITC channel (495 nm excitation, 515 nm emission) for Dragon green
(MPIO) and Cy5 channel (649 nm excitation, 668 nm emission) to detect Texas red in ED1 + cells in
the same FOV.
2.8 Quantification of MPIO-Labeled Cells and ED1+ Cells in Heart Grafts
Phase map cross-correlation Detection and Quantification (PDQ) is a computer algorithm that
automatically identifies and quantifies MPIO-labeled cells infiltrating into graft hearts [28]. PDQ
was applied to 3D MRM data of heart samples with 100% volume coverage. Randomly selected
graft hearts (n = 22) were inspected by PDQ. To confirm whether PDQ’s MRI-based inspection
correlated with the pathology-determined infiltration of ED1+ cells, the PDQ counting results were
compared with the number of ED1+ cells counted manually on IHC sections of the heart grafts in a
blinded manner. Five randomly chosen fields per section were inspected on the myocardium at
the middle ventricular level. Manual counts were originally expressed as the number of cells per
FOV using an eyepiece graticule and a 20× objective lens. This number was then expressed as the
average number of cells/mm2 for comparison with PDQ counts.
2.9 Statistical Data Analysis
Comparisons of the means of ED1+ cells infiltrated in grafts with different CAV grades were
determined using one-way ANOVA (Excel, Microsoft, Seattle, WA). PDQ counting results of the
MPIO-labeled cells were correlated with the counts of ED1+ cells in the same grafts. The trend line
and the R-squared value were calculated by linear regression using Origin Pro (OriginLab
Corporation, Northampton, MA). Values from multiple experiments are expressed as mean ± SEM.
Statistical significance was established at 5% probability (p < 0.05).
3. Results
3.1 Pathological Features of the CAV Lesions Present in Our WkHt Model
Our pre-clinical model presents the features of CAV lesions similar to clinical observations
where vascular lesions are characterized by mononuclear cell infiltration, arterial wall thickening
and smooth muscle cell proliferation (Figure 1). Within 3 weeks after transplantation, our
pathology results found CAV lesions in some allograft hearts, which become more profound over
time, up to POD 112. This relatively long time-frame to generate lesions provides us with an
experimental window to observe patterns of vascular changes and identify early features of the
process before vessels narrowing. The H&E and SMA+ stained tissues slices are shown in Figure 1A,
where isografts exposed to the same surgical procedure as allograft transplants do not exhibit
histological evidence of vascular abnormalities. There are only a few mononuclear cells infiltrating
and finite numbers of SMA+ cells found in the isografts (Figure 1A, 1st column, G0). By contrast, the
numbers of infiltrates with concurrent SMA+ cells gradually increased in the allografts. One reason
CAV is difficult to diagnose is that in its early stages, CAV does not involve all vessels. Instead it
begins in some small arteries where the intimal thickening does not appear circumferentially.
Within 3 weeks after transplantation, our pathology results found CAV lesions in some allograft
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hearts (Figure 1A, 2nd column, G1), which increased over time (Figure 1A, 3rd column, G2), until full
involvement of the vessels at POD 112 (Figure 1A, 4th column, G3). These observations indicate
that perivascular and focal inflammatory infiltrates appear first, followed by smooth muscle cell
proliferation, which regionally affects the allograft small arteries in the early phase of CAV in our
rat model, and is consistent with previous studies [18, 21].
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Figure 1 Pathological features of the CAV and the association between ED1+ cells and
CAV lesions presented in our WkHt model. (A) Representative optical images of H&E (a-d)
and SMA (e-h , brown color) staining for grading CAV. a, e show an isograft artery on POD
95 (G0); b, f indicate a G1 allograft on POD 22 ; c, g indicate a G2 allograft artery on POD
60; and d, h indicate a G3 allograft artery on POD 112. Top panels are neighboring
sections to bottom panels. Scale bar represents 50 µm. Arrows point to vascular wall
thickening. (B) The pathological relationship between ED1+ cells and CAV. IHC for ED1+
(Panels a-d) and H&E stain for CAV pathology (Panels e-h) depicting G0, G1, G2 and G3
CAV, respectively) show the concomitant nature of the density of ED+ cells (brown color)
and the severity of CAV. The arteries exhibit normal features in the isograft shown in the
first column. The vascular involvement (arrows) in allograft is highly heterogeneous. It
can be described as a focal vasculitis at the early phase of CAV or inflammatory cuffing of
the vessel at a late stage of CAV. (C) Association between ED1+ cells and CAV. The Mean
± SD numbers of ED1+ cells are: 5.5±1.2, 24.5±3.6, 35.7±3.4 and 66.6±5.8/FOV for CAV
grades G0, G1, G2 and G3, respectively. There is a significant association between
severity of CAV and the numbers of ED1+ cells infiltrated in/around the arteries (P<0.05).
IHC staining of consecutive graft sections indicated that the infiltrates consist mostly of ED1 +
cells (monocytes/macrophages, Figure 1B, a-d). The ED1+ cells in allografts, which undergo CAV,
constitute more than half of the infiltrates (Figure 1B, b-d). These cells were present mainly in the
adventitia of the allograft with little or no accompanying inflammation in the myocardium (Figure
1B, b; brown color, arrows) in the early stage. ED1+ cell accumulation was significantly less in the
isograft (Figure 1, a) than in allografts with CAV (Figure 1B, b-d), though both transplants were
performed under identical procedures.
To analyze the association between CAV progression and ED1+ cells, the number of ED1+ cells
present around the arteries was counted per field of view (FOV) for the different stages of CAV,
determined by studying consecutive slices of H&E stained tissue (Figure 1B, e-h) and ED1 stained
(Figure 1B, a-d). Our results showed that ED1+ cell infiltration gradually increased around the
vessel during the CAV progression with eventual involvement of the entire arterial tree seen in
severe or very late stages of CAV. The association between ED1+ cells and vessel lesions is shown
in Figure 1C. The mean ± SEM numbers of ED1+ cells are: 5.5±1.2; 24.5±3.6; 35.7±3.4; and
66.6±5.8/FOV for G0, G1, G2 and G3 CAV, respectively. We found a significant association
between the severity of CAV and the density of ED1+ cells (p<0.05).
3.2 CMRI Patterns of CAV Lesions and Related Confirmations
Based on the above pathology observations, the infiltration pattern of ED1 + cells (mostly
monocytes/macrophages) could be a useful indicator for CAV assessment. These cells can be
visualized by CMRI when labeled with MRI contrast agents like MPIO. Areas of in-vivo T2* image
hypointensity (Figure 2A, a) result from the distribution of MPIO-labeled cells infiltrating the CAV
lesions, which can be more clearly observed ex-vivo by MRM (Figure 2A, b for long axis, Figure 2A c
for 3-D volumetric rendering, and Figure 2A, d for short axis). At the early stages of CAV, CMRI
reveals a few focal areas of signal hypointensity in an allograft that is undergoing CAV. Perls’
Prussian blue staining of a tissue slice co-registered with the MRM image confirms these findings
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(Figure 2A, e). Areas with greater image hypointensity (Figure 2A, b-d, inserted circle) correlate
well with increased iron-staining density (Figure 2A, e, inset box).
We investigated the characteristics of CAV progression via serial CMRI. Representative serial
images of an allograft at different PODs are shown in Figure 2B. During the early phases of CAV,
the allograft hearts display only a few spots of hypointensity from MPIO-labeled ED1+ cells (Figure
2B, a). As CAV progresses, the same heart shows increased areas of image hypointensity, Figure 2B,
panels b-c, indicating an increased number of MPIO-labeled cells accumulating in the rejecting
tissue. It is very challenging to observe these changes in vivo by current clinical surveillance
methods. The infiltrating MPIO-labeled cells were clearly seen when imaged ex vivo, where the
punctuate spots of image hypointensity correspond to areas of hypointensity observed with invivo CMRI (Figure 2B, c). By comparison, only very few dark spots are observed in isografts imaged
both in vivo and ex vivo as illustrated in Figure 2B, panels e and f, respectively.
CMRI is able to discriminate mild (Figure 3A, panels a-c) from severe (Figure 3A, panels d-f) CAV.
Only a few hypointense spots were detected by in-vivo CMRI in the allograft with mild rejection
(Figure 3A, a) compared with the allograft with severe CAV (Figure 3A, d). Fluorescence
microscopy performed on tissue sections which correspond to the white box on the CMRI images
confirm these observations (Figure 3A, b, e). A greater number of Dragon green fluorescent spots
were present in allografts with severe CAV (Figure 3A, panel e). Of note, these bright fluorescence
spots appeared mostly around vessels. H&E staining (Figure 3A, c, f) reveals only slight interstitial
infiltration and arterial intimal thickening in the allograft with mild CAV (Figure 3A, c), but
extensive changes in the allograft with severe CAV (Figure 3A, f). To confirm that the hypointense
spots detected by CMRI were MPIO-labeled ED1+ cells, we used dual-channel fluorescence
microscopy. Figure 3B, panel a, shows a representative image from a graft with severe CAV.
Discrete circular spots and dark regions of hypointensity are clearly visible with MRM on most
areas of the graft. Figure 3B, panels b-d, represent corresponding tissue sections, inspected via
dual-channel fluorescence microscopy. Figure 3B, panel b shows the Dragon green fluorescence
from the MPIO particles. Figure 3B, panel c, is the same tissue section stained for the presence of
ED1+ cells. Figure 3B, panel d, is an overlay of panels b and c which clearly shows that hypointense
spots in MRM image are individual or clusters of MPIO-labeled ED1+ cells though it seems more
ED1+ cells than Dragon green fluorescence (MPIO particles) contenting cells.
3.3 Correlation between MPIO-Labeled Cell Count and ED1+ Cell Count
Quantification of the correlation between MRM-detected cell infiltration and pathologistobserved ED1+ cell infiltration was carried out in a blinded manner. The computer algorithm PDQ
was applied to 3D MRM datasets of heart samples (n = 22) with 100% volume coverage, in order
to count the number of MPIO-labeled cells or cell clusters throughout the entire heart. The MRM
results correlated with histopathological inspection of the numbers of ED1 + cells infiltrated in the
grafts (Figure 3C). Notably, there is a strong linear correlation between the ED1 + cell counts and
the PDQ dipole counts (R2 = 0.8075). Both of these measures correlated with increased CAV;
therefore, tracking ED1+ cell counts is an excellent marker for CAV assessment by CMRI.
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Figure 2 CMRI revealed the patterns of CAV lesions and characteristics of CAV
progression. (A) In-vivo CMRI T2*-weighted image reveals heterogeneity of early CAV as
hypointense signals shown in a few areas of the heart (a, arrows); (b) shows the long axis
of the MRM image at 11.7 Tesla; (c) shows 3-dimensional volumetric surface rendering,
inset circles show the areas with concentrated hypointensity; (d) shows the short axis of
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the MRM image; and (e) shows its co-registered with whole slice of tissue from (d)
stained with Perl's Prussian blue for detecting iron (blue stain, arrows). All panels are
from a single rat heart harvested on POD 94. (B) In-vivo CMRI of the same allograft at 4.7
Tesla on PODs 47 (a), 54 (b) and 81 (c). Only a few areas show hypointense spots at an
early stage of CAV (a, arrows); as the disease progresses, the same image slice shown on
POD 47 (a) gradually has more and larger areas containing hypointense spots (b, c).
MRM at 11.7 T of the graft harvested on POD 81 (d) after CMRI clearly shows the
punctate spots corresponding with image c. The hypointense spots were not observed in
an isograft (e and f) on POD 99 under the same imaging conditions.
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Figure 3 Correlation beteewn CMRI patterns and CAV lesions, and related confirmations.
(A) few hypointense spots (within inlaid white boxes) are detected by CMRI in an allograft
experiencing mild CAV (a), but a much more hypointense area appears in an allograft
with severe CAV (d). Fluorescent microscope images (b, e) of tissues corresponding to
the boxed region in images (a) and (d) demonstrate less density of Dragon green
fluorescence (MPIO particles) in the mild CAV (b) than in the severe CAV (e) and the
green fluorescence appears mostly around the vessels; (c) and (f) are H&E stains of
neighboring sections of (b) and (e), respectively. Scale bar represents 50 µm. (B)
Hypointense spots in CMRI are individual or clusters of MPIO-labeled ED1+ cells. Discrete
circular spots and serial dark regions of hypointensity are clearly observed by MRM at
11.7 T (a) on a representative allograft with severe CAV. Dual-channel fluorescence
microscopy indicates MPIO particles (b, Dragon-green, excitation: 488 nm) and ED1+ cells
(c, Texas red, excitation: 588 nm) on the same tissue section from the boxed region in
image (a). Panel (d) is an overlay image of panels (b) and (c). Scale bar represents 60 µm.
(C) The PDQ algorithm’s whole-heart counting results for MPIO-labeled cells (and cell
clusters) are compared with the counts of ED1+ cells within histological sections from
randomly selected graft hearts (n=22). The trend line and R-squared value were
calculated by linear regression using Origin Pro (OriginLab Corporation, Northampton,
MA).
3.4 Assessment of Ventricular Function of CAV
To access the ventricular function of CAV, we performed multiplanar tagging MRI covering the
whole heart volume [22] followed by strain analysis for quantifying circumferential and radial
strain. Figure 4 shows an allograft heart subjected to simultaneous in vivo cellular and tagging MRI
on PODs 47, 54, 73, and 81. Two out of 7 short-axis slices from the heart volume are shown. Top
panels (Figure 4 A, C, E, G, I, K, M, O) show T2*-weighted cellular MRI after one single bolus
injection of MPIO 2 weeks after transplantation. On POD 47 (Figure 4, A and I), very few MPIOlabeled infiltrated macrophage foci are detected (white arrow-heads). As the CAV progressed over
time, more MPIO-labeled macrophages were recruited to the rejection site without further
injection. On POD 81 (Figure 4 G and O), multiple MPIO-positive cellular foci can be clearly seen
(white arrow-heads). While the reduction in ejection fraction (EF, 61.1% on POD 47 and 51.5% on
POD 81) was mild, heterogeneous decrease in circumferential strain (Figure 4 lower panels, B, D, F,
H, J, L, N, P) is seen in parts of the left ventricle. Circumferential strain was largely normal on POD
47 (Figure 4 B and J), whereas the regions with compromised strain became larger on POD 81
(Figure 4 H and P). The ventricular regions that displayed compromised circumferential strain
(Figure 4 white arrows in lower panels B, D, F, H, J, L, N, P) correlated with the regions with MPIOlabeled macrophage infiltrated foci (Figure 4 white arrows in top panels, A, C, E, G, I, K, M, O). Our
data show that in our allograft heterotopic CAV model, the immune cell infiltration is spatially
heterogenous. The ventricular regions with more cellular infiltration exhibited compromised
regional strain. The simultaneous cellular and strain MRI can be more sensitive in detecting the
regional immune-cell infiltration and the regional wall abnormality than the systolic dysfunction by
EF.
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Figure 4 Simultaneous cellular and strain MRI for a heterotopic allograft working heart
model, showing two imaging slices out of the whole heart volume. (Top panels- A, C, E, G,
I, K, M, O) T2*-weighted cellular MRI after a single bolus MPIO injection. (Lower panels –
B, D, F, H, J, L, N, P) Circumferential strain (Ecc) map at the end-systole derived from
tagging MRI acquired at the same imaging session on the same PODs as the cellular MRI.
The white arrowheads point to comparable regions on the cellular and strain MRI with
cellular infiltration foci and compromised Ecc.
4. Discussion
The present study illustrates the feasibility of using MPIO-labeled ED1+ cells as a marker for the
exploration and serial characterization of CAV in vivo by CMRI. We have monitored the status of
the entire heart graft to identify the early indicators of CAV before irreversible damage occurred.
We believe that this is the first pre-clinical in vivo study describing the features and patterns of
CAV lesion development, with information on the entire heart, which may be important to
investigate the early signs of CAV.
The pathological appearance of CAV is characterized mainly by circumferential intimal
thickening of the entire arterial tree of the graft [7, 8]. But, its early signs or indicators have not
yet been fully investigated in vivo. Previous studies have reported the preservation of luminal
diameter at the early stages of CAV in both patients [3] and animal models [9, 10], our study also
did not observe luminal narrowing in the early stages of CAV (Figure 1A). These observations may
partially explain why coronary angiography can overlook the early changes in arteries, whereas
IVUS is more sensitive in detecting graft coronary artery disease [6]. So far, IVUS cannot visualize
the entire arterial system and allows only for the examination of proximal large arteries [5].
Recent insights into arterial remodeling have implicated the adventitial layer as being an
important modulator of remodeling through its interactions with the media and intima [29]. In
contrast, cellular MRI provides a method for non-invasive serial monitoring of the patterns of
MPIO-labeled ED1+ cell infiltration, which are considered the final effectors for CAV [8, 9], over the
entire heart. Therefore, CMRI may be an excellent tool for screening asymptomatic patients in
order to provide important information in addition to angiography and IVUS on the management
of patients after transplantation.
Clinical studies with MRI indicated that CMRI for detecting CAV can be more accurate by using
noninvasive CMR-based absolute myocardial blood flow assessment than with invasive coronary
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angiography [30]. Investigations also reported the ability of Strain-Encoded magnetic resonance
imaging (MRI) to detect CAV in heart transplantation recipients [31, 32]. It highlights the role of
non-invasive CMRI for the early detection of CAV rather than coronary angiography and IVUS,
because CMRI allows for the noninvasive and reproducible assessment of cardiac anatomy,
deformation and function, perfusion, viability and if required metabolism and tissue
characterization. Our previous study on the detection of acute cardiac rejection showed that MRI
offers great potential to look beyond the temporal-spatial distribution of cells, to also provide
multimodal information on cell function and composition [22]. Further development of integrated
multi-parameter cellular and functional MRI modalities could provide a more comprehensive early
diagnosis of CAV. Patients would benefit from a longitudinal evaluation by multiple modalities for
early identification of lesions before vessels changes become irreversible.
There are many advantages to using superparamagnetic iron-oxide particles for cell-tracking
studies, and the development of biodegradable iron-oxide particles suitable for clinical use is
underway [33, 34]. Our results are consistent with previous studies, in which these particles do not
appear to have any long-term toxic effects on the organism and can remain in labeled cells after
multiple cell divisions [18, 35]. One of the challenges for cellular MRI using MPIO is the
quantification of the signal intensity. Recently, many methodologies have been developed for
quantification of iron-labeled cells [28, 36, 37]. In this study, computational PDQ quantification of
MPIO-labeled cells and cell clusters using 3D MRM data was found to be well correlated with the
direct counting of ED1+ cells in graft tissue. It suggests that the PDQ algorithm (approximately 15
min of investigator time per heart sample) may be useful for approximating the degree of ED1 + cell
infiltration present, while also providing computational reproducibility and significant time savings
relative to manual histological inspection. This approach promises to provide a new method for
quantification of iron-labeled cells.
Mounting evidence now indicates that innate immune cells play important roles in the acute
and chronic rejection of organ allografts [18, 19, 38]. Emerging data indicates that methods
targeting immune-cell production, such as selective cytokines, cellular receptors, and antibodies,
would ameliorate the initial steps in the development of CAV [4, 8], and the advance of
immunosuppressive drugs has led to the success of suppression of T cells [38], but the redundancy
intrinsic to the immune system does not easily lend itself to a single target approach [39].
Characterization of these cells in an allograft undergoing CAV may provide insights into lesion
onset and related pathophysiological events. In current clinical situation, acute cellular rejection
mostly occurs during the first six months following transplantation. Thus, systemically monitoring
MPIO-labeled innate immune cells, mainly macrophages, could be a good target for in-vivo
imaging to explore the early features during the development of CAV and its eventual progression,
prior to arterial wall thickening and luminal narrowing by non-invasive CMRI with whole-heart
information. We have observed that the macrophage infiltration patterns are different between
acute cellular rejection and CAV. Acute cellular rejection is characterized by progressive patches of
hypointensity caused by the infiltration of MPIO-labeled macrophages [22]. However, CAV is
characterized by a gradual accumulation of foci hypointensity caused by the accumulation of
MPIO-labeled macrophages (Figure 2B). As CAV progresses, the same MRI image slice gradually
has more and larger areas containing hypointense spots (Figures 2B a-c). Thus, we believe this
work has provided experimental evidence to show that the macrophage-infiltration pattern is a
useful index for monitoring graft rejection status. Future studies utilizing this working heart model
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could be used to investigate the pathophysiological mechanisms related to CAV and therapeutic
interventions, in addition to further development of MRI-based modalities for the diagnosis of
cardiac diseases.
5. Conclusions
This study demonstrates the feasibility of using MPIO-labeled ED1+ cells as a marker for
exploration and serial characterization of CAV by MRI. We monitored the status of the entire heart
graft to identify the early indicators of CAV in a pre-clinical model of rat heart transplantation in
more than one hundred heart grafts. Our study has evealed that: (1) the infiltrates are mostly
ED1+ cells and their density is significantly correlated with the severity of CAV (p<0.05); (2) CMRI
shows that the areas of T2*-weighed image hypointensity revealing the infiltrating iron-labeled
macrophages increase in number as CAV progresses; and (3) MPIO-labeled cells counted from
magnetic resonance microscopy (MRM) images throughout each entire heart by a computer
algorithm as well as those counted by immunohistochemical inspection of ED1+ cell infiltration
exhibit a strong correlation (R2=0.8075). Our results highlight that CMRI not only can detect CAV
early, but also can assess CAV before vessel narrowing or arterial wall thickening has developed, a
period where current clinical detection methods can diagnose CAV, but where it may be too late
for successful treatment. We believe that this is the first pre-clinical in-vivo study describing the
features and patterns of CAV lesion development.
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Abstract
Background: Estradiol 17-beta (E2) enhances the function and survival of pancreatic betacells, but its clinical use has been questioned due to concerns regarding oncogenic potential
and feminizing effects in males. The G-protein coupled estrogen receptor (GPER), expressed
in pancreatic islets, exhibits estrogenic beta-cell protective effects without the feminizing
effects of the nuclear ERs. Here, we examine the outcome of selective activation of the three
estrogen receptors ERα, ERβ, and GPER on replication in human pancreatic islets and the
INS1-E rodent β-cell line under hyperglycemic conditions, such as occur in diabetes mellitus.
Methods: Pancreatic islets from nine human donors and INS1-E cells were grown at glucose
concentrations of 11mM and 25mM and examined for DNA synthesis using 3[H]-thymidine
incorporation after 24 hour treatment with E2, specific agonists for ERα, ERβ, and GPER
(10nM PPT, 10nM DPN, and 100nM G1, respectively), and antagonists for ERα and ERβ
(100nM MMP and 150nM PTHPP, respectively). Expression of the three ERs was examined
by qRT-PCR.
© 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: In human islets at 11mM glucose, agonists to ERα and GPER induced a significant
approximate twofold increase in 3[H]-thymidine incorporation (p < 0.01), while the ERβ
agonist DPN enhanced proliferation by approximately 50%, which was not significant.
However, only the GPER agonist G1 retained its proliferative effect (p < 0.001) while under
still higher glucose concentrations (25mM). Concurrently, expression of ERα and ERβ but not
of GPER was reduced by approximately 15% at 25mM glucose (p < 0.05). In INS1-E cells, all
ER agonists enhanced 3[H]-thymidine incorporation by two- to threefold under 11mM
glucose, but at 25mM glucose only the ERα-specific agonist elicited a similar response (p <
0.001). Concordantly, expression of ERβ and GPER but not of ERα was reduced by
approximately 50% at 25mM glucose (p < 0.001). E2 enhanced static insulin secretion by 1.2fold in human islets and by 1.8-fold in INS1-E cells (p < 0.05).
Conclusions: These findings suggest that GPER may comprise an attractive target in the
therapy of human diabetes and point to the phenomenon of species specificity regarding
effects of glucose on estrogen receptor subtype expression and proliferative activity.
Keywords
Diabetes mellitus; hyperglycemia; β-cells; human islets; estradiol-17beta; estrogen; estrogen
receptor

1. Introduction
Diabetes mellitus types 1 and 2 are characterized by loss of functional beta-cell mass. Estradiol
17-beta (E2), the most potent female sex hormone, has been shown to exert diverse beta-cell
protective effects. E2 enhances insulin secretion, protects beta-cells from apoptosis, increases
beta-cell mass, and improves transplantation of human islets into diabetic nude mice [1-3]. E2 has
also been shown to delay autoimmune diabetes through promotion of immune tolerance [4]. Thus
far, these attributes have not translated into clinical practice due to concerns related to the
feminizing and oncogenic effects of E2 on reproductive tissues.
E2 exerts its effects through three receptors: two classic, ligand-dependent transcription
factors ERα and ERβ, and the novel membrane-bound G-protein coupled estrogen receptor GPER
[5]. Effects of E2 on the reproductive system are mediated primarily by ERα and ERβ. Therefore,
selective stimulation of GPER has been suggested as a means of achieving E2 mediated beta-cell
protection while avoiding undesired systemic effects. Recent studies in mice using GPER knockout
and the specific GPER agonist G1 have shown that GPER, similar to E2, enhances glucose
stimulated insulin secretion (GSIS) and islet survival and prevents the development of glucose
intolerance and diabetes in streptozotocin treated mice [6, 7].
While substantial evidence exists with regard to GPER protective effects in rodent betacells/islets, relatively little is known about GPER in human islets. Kumar et al. [8] demonstrated
that GPER is expressed in all three islet cell types (i.e., insulin, glucagon, and somatostatinsecreting cells), with higher expression in female than male islets, which parallels similar findings
in mice [9]. GPER expression did not differ between diabetic and non-diabetic or pre- and postmenopausal women. Stimulation of GPER with the G1 agonist conferred anti-diabetic effects
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through prevention of cytokine-induced apoptosis, enhanced glucose-stimulated insulin secretion,
and reduced glucagon and somatostatin secretion [6, 8].
We have previously shown that ERα promotes replication of human islets and rat insulinoma
INS1-E cells in a FOXO1-dependent manner [10]. Here, we examined the involvement of all three
ERs in the replication of human islets and INS1-E cells under hyperglycemic conditions, such as
that which occur in diabetes.
2. Materials and Methods
2.1 Cell Line Culture and Drug Stimulation
2.1.1 Human Pancreatic Islets
Human islets from nine non-diabetic donors (seven males, aged 19 – 58 years, and two females,
aged 58 and 68 years) were kindly provided by Prof. Shapiro (University of Alberta, Canada). Islets
were cultured in CMRL 1066 (Biological industries, Israel) according to standard protocol and
transferred to phenol free medium with 1% charcoal stripped FBS (Biological industries, Israel) for
12-24h before transferring to a high glucose media and treating with one of the following: 17βestradiol (3X10-8M, 3X10-7M, and 3X10-6M, Sigma-Aldrich Rehovot, Israel), the ERα agonist 4,4',4'[4-propyl-(1H)-pyrazol-1,3,5-triyl] tris-phenol (10-8M PPT, Tocris, Bristol-UK), the ERβ agonist 2,3bis (4-hydroxyphenyl)-propionitrile (10-8M DPN, Tocris, Bristol-UK), or the GPER agonist G1 (10-7M,
Sigma-Aldrich, Rehovot, Israel) [10].
2.1.2 Rat Insulinoma Cell Line
The rat pancreatic insulinoma cell line INS-1E was kindly provided by Michael Walker
(Department of Biological Chemistry, Weizmann Institute, Israel) with permission from Dr.
Wolheim (University of Geneva). Cells were cultured in RPMI according to standard protocol,
treated as described above, and additionally treated with the ERα antagonist MPP at 10-7M and
the ERβ antagonist PTHPP at 15x10-8 M (Tocris, Bristol) [11].
2.2 Assessment of Cell Proliferation
Proliferation was evaluated by 3 [H]-thymidine incorporation as previously described [10].
2.3 Quantitative RT-PCR
RNA was extracted from INS-1E cells and human islets using the PerfectPure RNA Cultured Cell
Kit (5-Prime, Inc., Gaithersburg, MD, USA). cDNA was synthesized from 500ng total RNA using the
qScript kit (Quanta Biosciences, Gaithersburg, MD, USA). PCR amplification was carried out with
PerfeCTa SYBR Green FastMix (Quanta Biosciences) on a StepOnePlus system (Applied Biosystems)
with gene-specific primers purchased from IDT syntezza (Coralville, Iowa, USA). Samples were
analyzed in triplicates. Primers used for Rattus norvegicus are as follows: ERα forward 5'GCTTCAACATTCTCCCTCCTC-3', ERα reverse 5'-CAATGCACCATCGATAAGAACC-3', ERβ forward 5'CAGATGTTCCATGCCCTTGT-3', ERβ reverse 5'-GGTGATTGCGAAGAGTGGTAT-3', GPER forward 5'TCTACCTAGGTCCCGTGTGG-3', and GPER reverse 5'-AGAGAGGTCCCCAGTGAGGT-3'. Primers used
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for human islets are as follows: ERα forward 5'-TGGGAATGATGAAAGGTGGGAT-3', ERα reverse 5'AGGTTGGCAGCTCTCATGTC-3', ERβ forward 5'-CGCTCGCTTTCCTCAACAGG-3', ERβ reverse 5'GGGCAAGTATAATGGCTTGCAG-3', GPER forward 5'-TCCAACATCTGGACGGCAGC-3', and GPER
reverse 5'-CTGGGTACCTGGGTTGCAG-3'. Results were normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and TATA binding protein (TBP) mRNA in INS1-E and human islets,
respectively.
2.4 Insulin Secretion
GSIS in INS1-E cells was performed according to previously published protocols [12]. In short,
following 24h incubation with E2, 30nM cells were washed twice with glucose-free Krebs-Ringer
Bicarbonate buffer (KRB), preincubated for 1 hour at 37°C in 500 µL glucose-free KRB, and then
incubated for 2h in 500 µL KRB under low (2.8 mM) and high (16.7 mM) glucose. After 2 hours,
media was collected and samples were assessed for insulin concentration. In human islets, insulin
was measured at the baseline and after 1h, 4h, and 24h treatment with 30nM E2 at 11mM glucose.
Insulin was detected by an electro chemiluminescence immunoassay using the Cobas e411 (Roche
Diagnostics, Mannheim, Germany). Data were normalized to cell number in INS1-E and protein
content in human islets, and presented as fold changes of the control.
2.5 Statistical Analysis
Results are presented as mean ± SEM of at least three independent repeats in triplicates unless
otherwise stated. Data were analyzed by SPSS25 using the Student’s t test or ANOVA for
multivariate analysis. Thymidine incorporation in human islets was analyzed with the Kruskal–
Wallis test (pairwise comparison), and the significance level was adjusted for multiple comparisons
by the Bonferroni method. A p < 0.05 was considered statistically significant.
2.6 Ethics Statement
This research was approved by the Institutional Review Board of the Tel-Aviv Sourasky Medical
Center, Helsinky approval number 459-14-TLV.
3. Results
3.1 Human Pancreatic Islets
3.1.1 Severe Hyperglycemia Affects E2 Induced Proliferation
Human pancreatic islets were treated with E2 at concentrations of 30nM, 300nM, and 3000nM
under conditions of 11mM and 25mM glucose (also termed severe hyperglycemia) for 24 hours to
assess dose response (Figure 1A). At 11mM glucose, E2 enhanced proliferation (approximately
twofold, p < 0.001) at a concentration of 300nM, a 10-fold higher E2 concentration than that
previously shown by us to induce proliferation of human islets under 5.5mM glucose [10]. Under
25mM glucose, E2 induced proliferation (approximately 1.5-fold, p < 0.01) at a concentration of
3000nM, once again a 10-fold higher concentration than that needed to induce proliferation at
11mM glucose (Figure 1A).
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Figure 1 Effect of high glucose on E2 and ER mediated DNA synthesis and ER subtype
expression in human pancreatic islets. A. Dose response of E2 effect on DNA synthesis.
Islets were treated for 24h with E2 30nM-3000nM in glucose 11mM (blue bars) or
glucose 25mM (red bars) and measured for proliferation by 3[H] -thymidine
incorporation. B. Estrogen receptor agonists mediated DNA synthesis. Islets were
treated for 24h with PPT 10nM, DPN 10nM or G1 100nM (agonists to ERα, ERβ and
GPER respectively) in glucose 11mM (blue bars) or glucose 25mM (red bars) and
measured for proliferation. Glucose 25mM per se increased 3[H]-thymidine
incorporation to 167±26% of the 11mM control, as depicted in the chart above
controls. C. Expression of ERα, ERβ and GPER under high glucose as assessed by qRTPCR. Results represent mean ± SEM (n≥3, in duplicates or triplicates), hormonal
treatment vs. control. *p<0.05, **p<0.01, ***p <0.001 for the comparison with control
values at glucose 11mM; ##p <0.01, ###p <0.001 for the comparison with control values
at glucose 25mM.
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3.1.2 Severe Hyperglycemia Affects ER Agonists-Induced Proliferation
Human pancreatic islets were treated with agonists for the three ERs: ERα (10nM PPT), ERβ
(10nM DPN), and GPER (100nM G1) under conditions of 11mM and 25mM glucose (Figure 1B). At
11mM glucose, the ERα agonist PPT and the GPER agonist G1 increased proliferation by
approximately twofold (p < 0.01 for PPT and p < 0.001 for G1). The ERβ agonist DPN increased
proliferation approximately 1.5-fold, which was not significant. At a glucose concentration of
25mM, basal proliferation was increased approximately 1.6-fold, however, only the GPER agonist
G1 increased proliferation (approximately twofold, p < 0.001), while stimulation of ERα and ERβ
did not enhance proliferation further (Figure 1B).
3.1.3 Severe Hyperglycemia Affects the Expression of Estrogen Receptors
We next examined the expression profile of the three estrogen receptors under growth
conditions of 11mM and 25mM glucose for 24 hours. As depicted in Figure 1C, expression of ERα
and ERβ was reduced by approximately 15% (p < 0.05), while expression of GPER was unchanged.
The functionality of human islets treated with E2 was assessed by the measurement of insulin
secretion under static incubation. Human islets were incubated with 30nM E2 at 11mM glucose,
and insulin concentration was determined after 1h, 4h, and 24h. A peak of approximately a 1.2fold increase (p < 0.05) in insulin concentration was seen at 4h, with a return to the baseline at
24h (Figure S1).
3.2 INS1-E (Insulinoma Cell Line)
3.2.1 Severe Hyperglycemia Affects E2 and ER-Induced Proliferation
INS1-E cells were treated with E2 (30nM) and with agonists for the three ERs, including ERα
(10nM PPT), ERβ (10nM DPN), and GPER (100nM G1), at glucose concentrations of 11mM and
25mM (Figure 2A). At 11mM glucose, E2 and all three ER agonists induced an approximately
threefold increase in 3[H]-thymidine incorporation (***p < 0.001). At a glucose concentration of
25mM, basal proliferation increased approximately 2.8-fold, however, only the ERα agonist PPT
elicited an additional response, increasing DNA synthesis by approximately 2.5-fold (p < 0.001).
Stimulation of ERβ and GPER did not induce proliferation. Stimulation with E2 enhanced
proliferation by approximately 1.3-fold at 25mM glucose (p < 0.05), but this effect was abrogated
upon addition of the ERα antagonist MMP (100nM; Figure S2). Addition of the ERβ antagonist
PTHPP (150nM) did not affect E2-mediated DNA synthesis, supporting that ERα plays a dominant
role in high glucose environments (Figure S2).
3.2.2 Severe Hyperglycemia Affects the Expression of Estrogen Receptors
Expression of the three estrogen receptors under high glucose demonstrated a different profile
than that seen in human islets. Severe hyperglycemia (25mM glucose) led to a significant
reduction in mRNA of ERβ and GPER by approximately 50% (***p < 0.001), while expression of
ERα was not reduced. This was in line with the retained effect observed of the ERα agonist PPT on
proliferation under severe hyperglycemia.
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Functionality of INS1-E cells under E2 treatment was assessed by the measurement of glucose
stimulated insulin secretion. E2 (30nM) enhanced insulin secretion approximately 1.8-fold at basal
glucose concentrations (2.8mM), but did affect GSIS (Figure S3).

Figure 2 Effect of high glucose on E2 and ER mediated DNA synthesis and ER subtype
expression in INS1-E cells. A. E2 and ER induced DNA synthesis. INS1-E cells were
treated for 24h with E2 30nM, DPN 10nM, PPT 10nM or G1 100nM, in glucose 11mM
(blue bars) or glucose 25mM (red bars) and measured for proliferation as percent of
control by 3[H] -thymidine incorporation assay. Glucose 25mM per se increased 3[H]thymidine incorporation to 287±15%, as depicted in the chart above controls. B.
Expression of ERs under high glucose as assessed by qRT-PCR. Results represent mean
± SEM (n = 4 in triplicates). ***p <0.001 for the comparison with control values at
glucose 11mM; #p <0.05, ###p <0.001 for the comparison with control values at
glucose 25mM.
4. Discussion
E2, through its three cognate receptors, has been shown to enhance beta-cell function and
viability, but its ability to promote beta-cell replication, especially in humans, is still controversial.
GPER, the membrane bound estrogen receptor, has recently come into focus as a potential
pharmacologic target, conveying favorable E2 metabolic effects while evading ERα- and ERβmediated reproductive effects [13].

Page 86/305

OBM Transplantation 2019; 3(3), doi:10.21926/obm.transplant.1903082

In the present study, we show that E2 and ER agonists can enhance proliferation of human
islets and INS1-E rat insulinoma cells, but under severe hyperglycemia (25mM glucose) this effect
is fully retained only by GPER in human islets and by ERα in INS1-E cells. Concordantly, in the
presence of severe hyperglycemia, expression of ERα and ERβ was reduced in human islets while
in INS1-E cells expression of ERβ and GPER was reduced. The more prominent effects seen in INS1E cells may arise from the uniformity in cell type and higher proliferative potential of this rodent
cell line as compared to human islets. E2 treatment under hyperglycemia slightly enhanced
(approximately 1.2-fold) insulin secretion in human islets but had no effect on GSIS in INS1-E cells.
GPER has been implicated in the expansion of beta-cell mass during pregnancy in rodents
through the downregulation of miR-338-3p. This effect, however, was not repeated in vitro in
human beta-cells [14]. GPER, independent of ERα and ERβ, has been shown to bestow protective
metabolic effects in multiple tissues involved in diabetic complications: CVS, renal, adipose,
immune, and neuronal cells (reviewed in [15]). However, there is evidence that GPER may
promote breast cancer progression in certain settings [13]. Still, tamoxifen, which is currently
recognized as a GPER agonist [16], is broadly used as first-line treatment for human breast cancer.
While concerns could be raised that the proliferative estrogenic effects in the pancreas might
affect the exocrine pancreas as well, the limited clinical and epidemiological information accrued
thus far does not support this possibility [17-19].
Ongoing attempts aimed at translating the beneficial effects of E2 into therapeutically safe
targets for diabetes are currently in progress [20]. Here, we report for the first time to our
knowledge that hyperglycemia affects the proliferative activity and expression of estrogen
receptor subtypes in human islets, and that this phenomenon is species specific, lending support
to the concept of GPER as a therapeutic target in humans. The experiments in human islets are
limited by the small number of specimens, which does not allow for reliably extracting potential
sex-specific effects. Our findings should be extended to a larger number of donors and refined by
the use of additional estrogenic and estrogen-mimetic agonists and antagonists. Additionally,
antagonizing GPER and combining agonists and antagonists of the different receptors should be
explored to test potential interactions between the individual receptors, which may also play a
role in the net effect of E2 on beta-cell proliferation. Further studies are needed to decipher the
exact mechanisms by which hyperglycemia affects ER activity and expression, as well as whether it
is influenced by sex, in order to promote E2-based therapies.
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Abstract
Hematopoietic stem cell transplant (HSCT) recipients are at an increased risk of bacterial,
viral, fungal and parasitic infections. Past exposures to infections, the degree of
immunosuppression, prolonged neutropenia and presence of graft versus host disease
(GVHD) are some of the factors which make HSCT recipients more susceptible to infections.
Viral infections have emerged as a major challenge causing high morbidity and mortality in
stem cell transplant recipients. Myeloablative conditioning regimens and GVHD prevention
strategies which may delay immune reconstitution and serologic status of donors and
recipients affect the incidence of viral infections. Community-acquired respiratory and
gastrointestinal viral infections like respiratory syncytial virus (RSV), rhinovirus, adenovirus,
influenza, norovirus and reactivation of latent viruses like herpes simplex virus (HSV),
cytomegalovirus (CMV) are some of the important pathogens increasing the morbidity and
mortality in transplant recipients. Clinical manifestations range from asymptomatic carriage
to severe disease. Due to lack of effective agents to treat viral infections and emerging
© 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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resistance patterns, preventive and prophylactic strategies are valuable. Our review article
provides an overview of commonly encountered viral infections and their management in an
allogeneic stem cell transplant setting in the adult age group.
Keywords
Viral infections; allogeneic stem cell transplants; hematopoietic stem cell transplants

1. Introduction
Viral infections can be asymptomatic or subclinical or even lead to severe disease in allogeneic
HSCT recipients. Viral diseases of importance in HSCT include herpes simplex virus (HSV), varicellazoster virus (VZV), human herpesvirus 6 (HHV-6), cytomegalovirus (CMV), Epstein-Barr virus (EBV)
and respiratory viruses (eg, respiratory syncytial virus, adenovirus, influenza, parainfluenza). Most
of these viral infections are opportunistic in nature and are related to factors influencing
engraftment and immune reconstitution [1]. Increase in HLA mismatched donor allogeneic
transplants and using anti-thymocyte globulin (ATG) for GVHD prevention are few factors which
predispose recipients to viral infections [2, 3]. Fortunately, based on molecular diagnostic methods,
a polymerase chain reaction can offer an early diagnosis of these infections [4, 5]. Early diagnosis
facilitates timely intervention controlling infection associated complications. Many prophylactic
and pre-emptive treatment strategies are also aimed at decreasing viral infection-related
complications [6]. Immunotherapy to restore virus-specific immunity are proven to be effective in
treating CMV, EBV and adenovirus infections [7]. In our review article, we have made an attempt
to discuss risk factors for post-HSCT viral infections, preventive strategies and treatment options.
2. Risk Factors for Viral Infections
2.1 Source of Stem Cells
Peripheral blood stem cells achieve faster hematopoietic and immune reconstitution compared
to bone marrow and cord blood source. Hence, this is associated with fewer incidences of viral
infections [8, 9].
2.2 Donor and Patient Characteristics
Serology status of donors and recipients affects the incidence of viral infections. For example, if
a donor is CMV seronegative, then a CMV seropositive recipient is at a very high risk of CMV
reactivation [10]. Similarly, previous recipient exposure to VZV, HSV and EBV pose a higher risk of
reactivation during immunosuppression. Anti-viral prophylaxis and pre-emptive therapy can be
given to avoid these complications [11]. Older age group and multiple lines of chemotherapy prior
to HSCT also increase the risk of viral infections.
2.3 Degree of HLA (Human Leukocyte Antigen) Match
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An increased risk of viral infections is noted in HLA- mismatch related and unrelated
transplantation compared to HLA-match related transplantation. This is secondary to delayed
immune reconstitution because of more intensive GVHD prophylactic strategies such as the use of
ATG [1, 12].
2.4 Conditioning Regimens and GVHD
Myeloablative conditioning regimens typically render the recipient neutropenic for weeks and
also cause more mucosal damage increasing the predisposition for viral infections in the
immediate post-transplant period. Non-myeloablative regimens have variable engraftment
periods and lesser incidence of mucositis. Hence, in the immediate post-transplant period the
incidence of infection is less [1]. Kim et al demonstrated that overall incidence of bacteremia is
low in non-myeloablative transplants than in myeloablative transplants [13]. However, the rates of
occurrence of viral and invasive fungal infections were similar in both myeloablative and nonmyeloablative transplant groups [13]. Although, the degree of myelosuppression is milder in nonmyeloablative conditioning, the extent of lymphodepletion is similar in both conditioning
strategies. Schulenburg et al reported significant differences in the immunological recovery of
myeloablative and non-myeloablative transplant recipients [14]. This study showed a higher
number of infections in the first 30 days in patients who underwent a myeloablative transplant
however, the risk of viral infection was the same in both myeloablative and non-myeloablative
groups [14]. Restoration of humoral immune competence may be delayed due to the
development of GVHD and the recipients are predisposed to viral infections for almost upto a year
[11]. GVHD and its treatment is an independent risk factor for viral infections [15].
Profound T cell depletion for GVHD prophylaxis has been associated with a higher incidence of
disease relapse as well as viral infections as shown in various studies [16, 17].
3. Timeline of Viral Infections
Time elapsed since transplant can be classified into 3 phases. The pre-engraftment phase which
is from stem cell infusion to approximately day 30. Immediate post-engraftment phase from
engraftment to day 100 and late post-engraftment phase after day 100 [18]. Allogeneic HSCT
recipients are at risk of infection in all 3 periods. A study by Srinivasan et al showed that in the preengraftment period HSV and RSV infections were more commonly seen compared to CMV, EBV or
Adenovirus. CMV reactivation was more common than HSV or EBV in the immediate postengraftment period. In the late engraftment period, there was no statistically significant
distribution between HSV, CMV, EBV or Adenoviral infections [18]. BK virus-associated
hemorrhagic cystitis is commonly seen in the immediate and late post-engraftment period.
Hemorrhagic cystitis in pre-engraftment phase is usually drug induced. VZV, HHV-6, EBV, and CMV
are more common in immediate and late post engraftment periods [19-21].
3.1 Herpes Simplex Virus
All HSCT candidates undergo testing for anti-HSV IgG before transplant. Type-specific HSV
testing is not required [11]. Almost 90% of adults are HSV seropositive with one or both serotypes.
HSV1 is more prevalent affecting 50 to 65% of population [22]. HSV2 infections are less frequent
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and there are broad regional variations [22]. Overall prevalence of HSV2 infection ranges from 10
to 60% [23]. Seronegative patients are informed to avoid exposure to HSV infection while
immunocompromised. Patients with primary, disseminated and severe mucocutaneous HSV
infections are placed under contact precautions. Visitors to HSCT center with active HSV infection
are not allowed to come in contact with HSCT recipients.
Without prophylaxis, allogeneic HSCT patients who are seropositive are at an 80% risk of
reactivation especially during the first 4 weeks of transplantation [24, 25]. With the use of
acyclovir prophylaxis, this has decreased to 0 to 3% [24, 26]. Seropositive patients are given
acyclovir prophylaxis starting on the day of conditioning up to day 30 (until engraftment or
resolution of mucositis). The recommended oral dosage is 400 to 800mg twice daily. In patients
with recurrent HSV infections or risk of Varicella zoster disease duration of prophylaxis is increased
to 1-year post-HSCT [19]. For long term prophylaxis, a higher dose (800mg twice daily) is
recommended to minimize resistance and for maximum viral suppression. Patients with poor oral
absorption can take intravenous (IV) Acyclovir 250mg/m2 /dose 12 hourly [11, 27]. Ganciclovir has
in-vitro activity against HSV 1 and 2. Acyclovir should be discontinued in patients receiving
Ganciclovir for CMV prophylaxis or treatment [28, 29]. HSV prophylaxis is not indicated in
seronegative recipients receiving stem cells from an HSV seropositive donor [11]. Valacyclovir has
better oral bioavailability and is equally effective as HSV prophylaxis. The oral dose is 500mg twice
daily. Caution is advised in renal failure especially when being used in post-engraftment phase [27,
30]. Not enough data is available regarding the usage of famciclovir prophylaxis in HSCT patients
[11].
Acyclovir-resistant HSV disease is rare. Resistance occurs due to a reduced activity or mutations
of viral thymidine kinase resulting in reduced activation of acyclovir in infected cells. Prolonged
use of low dose acyclovir is also one of the causative factors [31]. Foscarnet is recommended in
acyclovir resistance. Induction dose is IV 40 mg/kg/dose every 8 to 12 hours for 14 to 21 days.
Routine prophylaxis with foscarnet is not recommended due to substantial renal and infusionrelated toxicity [11]. Cidofovir may be used in cases resistant to both acyclovir and foscarnet,
however, the data is limited [32].
Few case reports have been published citing successful clearance of HSV in acyclovir resistant
cases [33, 34]. Lee et al reported a retrospective review of 30 HSCT patients who received
brincidofovir prophylaxis for cytomegalovirus, adenovirus and treatment for acyclovir resistant
disease [35]. Overall breakthrough rate of HSV infection was 1 per 1000 patient days
demonstrating potential efficacy of brincidofovir prophylaxis against HSV [35]. More studies are
needed to determine the indications, efficacy and feasibility of using brincidofovir as HSV
prophylaxis.
3.2 Varicella-Zoster Virus
Primary VZV infection which most commonly occurs in childhood causes Varicella after which
the virus becomes dormant in the dorsal root ganglia of immunocompetent hosts. Reactivation of
VZV causes herpes zoster [1]. All HSCT candidates should be tested for VZV IgG antibodies. VZV
susceptible close contacts of immunocompromised HSCT recipients should be vaccinated at least 4
to 6 weeks before transplant dates [11]. Vaccine recipients who develop a rash post vaccination
should avoid contact with immunocompromised patients [11]. Transplant recipients who develop
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dermatomal zoster should be kept under strict contact and airborne precautions ideally 8 days
after exposure to VZV and continued until 21 days after last exposure or until all skin lesions have
crusted [36].
Acyclovir prophylaxis is recommended for at least 1 year after HSCT. This regimen is most
effective in preventing VZV reactivation [19, 37]. In patients with chronic GVHD and on
immunosuppressive drugs, acyclovir prophylaxis should be continued. There are no clear cut
guidelines regarding the duration of prophylaxis as there is a persistent risk of reactivation despite
being on prophylaxis [38]. Some authors recommend that it is worthwhile to continue acyclovir
prophylaxis until 6 months after discontinuing immunosuppressive drugs [11]. Valacyclovir is a
prodrug of acyclovir and has better oral bioavailability.
This can be safely used in severely immunocompromised patients [39]. There is no data on the
usage of famciclovir in HSCT recipients. VZV resistance to acyclovir is rare. However, when
suspected or virologically documented, foscarnet is recommended for pre-emptive therapy [40].
Oral brivudin and famciclovir have also proven effective [41, 42]. In case of VZV like rash in HSCT
recipients undergoing conditioning, IV acyclovir should be administered until 48 hours after all the
lesions are crusted and treatment may be completed with oral valacyclovir [11].
3.2.1 Indications for Varicella Zoster Immunoglobulin (VZIG)
VZIG should be given to all VZV seronegative HSCT recipients less than 2 years of HSCT or more
than 2 years of HSCT on immunosuppression or having chronic GVHD who come in close contact
with a person having chickenpox or shingles no later than 96 hours of exposure [11]. Where
unavailable, acyclovir or valacyclovir alone can be administered [43, 44]. Patients undergoing
conditioning therapy who are exposed to a recent vaccine recipient with a varicella-like rash
should also be given one of the 3 agents. If these patients are re-exposed to varicella more than 3
weeks after receiving VZIG, they should be re-immunized by another dose of VZIG or one more
course of valacyclovir [11, 45]. VZV seropositive HSCT patients who are immunocompromised due
to conditioning chemotherapy, chronic GVHD or high dose steroid treatment should receive VZIG
and acyclovir or valacyclovir after exposure to varicella or varicella-like rash in a vaccine recipient
[43].
3.2.2 Vaccinations
There are 2 live varicella vaccines against VZV. One is directed against chickenpox and the other
against shingles. Both are live vaccines. The chickenpox vaccine has low viral titers and can be
used in varicella – seronegative HSCT recipients who do not have active GVHD and are not
receiving immunosuppression. The vaccine should be given ≥24 months following transplantation
[11, 46].
Live zoster vaccine is not recommended to be given to HSCT recipients due to high viral titers
[11]. Recently a recombinant zoster vaccine (RZV) (Shingrix) has been approved in
immunocompetent adults more than 50 years of age, 2 doses are given 6 months apart [47]. This
vaccine is given only to varicella seropositive patients. No formal recommendations are available
for HSCT recipients [48].
A phase I/II study in 121 autologous stem cell transplant patients showed a good humoral and
cellular immunity when RZV was given 2, 3 and 5 months post autologous transplant. Adverse
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reactions were of mild to moderate intensity and immunization did not affect disease relapse or
graft failure [49]. Results from a phase III randomized control study in autologous transplant
patients and renal transplant patients are awaited [48]. Although there are no formal studies in
HSCT recipients, an earlier study on VZV glycoproteins has indicated a potential clinical efficacy
[50].
3.3 Human Herpes Virus 6 and 8
Human Herpes Virus 6 (HHV6) causes roseola or sixth disease in children. Reactivation in
pediatric HSCT recipients has been known to cause acute limbic encephalitis, hepatitis, fever, rash,
pulmonary syndrome. Ganciclovir, Foscarnet, and Cidofovir have been found to have in-vitro
activity against HHV-6 [51-54]. In adults, HHV6 reactivation is associated with delayed engraftment,
bone marrow suppression and acute pneumonitis and may be associated with increased mortality
[55, 56]
Human Herpes Virus 8 (HHV8) can cause Kaposi’s sarcoma (KS). This occurs rarely after HSCT
[57]. More commonly these can be seen in solid transplant recipients. It can also present as intracavitary primary effusion lymphoma or multicentric Castleman disease [58]. It is associated with
cytopenias in disseminated disease and carries a mortality rate of 8 to 14% [58]. Diagnosis is
confirmed by histopathology and demonstrating HHV8 immunohistochemically. Cytotoxic
chemotherapy, surgical excision, and radiation are the mainstay of treatment [59]. Antiviral drugs
including cidofovir, ganciclovir, and foscarnet have been used to decrease the viral load and to
contribute to better control of disease [60-62].
3.4 Cytomegalovirus (CMV)
HSCT recipients and donors are screened for CMV IgG antibodies to determine the risk for
primary CMV infection and reactivation. HSCT recipients who are CMV seropositive and
seronegative patients who have received stem cells from a seropositive donor are at risk of
reactivation. To reduce the risk of infection, CMV safe leucocyte-depleted blood products are used
[63, 64]. Generally, CMV can be detected in blood in asymptomatic patients, one to two weeks
before CMV disease. A pre-emptive approach includes weekly monitoring of CMV titers by
quantitative PCR in whole blood and treating patients who develop viremia [11]. The initial CMV
viral load and the rate of increase in titers correlate with the risk of developing CMV disease [65].
CMV can cause multi-organ disease including pneumonia, gastroenteritis, hepatitis, retinitis, and
encephalopathy. The gold standard for diagnosing tissue invasive disease is by demonstrating CMV
inclusion bodies or CMV positive immunohistochemical staining on histopathology.
HSCT patients will be receiving acyclovir or valacyclovir as herpes prophylaxis. High dose
valacyclovir prophylaxis (2 grams 4 times a day) has shown a reduction in CMV infection [39]. CMV
titers are monitored weekly starting from day +7 to day 100 in all HSCT recipients. In patients with
CMV infection early in transplant, cord blood transplant and CMV negative recipients with CMV
positive donors on immunosuppression due to chronic GVHD weekly titers are monitored up to
365 days. There is no consensus as to when pre-emptive therapy should be initiated. Some studies
suggest a threshold level of 500 copies/mL and others 1000 copies/mL [65-68]. In our center, we
follow a threshold of 1000 copies/mL to initiate pre-emptive treatment.
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Ganciclovir is the first-line drug which has shown a significant reduction in the risk of CMV
disease [69]. Oral valganciclovir can also be used in pre-emptive therapy with frequent monitoring
to prevent cytopenias. Treatment is continued until the CMV viral load is negative for a minimum
of 2 weeks. Resistant infection should be suspected when CMV viremia does not improve and
titers continue to increase despite appropriately dosed and delivered antiviral treatment [70]. Risk
factors for developing resistance include previous anti-CMV drug exposure for a prolonged
duration, inadequate dosing, bioavailability or absorption, profound immunosuppression, and
corticosteroids usage. In drug-naïve patients, there might be a modest increase in viral load during
the early phase of treatment because of immunosuppression and steroid use, this should not be
labelled as clinical resistance and does not necessitate therapy change [71]. The incidence of CMV
resistance has been reported to be around 14.5% [72]. Resistance testing is done to identify
specific resistance mutations using automated sequencing methods. This can be done in plasma,
cerebrospinal fluid or bronchoalveolar lavage and requires a viral load of 1000 copies/Ml [73].
UL54 mutation confers multidrug resistance to ganciclovir, foscarnet and/or cidofovir. UL97
mutations confer resistance to ganciclovir and valganciclovir [70].
If viremia is not improving despite 2 weeks of ganciclovir or valganciclovir therapy or there is
evidence of CMV end-organ disease with more than 6 weeks of therapy, it is recommended to
switch to foscarnet and reduce immunosuppression if possible. Genotypic analysis to detect
resistant mutations is required [70]. Pre-hydration and electrolyte monitoring should be done in
patients receiving foscarnet to prevent nephrotoxicity. In case of UL97 mutation in the absence of
CMV end-organ disease, if there is less than 5 fold ganciclovir resistance, dose escalation to
10mg/kg twice daily has been found to be beneficial [74]. Some centers use this approach along
with the continuation of a half dose of foscarnet [70]. Single-agent foscarnet is the drug of choice
in the presence UL97 mutations which show 5 fold increase in ganciclovir resistance [70]. Cidofovir
has a potent anti CMV activity and is not affected by UL97 mutation. Due to toxicity and limited
experience in HSCT recipients no recommendations are found [70, 75].
UL54 mutations occur within the cluster of conserved regions of homology (exonuclease
domains I through III and polymerization domains I through III) thus conferring various patterns of
cross-resistance among the antiviral drugs [70]. Based on the pattern of cross resistance therapy
needs to be tailored. In case of ganciclovir-foscarnet –cidofovir cross resistance, one of the
approaches to treatment is to continue foscarnet and add high dose ganciclovir (10mg/kg twice
daily) and add leflunomide as an adjunct therapy. In case of toxicities or lack of response,
switching to investigational drugs is recommended [70].
3.4.1 Anti-CMV Novel Agents
Maribavir is a benzimidazole antiviral which has in vitro activity against CMV strains resistant to
ganciclovir, foscarnet, and cidofovir [76]. Maribavir inhibits UL97- mediated phosphorylation and
has anti-CMV effects on CMV DNA synthesis. Phase 1 data showed a favorable safety profile for
doses up to 2400mg/day [77]. A phase 2 trial showed positive results for CMV prophylaxis at a
higher dose of 400mg twice daily [78]. However, prophylaxis with 100mg twice daily of maribavir
failed to prevent CMV in HSCT recipients [78]. A recent randomized phase 2 study has shown that
maribavir in dosages ≥400mg twice daily was active against refractory or resistant CMV infections
in HSCT and solid organ transplant recipients [79]. It is important to note that as maribavir inhibits
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UL97, it impairs phosphorylation of ganciclovir hence these two drugs should not be given
together [80].
Brincidofovir is an oral lipid conjugate of cidofovir which has a higher potency and is less
nephrotoxic [81]. It acts by inhibiting pUL54. Gastrointestinal toxicity, predominantly diarrhea is
the main adverse effect [82]. Brincidofovir can be utilized in infections resistant to ganciclovir.
Although several case series have shown encouraging results [34, 83], a phase III study failed to
demonstrate the efficacy of Brincidofovir in the prevention of clinically significant CMV infections
in HSCT patients [84].
Letermovir’s (LMV) antiviral activity is highly specific to CMV. It acts by inhibiting the terminal
phase of the virus life cycle by targeting UL56 of the terminal complex enzyme [85]. This has
activity against viruses resistant to other antiviral molecules. There is no cross-resistance reported
due to its unique mechanism of action [86]. Primary resistance to this molecule is rare to nonexistent [87, 88]. A phase III study confirmed that prophylactic LMV (480 mg/day, decreased to
240 mg/day when co-administered with cyclosporine) resulted in a significant reduction in the
number of CMV infections at end of treatment and 10 weeks later with a significant reduction in
mortality and satisfactory tolerability [89]. This study also demonstrated an overall survival benefit
at 24 weeks although the benefit was lost at 48 weeks [89]. LMV has a low barrier to resistance
and does not have cross-activity against other viruses including HSV [90]. Letermovir has been
approved for primary and secondary CMV prophylaxis in Canada and USA [91].
3.4.2 CMV specific Cytotoxic T Lymphocytes (CTL)
Cellular adoptive immunotherapy has been used in CMV infections not responding to antiviral
treatment with good results [92]. It is recommended to use CTL as an adjunct to antiviral
treatment [70]. Logistical difficulties like cost, availability, limited use in patients on high dose
steroids for GVHD and time to generate adequate cells for infusion pose challenges in CTL usage
[70]. Multiple infusions may be required if there is a suboptimal response or rebound viremia.
Rarely donor-derived CTL infusion can cause graft failure and transfusion-associated
microangiopathy [93].
3.4.3 Other Therapies
Using CMV intravenous immunoglobulins as an adjunct therapy is controversial due to lack of
data [70]. Leflunomide has in-vitro activity against ganciclovir-resistant CMV and has been used as
an adjunct with other antivirals to treat refractory CMV infections with variable results [94, 95].
Artesunate has been used in a few cases with variable success. It has in-vitro activity against
ganciclovir-resistant CMV. Some centers use this as an adjunct treatment when everything else
has failed [96, 97].
3.5 Epstein Barr Virus (EBV)
HSCT donors and patients are screened for anti-EBV IgG antibody to determine the risk for
primary EBV infection post-transplantation. In HSCT patients, EBV disease occurs due to
reactivation of endogenous infection or transmission from the graft [98]. The most significant
clinical manifestation of EBV disease is post-transplant lymphoproliferative disorder (PTLD) [99].
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The incidence of PTLD is around 3.2% in HSCT recipients with higher numbers occurring in
mismatched unrelated donor transplants [100]. Interestingly, haplo-identical transplants using
post-transplant cyclophosphamide (PT-Cy) had a low incidence of PTLD [101]. The median time to
development of PTLD is around 2 to 4 months [100, 102]. PTLD can also occur after 1 year of
transplant in about 4% of cases [100].
Risk factor for EBV disease is T cell depletion or impairment as seen in cord blood transplants or
regimens that use ATG or alemtuzumab. Patients undergoing autologous transplants are regarded
as low-risk cases to develop EBV disease. Patients undergoing haplo transplant with PT-Cy have
intermediate risk and patients undergoing matched or mismatched unrelated donor transplant
have a high risk of developing EBV disease [103]. EBV matched donor is recommended to reduce
the risk of EBV disease [103]. EBV viral load monitoring with a quantitative PCR should begin
within one month of HSCT and should continue weekly for at least 4 months [103]. Longer
monitoring is recommended in patients who are considered to have poor T cell reconstitution Eg:
patients with acute or chronic GVHD, ATG or alemtuzumab-based conditioning regimens and
inpatient who have early EBV reactivation [103]. Fever and lymphadenopathy are the presenting
features and diagnosis should be confirmed by a biopsy whenever possible. If tissue diagnosis is
not possible, then combined quantitative PCR and PET CT scan findings are acceptable to diagnose
EBV disease [102, 104, 105].
Latently infected B cells do not express EBV thymidine kinase protein, hence antiviral treatment
has been unsuccessful despite in vitro activity of acyclovir, ganciclovir, foscarnet, and cidofovir
against EBV [106]. Prophylactic use of rituximab is limited to patients with the highest risk of EBVPTLD. Care should be taken to monitor closely for infections and hypogammaglobulinemia.
Intravenous immunoglobulins (IVIG) can be given in case of hypogammaglobulinemia and
recurrent infections [103, 107]. EBV specific CTLs are highly efficacious as prophylaxis against EBV
–PTLD in high-risk cases, however, due to cost and resources; it is available only in selected
centers [108]. The initial management of PTLD includes restoration of immune response to EBV by
reducing immunosuppression [109, 110].This strategy is difficult and may not be useful in early
phase of transplant as immune- reconsitution may not be fast enough to eradicate the malignant
cells [109]. In later phases with partial immune recovery, decreasing immune suppression may
alone be enough to treat EBV PTLD in early stages [111]. This can also be employed as a
prophylactic strategy in patients with rising EBV DNA levels without any evidence of lymphoma
[109, 112]. Calcineurin inhibitors must be reduced by atleast 50% and antimetabolites such as
mycophenolate mofetil must be discontinued where feasible [110].
Pre-emptive therapy is recommended in patients with significant EBV PCR viral load without
symptoms or disease in patients with a high risk of EBV-PTLD. Treatment is given until the EBV PCR
levels are below the initial threshold [103]. Due to the variability of PCR techniques a specific
threshold to initiate pre-emptive therapy is not recommended [11]. Some authors recommend a
threshold of 10,000 copies/mL in plasma [113, 114]. The rate of increase in EBV copies is clinically
significant in guiding treatment [103]. Rituximab at 375 mg/m2 is given once weekly until EBV PCR
negativity. The number of doses is determined based on response and tolerability of the patient.
Typically 1 to 4 doses are sufficient [103]. When possible immunosuppression should be reduced
and donor or third party EBV specific CTLs should be infused for efficient control of EBV viremia
[103]. In EBV-PTLD reduction of immunosuppression alone is not beneficial and increased the risk
of GVHD [115]. Early treatment with weekly rituximab monotherapy for up to 4 weeks along with
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EBV viral load monitoring is associated with a positive outcome in about 70% of patients [103]. A
number of rituximab doses may downregulate CD20 expression and decrease efficacy [103].
Response to treatment is determined by at least 1 log10 reduction in viral load in the first week of
treatment and disappearance of signs and symptoms of PTLD [100]. In the case of rituximab failure,
second-line treatment options are EBV positive donor lymphocyte infusions (DLI) to restore T cell
reactivity [116, 117] or EBV specific CTLs [118, 119]. Donor or 3rd party derived CTLs are the
preferred second-line treatment due to the high risk of GVHD associated with DLIs. Chemotherapy
is reserved for relapsed – refractory EBV PTLDs due to the risk of neutropenia, graft failure and
poor tolerability [103].
Management of central nervous system (CNS) PTLDs is difficult due to unsuccessful eradication
of EBV infected B cells from CNS [103]. Possible therapeutic options include methotrexate and
cytarabine-based primary CNS lymphoma chemotherapy protocols [120], radiotherapy, intrathecal
rituximab [121], T cell therapy with EBV specific CTLs [122].
3.6 Virus Specific CTLs
In cases of refractory viral infections and where effective antiviral agents are not available for
treatment, strategies for early T cell reconstitution are required for effective treatment of these
viral infections [123]. Predominantly CMV, EBV in adults and Adenovirus in children are
responsible for refractory infections [124]. Overall treatment response is around 60 to 80% with
conventional pharmacotherapy [124]. In adenoviral infections, mortality benefit from preemptive
therapy is inconsistent [125, 126]. Antiviral drugs have a significant side effect profile and also
require immune reconstitution which is difficult in early phases of transplant. For these reasons,
newer treatment strategies are the need of the hour. Use of seropositive donor lymphocyte
infusions (DLI) is an effective salvage therapy. This was initially tried in EBV PTLD with good
response [116]. However, the risk of severe GVHD limited the use of DLIs. Virus specific (VS) CTLs
either third party or donor derived are being manufactured minimizing allo-reactive T cells in the
final product. Defined immunogenic antigens which are identified by epitope mapping are
presented using an antigen presenting cell such as monocytes, B cells, fibroblasts or artificial K562
based cells. These express major histocompatibility complex antigens to present virus antigen
derived peptides and costimulatory molecules which induce T cell activation and expansion [123].
For better availability of virus specific CTLs rapid manufacturing techniques including using third
party T cells are being developed [118, 123]. Ex-vivo stimulation and expansion requires a small
volume of blood. Thus expanded CTLs may theoretically cause GVHD due to cross reactivity
however, no studies have reported an increase in acute or chronic GVHD [123].
In vivo expansion of virus specific CTLs was seen after a single infusion which resulted in
persistent clearance of viral antigenemia [127, 128]. Most methods generate varied levels of CD4
and CD8 T cells and this polyclonal phenotype helps persistence of VS CTLs in vivo [128].
EBV PTLD managed with rituximab shows an overall survival of 46 to 67% at one year and
overall response rates of 60% in various studies [129-131]. Approximately 50% of them had
progression within 6 months of completion of therapy [130]. Heslop et al studied 114 patients
between 1993 and 2005, who received EBV specific CTLs to prevent or treat EBV PTLD. None of
the 101 patients who received CTL developed PTLD and 11 out of 13 patients treated for PTLD
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sustained complete remissions. This study showed that adoptive immune therapy is 80% effective
when used for treating PTLD and 100% effective when used as preemptive therapy [108].
The efficacy of preemptive therapy in CMV has been shown in several trials. Goodrich et al
showed 80% response rates and significant increase in overall survival with ganciclovir [132]. A
French cohort showed ganciclovir resistance in 5.2% of patients and was associated with poorer
outcome [133]. The overall incidence of CMV resistance is around 14% [72]. CMV specific CTLs will
be useful in refractory and resistant cases. Numerous clinical trials have demonstrated efficacy of
CMV specific CTL therapy [92, 134]. Similarly, adenovirus specific T cells are proven to be
efficacious in treating advanced disease [135, 136].
3.7 Respiratory Viruses
The incidence of infections due to respiratory viruses in transplant patients is similar to the
normal population. However, the immunocompromised state leads to prolonged viral shedding,
progression to viral pneumonia and increased mortality [137]. Respiratory syncytial virus (RSV),
influenza and parainfluenza virus, metapneumovirus are commonly encountered and the effects
are well documented. Less information is available on human rhinovirus, bocavirus and human
coronavirus [138]. In symptomatic patients, a nasal swab sample for multiplex viral polymerase
chain reaction (PCR) is the preferred method to diagnose viral infections [138]. It is not
recommended to test asymptomatic donors [11]. Proper droplet isolation precautions are
required to avoid the transmission of viral infection to other HSCT patients and to health care
workers. It is recommended to postpone conditioning chemotherapy in HSCT patients with an
upper respiratory infection (URI), as it can progress to lower respiratory infection (LRI) during
immunosuppression [139, 140].
It is important to determine the etiology of URI as RSV, influenza and parainfluenza viruses can
progress to more serious LRI and certain viral infections can be treated [11]. All HSCT candidates
and their close contacts should receive seasonal influenza vaccine every year. If there is an
outbreak with an influenza strain not covered by the vaccine, all HSCT candidates and their close
contacts and health care workers involved in the care of HSCT recipients should receive
chemoprophylaxis for approximately 2 weeks with an agent active against the circulating influenza
strain like neuraminidase inhibitors [11, 141]. Neuraminidase inhibitors are the first line agents for
the treatment of influenza [142, 143]. Clinical outcomes are similar between using IV peramivir
and oral oseltamivir [144]. However, in cases of mutations causing resistance (H275Y in H1N1) to
these 2 drugs, inhaled zanamivir is used [145]. Another oral drug baloxavir marboxil has been
recently approved for use in oseltamivir-resistant cases [146] In severe influenza infections, a
triple combination therapy including oseltamivir, ribavirin, and amantadine has been tried
successfully [147].
In cases of parainfluenza, there was no impact of ribavirin on the symptom, viral shedding, and
progression to LRTI or mortality [148, 149]. Although, some centers did use aerosolized ribavirin
and demonstrated a moderate reduction in overall mortality [150]. For RSV infections, various preemptive therapy strategies have been proposed including systemic ribavirin [151], RSV
immunoglobulins in combination with aerosolized ribavirin [152] and RSV monoclonal antibodypalivizumab [153].
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One-third of HSCT recipients with human metapneumovirus infection can progress to
pneumonia [154]. Ribavirin’s role in treating metapneumovirus infection is unknown and no
recommendations are available [11]. There are few case series reporting successful treatment of
metapneumovirus pneumonia with ribavirin and intravenous immunoglobulin combination
[155].There are no directed therapies recommended in bocavirus, coronavirus and rhinovirus
infections [138].
3.8 Adenovirus
Adenovirus infections are either acquired or can be a result of reactivation. However, pretransplant donor and recipient screening are not recommended. Cellular immune responses are
cross-reactive among different serotypes. This provides long term immunity against reactivation
and serious infections are uncommon. Universal droplet and isolation precautions are practiced as
for other respiratory and enteric viruses to prevent a nosocomial spread [11]. Patients who
undergo T cell replete related or unrelated match transplants, haploidentical transplant and
patients with GVHD are at a higher risk of adenovirus infection or reactivation [12, 156, 157]. In
these high-risk patients weekly monitoring of adenovirus viral load is recommended [11]. Tapering
immunosuppression facilitates in treating adenoviral infections [12]. A reduction with viral load
has been shown with ribavirin in some case reports. However, larger case series did not show
reduction in viral load or clinical effect with ribavirin usage [158, 159]. Preliminary clinical data
citing reduction in adenoviral disease and infection using ribavirin prophylaxis have been reported
but further studies are needed [160]. Cidofovir has shown to be effective in pre-emptive
treatment and premedication with probenecid and hyperhydration is recommended to prevent
nephrotoxicity [161]. Brincidofovir has been successfully used in immunocompromised patients
who had failed cidofovir [162]. Currently it is available on compassionate grounds for resistant
adenovirus infections [163].
3.9 Polyomavirus
BK virus and JC virus are the two polyomaviruses of major importance. Urinary shedding of BK
virus occurs in 60 to 80% of HSCT patients but less than 1/5th of the patients develop BK virusassociated hemorrhagic cystitis. Major disease manifestations include BK virus-associated
hemorrhagic cystitis which typically occurs after engraftment [164]. This should be differentiated
by bladder toxicity caused by urotoxic conditioning regimens. The diagnosis is made by the
presence of hematuria and high urine BK viral load [165]. There are sporadic cases of BK virusassociated nephropathy, JC virus-associated hemorrhagic cystitis and multifocal
leukoencephalopathy [166]. There is no evidence to support infection control measures in a
patient with BK viruria [11]. Reduction in immunosuppression is effective in the treatment of BK
virus infection [167]. Hyperhydration provides effective prophylaxis. Specific antiviral prophylaxis
is not available. Levofloxacin prophylaxis has been tried in renal transplant patients. This failed to
achieve reduction in BK viruria and viremia and also lead to antibiotic resistance and tendinitis
[168]. A recent meta-analysis also concluded that fluoroquinolone prophylaxis fails to reduce
incidence of BK viremia in renal transplant recipients [169]. Treatment of hemorrhagic cystitis
using leflunomide has been reported in 2 retrospective studies showing an overall complete
response of 63% [170, 171]. Treatment of hemorrhagic cystitis using Cidofovir has been tried.
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However, due to the toxicity of the drug and lack of randomized controlled studies, it is
controversial [165]. Given the limited efficacy of pharmacologic treatments, results of adoptive
immunotherapy using BK virus specific cytotoxic T lymphocytes (BKV-CTLs) are encouraging. A
preliminary analysis of 9 HSCT patients by Olson et al who received closely HLA – matched 3rd
party BKV specific –CTLs showed 100% response. There were no infusion reactions. All patients
achieved response by day 14 of infusion. 2 of 5 patients with partial response required 2 nd CTL
infusion from a different donor. The response in all cases was sustained. One patient developed
grade 2 duodenal GVHD which was treated with systemic steroids [172].
4. Conclusions
Viral infections pose a clinical challenge in post HSCT patients leading to increased mortality
and morbidity. Prompt recognition of symptoms and reproducible antiviral assays are essential in
initiating therapy. Centre specific guidelines regarding prophylaxis, monitoring and pre-emptive
therapy based on the resources available are required to successfully prevent and manage viral
infections.
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Abstract
Background: The application of hematopoietic cell transplantation for induction of immune
tolerance has been limited by toxicities associated with conditioning regimens and to graftversus-host disease (GVHD). Decades of animal studies have culminated into sufficient
control of these two problems, making immune tolerance a viable alternative to life-long
application of immunosuppressive drugs to prevent allograft rejection.
Methods: Studies in mice have paved the way for the application of HCT with limited toxicity
in large animal models. Resultant studies in the pig, dog, and ultimately the nonhuman
primate have led to appropriate methods for achieving nonmyeloablative irradiation
protocols, dose, and timing of post-grafting immunosuppressive drugs, monoclonal antibody
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therapy, and biologicals for costimulatory molecule blockade. The genetics field has been
extensively evaluated in appreciation of the ultimate need to obtain organs from MHCmismatched unrelated donors.
Results: Nonmyeloablative conditioning regimens have been shown to be successful in
inducing immune tolerance across all three animal models. Postgrafting immunosuppression
is also important in assuring sustained donor hematopoiesis for tolerance. Donor chimerism
need not be permanent to establish stable engraftment of donor organs, thereby essentially
eliminating the risk of GVHD. Using nonmyeloablative HCT with monoclonal antibody
immunosuppression, the kidney has been successfully transplanted in MHC-mismatched
nonhuman primates.
Conclusions: Nonmyeloablative HCT for the establishment of temporary mixed chimerism
has led to the establishment of stable tolerance against solid organ allografts in large animal
models. The kidney, considered a tolerogenic organ, has been successfully transplanted in
the clinic. Other organs such as heart, lung, and vascularized composite allografts (face and
hands), remain distant possibilities. Further study in large animal models will be required to
improve tolerance against these organs before success can be attained in the clinic.
Keywords
Tolerance; hematopoietic cell transplantation; preclinical; large animal model; organ
transplantation

1. Introduction
Conventionally, the gold standard for acceptance of solid organ transplantation has been
through pharmacological application of immunosuppressive agents. Although such agents have
been remarkably successful for short-term allograft survival, long-term survival has been elusive.
The downside to long-term application of immunosuppressive drugs is increased risk for infections
[1], malignancy [2], and ultimately chronic rejection of the organ graft [3, 4]. Thus, it has long been
the goal of transplantation biologists to develop alternative methods that render the patient’s
immune system specifically tolerant towards the allograft without requiring life-long
administration of immunosuppressive drugs. Immunological tolerance through hematopoietic cell
transplantation (HCT) has proven to be an effective solution to this problem both in preclinical
animal models and the clinic [5, 6].
The concept of immune tolerance was first developed in the mid-1940s when Ray Owen
published on the observation that dizygotic cattle twins of different sires expressed both sets of
paternal blood group antigens as a result of in utero sharing of the same placenta [7]. This
phenomenon, later known as hematopoietic chimerism, was based on the principle that
hematopoietic cells of one organism cannot be rejected by another thus resulting in a state of
immune tolerance. Burnett’s tolerance hypothesis published in 1949 stated that immunologic self
and non-self-discrimination occurred prenatally [8]. Based on Burnett’s hypothesis, in 1953
Medawar and colleagues reported on studies using inbred strains of mice in which stable mixed
hematopoietic chimerism was established in neonates of CBA mice injected with adult cells from
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A-strain mice on day 15-16 of pregnancy [9]. In adulthood, the transplanted mice were tolerant to
hematopoietic cells and skin grafts from the donor and mice of the same donor strain. These
observations led to the awarding of the Nobel Prize to both of Burnet and Medawar. Later in 1955,
Main and Prehn reported that mice given myeloablative total body irradiation (TBI) and donor
marrow achieved full hematopoietic cell chimerism and accepted skin grafts from hematopoietic
cell donors without the need of immunosuppressive drugs [10]. Early studies in the clinical setting
revealed that patients given HCT for the treatment of acute leukemia also accepted kidneys from
the marrow donors several years later without requiring immunosuppression following the
development of acute renal failure [11].
Initial investigations using HCT for the treatment of hematological diseases relied on
supralethal doses of irradiation to ablate tumor cells and ensure donor cell engraftment without
rejection [12]. However, lethal graft versus-host disease (GVHD) was a common sequala following
toxic conditioning regimens in animals and patients, making full donor chimerism for induction of
tolerance as a replacement for immunosuppressive therapy impractical. The development of less
toxic protocols using non-lethal doses of conditioning irradiation were critical for the
advancement HCT for induction of tolerance in a non-malignancy setting. However, conditioning
regimens using nonlethal doses of total body irradiation (TBI) would require additional
intervention to assure successful donor hematopoietic cell engraftment. Various approaches to
the problem have been reported including T-cell depletion studies in mice [13], application of
postgrafting immunosuppression [14-16] or use of costimulatory molecule blockade [17] in
canines. Another approach was total lymph node irradiation (TLI), in which only the thoracic and
abdominal lymph nodes and spleen were irradiated [18, 19]. Advances such as these reduced the
incidence of GVHD seen with lethal doses of TBI conditioning regimens and enabled the possibility
of using HCT safely to induce tolerance to transplanted organ allografts. One early study on mixed
murine chimerism by Warner et al [20] established mixed hematopoietic chimerism but skin grafts
from the hematopoietic cell donors were rejected, a phenomenon known as split-tolerance [21].
Steinmueller and colleagues established complete hematopoietic chimerism and showed rejection
of donor skin grafts but not of heart grafts [22]. However, in twin marmosets Porter and
Gengozian studied natural chimerism and found indefinite survival of twin skin grafts [23].
It has been long recognized that there is a spectrum of acceptance of allograft acceptance, with
skin at one end being difficult to accept and liver or kidney at the other being more resistant to
rejection [24]. Both liver and kidney are considered tolerizing organs [25]. Operational tolerance,
the survival of solid organ allografts without maintenance immunosuppression, can be seen in 2030% of liver transplantation patients after withdrawal of immunosuppressive agents [25]. The liver
has several cellular and humoral mechanisms to avert rejection at its disposal. These include
release of soluble MHC-1 antigens, the presence of tolerogenic dendritic cells, production of IL-10
by liver sinusoidal endothelial cells and Kupffer cells, and hepatocyte expression of PDL-1 in
response to IL-10 [26]. Skin is considered difficult to accept immunologically due to skin-specific
antigens that escape hematological tolerance and Langerhans cells and monocyte-derived
dendritic cells that are highly efficient at antigen presentation [24, 27].
The most effective means of achieving tolerance towards organ allografts in large animal
transplantation models depends on the establishment of mixed multilineage hematopoietic cell
chimerism [28-33]. Two types of chimerism have been described [34]. Microchimerism occurs
following migration of passenger leukocytes from the transplanted organ into the periphery of the
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recipient but fail to engraft. In a study in which patients receiving a liver transplant and
immunosuppression without HCT, a significant correlation was found between microchimerism
and absence of allograft rejection [35]. The mechanisms by which microchimerism prevents
allograft rejection have not been fully defined. Macrochimerism occurs following transplantation
of the organ donor’s hematopoietic cells which engraft in hematopoietic compartments and
produce multiple lineages of donor immune system. Macrochimerism can occur transiently or
long-term as either full donor or mixed donor/recipient chimerism.
Durable mixed chimerism in the fully MHC-mismatched HCT setting has been difficult to obtain
in nonhuman primates and in the clinic. Notable success stories are the recent reports on
transient mixed and full donor chimerism leading to long-term kidney allograft tolerance in the
clinic [36, 37]. These results have developed through several years of study using tolerance
induction through non-myeloablative HCT in both small and large animal models. Three important
observations are responsible for this success. First, multilineage hematopoietic cell chimerism is
required. Second, peripheral regulatory mechanisms play critical role. Third, organ-specific
tolerance has been observed for kidney and lung transplantation but not for the heart [38]. In this
review we focus on the contributions that swine, canine, and nonhuman primate models have
played towards the ultimate culmination of transient and long-term mixed hematopoietic
chimerism and organ-specific tolerance in mankind.
2. Studies in Mice and Rats
Studies of hematopoietic macro- and micro-chimerism in mice have contributed significantly to
the understanding of the mechanism of immune tolerance of hematopoietic cell transplantation in
solid organ transplants [6]. These studies highlight the use of non-myeloablative protocols to
achieve stable mixed hematopoietic chimerism of long duration across major and minor
histocompatibility barriers [39-42]. Various protocols for establishing long-term hematopoietic
tolerance were first attempted in murine models and later translated to large animal studies.
Prolonged macrochimerism in mice leads to a robust form of tolerance that enables skin and solid
organ engraftment rom the hematopoietic cell donor [43]. Another conditioning regimen
described in mice used non-lethal irradiation, anti-CD4 and anti-CD8 depletion methods, followed
by injection of MHC disparate marrow. The protocol resulted in long term chimerism without
GVHD and the acceptance of donor-specific skin grafts but not third-party grafts [13]. In mice, the
use of T cell-depleting antibodies with targeted irradiation of the thymus and nonmyeloablative
TBI results in stable chimerism [13]. However, in nonhuman primates this approach leads to
transient chimerism, suggesting tolerance in NHP and most likely in man is a more complex
process than in murine models.
Central deletional tolerance as an important mechanism to eliminate host alloreactive cells has
been shown to be an effective means of maintaining tolerance in mice [44, 45]. However, other
studies on tolerance induction indicate the importance of peripheral CD4+ T regulatory cells for
accepting and maintaining solid organ allografts [46, 47]. It has been concluded that both central
deletional tolerogenic and peripheral regulatory mechanisms are required for optimal tolerance to
skin grafts following induction of hematopoietic cell transplantation [47].
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3. Reasons for Studies in Large Animal Models
Although mice have significantly contributed to the understanding of tolerance and its
application to solid organ transplantation, there are significant differences between mice and
larger transplantation relevant models such as the pig, dog, and nonhuman primate. Large animal
models are more closely aligned with humans based on factors such as out breeding and genetic
diversity, housing in non-gnotobiotic conditions, and life-span [48]. In addition, large animal
models are amenable to the surgical procedures required for transplanting solid organs and
vascularized composite tissue allografts (VCA). VCA are comprised of skin, muscle, vasculature and
connective tissue and, in some cases, bone and marrow that must be anastomosed to appropriate
vasculature and are amenable to multiple collections of biopsies for histopathological analysis [49].
Despite a large number of successful approaches for the induction of tolerance in rodent
models, ultimately many of these protocols were unsuccessful when translated to nonhuman
primates or the clinic. Various protocols meeting this discrepancy, including those using
calcineurin inhibitors, anti-lymphocyte serum, anti-CD25, and donor stem cell transplantation,
were successful in mice but ultimately failed in large animal models for induction of tolerance [50].
Reasons for this discrepancy may be that previous antigen exposure results in allo-specific
memory T and B cells which are present in large animals and humans but are nearly absent in
mouse colonies [51-53]. Furthermore, expression of class II MHC antigens is present on
endothelial cells of large animals and humans, but they are absent on the endothelial cells of
rodents [54]. For these reasons, protocols developed in rodent models should be vetted in a large
animal model before undergoing clinical trials.
4. Studies in Swine
Swine, and miniature swine in particular, have been useful large animal models with which to
study HCT-induced tolerance induction for solid organ transplantation [55-58]. As in all HCT
models, the characterization of the major histocompatibility complex in miniature swine, known
as the miniature swine leukocyte antigen (MSLA) complex, is required in order to assess the level
of identity and transplantation success. The genome of MSLA contains a class I gene family
comprised of 7 members and two subfamily genes, one of which encodes for classical
transplantation antigens [59]. In a study assessing the factors affecting renal allografts performed
in inbred miniature swine without donor HCT, it was found all MHC-mismatched kidney
transplants were rejected within a mean of 12 days, while most MSLA-matched renal grafts were
accepted long-term. Skin graft survival was shown to be extended in animals that accepted their
renal allografts compared to skin grafts performed across the same MHC barriers of normal pigs
[60].
4.1 Skin Grafts: Swine
The initial studies on the successful establishment of hematopoietic chimerism and tissue
tolerance between MHC-mismatched mice using fractionated TLI performed by Slavin et al. [18]
were subsequently attempted in pigs. The Massachusetts General Hospital (MGH) group
developed a modified nonmyeloablative HCT protocol for the induction of stable mixed
hematopoietic chimerism enabling skin transplantation in miniature pigs [28]. The protocol
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consisted of administering two doses of 150 cGy TBI combined with 7 Gy thymic irradiation,
followed by host T-cell depletion with an anti-porcine CD3 immunotoxin conjugate. Infusion of
MHC-matched mobilized stem cells or marrow resulted in stable multilineage mixed
lymphohematopoietic cell chimerism without clinical evidence of GVHD. Long-term acceptance of
donor skin grafts and rejection of third-party skin indicated successful donor-specific tolerance
had been achieved. An important component of the protocol was the requirement of successful
host T-cell depletion. T-cell depletion has been shown to be more difficult to achieve in large
animals compared to mice [61, 62].
4.2 Kidney Grafts: Swine
Successful establishment of mixed hematopoietic chimerism between MHC-disparate
individuals resulting in specific tolerance towards organ grafts from the marrow donor is a crucial
goal for successful translation to the clinic. This approach was tested for induction of tolerance to
kidney allografts in swine given MHC-haploidentical marrow transplants after fractionated total
lymphoid irradiation totaling either 3,250 or 2,800 cGy. No permanent chimerism was observed
except in one animal. Transplantation of marrow matched kidneys was performed at the time of
marrow infusion. No postgrafting immunosuppression was given. However, acute renal failure was
observed in most of the animals on days 4-6 after grafting [63]. In a later study, pigs were
rendered tolerant to class II mismatched MHC by infusing class II MHC-mismatched marrow
followed by a short course of CSP. Recipients receiving a kidney matched to their respective
marrow donor showed normal serum creatinine levels for periods greater than 200 days after
transplant. Thus, addition of BMT and CSP therapy was found to induce specific tolerance to single
haplotype mismatched class II kidneys obtained from matched marrow donors [64]. Pigs
conditioned with two doses of TBI (1150 cGy total) plus cyclophosphamide, received MHCmismatched marrow 5 months or more before kidney transplantation from respective marrowmatched donors. Four of five animals accepted the kidney grafts more than 200 days after
transplant. MHC-mismatched kidney transplants without marrow transplants were quickly
rejected within 7 days, again indicating donor-specific tolerance can be obtained by marrow
transplantation [65]. The question whether high levels of stable long-term mixed chimerism are
necessary for tolerance in allograft acceptance was evaluated in miniature swine given MHChaploidentical mobilized stem cell transplants after nonmyeloablative conditioning [66]. Animals
received CSP after transplantation immunosuppression. Tolerance was tested by giving donormatched kidney allografts to recipients after completion of CSP therapy. The presence of donorderived colony forming units (CFU) in the marrow was found to have a high correlation with
tolerance induction as indicated by renal allograft acceptance. In addition, thymic and peripheral
blood chimerism was in step with donor CFU in the bone marrow and kidney graft tolerance. The
results suggest in vitro analysis of donor chimerism may be used to predict allograft acceptance in
the clinical setting.
4.3 VCA: Swine
Using the nonmyeloablative HCT model for tolerance induction in swine developed by Huang et
al. [28], investigators at MGH reported on a study using a similar approach to induce tolerance to
a heterotopic limb transplant in miniature swine in which donors and recipients were selected
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based on at least one or two MHC haplotype differences [67]. No conditioning with irradiation was
used; however, T-cell depletion was accomplished with anti-CD3 immunotoxin conjugate. Mixed
chimerism was established with either donor marrow or mobilized peripheral blood stem cells.
Although macrochimerism was present in recipients of mobilized stem cells, none was observed in
pigs receiving donor marrow. Despite this, the musculoskeletal portion of limb transplants, but not
the skin, survived in recipients of both stem cell sources, a condition known as split tolerance.
Animals receiving cytokine mobilized stem cells developed clinical GVHD, while those receiving
marrow did not. These studies are important, as they indicate long-term mixed chimerism is not
required for graft acceptance, and though not completely successful, they formed the basis for the
development of a tolerance protocol for the acceptance of elements of reconstructive surgery.
In another approach to achieving VCA tolerance, investigators achieved multilineage
macrochimerism in swine through in utero injection of fetuses with T cell-depleted marrow from
fully major MHC mismatch donors [68]. Control VCAs in swine not rendered tolerant to donor
antigens were rejected within 21 days. Chimeric animals accepted VCAs and did not produce
alloreactive antibodies nor demonstrate alloreactivity against the donor in vitro. Although not
clinically translatable, the study does provide evidence that tolerance across a full MHC barrier can
lead to long term acceptance of a VCA graft without chronic immunosuppression. Clarification of
the importance of MHC antigen matching was revealed in swine given nonmyeloablative
conditioning and mismatched for MHC class I or class II antigens [69]. Whereas class II mismatched
hematopoietic stem cell and VCA transplants resulted in stable VCA engraftment, recipients of
class I mismatched tissues were rejected due to donor CD8+ lymphocyte infiltration into the skin.
5. Studies in Canines
Early interest in the immunological response of the host to bone marrow transplantation led to
the development of a tightly controlled dog breeding program in Cooperstown, NY [70]. Marrow
transplantation between some of the dogs in this colony produced occasional long-term graft
survivors that were likely due to histocompatibility antigen matching but not erythrocyte antigens.
Later studies showed that leukocyte-specific antisera, produced by cross-immunizing littermates
with buffy coat cells, could be used to select MHC compatible donors and recipient dogs for
transplantation studies that delineated superior graft acceptance in both related and unrelated
littermates [71, 72]. In the early 1970s, canine leukocyte specific antigens were identified in litters
of mongrels and dogs of various breeds following generation of a collection of lymphocytotoxic
antisera [71]. The antisera were used to identify donor and recipient MHC identical transplant
pairs that could be used to perform transplantation of hematopoietic cells, kidneys, liver, hearts,
and demonstrate the importance of donor-recipient identity for histocompatibility antigens.
Elucidation of the MHC of dogs gave rise to the nomenclature dog leukocyte antigen (DLA)
complex. The eventual typing of highly polymorphic canine class I and class II DLA genes allowed
for accurate matching of donor and recipient pairs for HCT and solid organ transplantation studies
on par with those of the human transplantation condition [73-75].
The practicality of using hematopoietic cell chimerism to safely induce tolerance for solid organ
transplantation (SOT) was achieved following the demonstration that chimerism could be safely
established using a nonmyeloablative conditioning regimen of 2 Gy TBI, followed by infusion of
DLA-identical marrow and a short course of postgrafting immunosuppression with CSP and MMF
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[16, 76]. Nonmyeloablative HCT not only extended HCT for the treatment of hematological
disorders in older patients, protocols of this nature opened the door to the possibilities of
tolerance induction for SOT with reduced toxicity and lower probability of GVHD.
5.1 Skin Grafts, Canines
As in murine models, performance of full-thickness skin grafts onto mixed chimeric dogs is a
reliable and rigorous test for donor immune tolerance. Skin may be transplanted as a full-thickness
graft or as part of a vascularized composite allograft (VCA) in which donor and recipient blood
vessels are anastomosed, thereby greatly reducing hypoxia within the graft and improving graft
survival. Skin graft rejection studies from marrow and solid organ donors as well as third party
dogs are often used to demonstrate donor specific tolerance [77-80]. Yunosov and colleagues
showed that dogs with stable mixed hematopoietic cell chimerism could be successfully
transplanted with skin grafts at a median of 92 weeks after HCT [80]. Loss of donor chimerism
correlated with skin graft rejection. However, donor specific tolerance to DLA-identical skin grafts
from marrow donors was found to be complete or partial since donor derived skin grafts in
recipients with mixed donor chimerism developed an inflammatory reaction without skin graft
loss, suggesting a condition of partial donor specific tolerance.
5.2 Kidney Grafts: Canines
Using leukocyte specific antisera for selection of DLA-identical pairs of transplantation,
Rapaport and colleagues [81] showed that kidney transplants from leukocyte group-compatible
donors into recipients in the absence of mixed chimerism had a mean survival time of 25.5 days,
while kidneys transplanted from leukocyte incompatible donors had a mean survival time of 13.1
days. With the successful development of donor chimerism through marrow transplantation, DLAidentical kidney transplantation into mixed chimeric recipients was examined [78]. Initially,
chimeric hosts were established following supralethal dose of total body irradiation in dogs
receiving marrow from littermates as well as non-littermates. Within 43 to 120 days after marrow
transplantation, chimeric recipients underwent bilateral nephrectomy and transplantation from
their respective marrow donors. Long-term acceptance of renal and skin allografts was achieved in
littermate chimeric recipients of both littermate and non-littermate donors, while skin allografts
from DLA-incompatible donors were summarily rejected within a mean of 14.7 days [82]. These
results indicated that specific donor antigen tolerance could be achieved in dogs with mixed
hematopoietic chimerism following a myeloablative conditioning regimen.
Nonmyeloablative or reduced intensity conditioning regimens were developed with
cyclophosphamide conditioning [76] or low-dose TBI followed by cyclosporine (CSP) and
mycophenolate mofetil (MMF) [16, 83], which established a state of mixed donor and host
hematopoietic chimerism with tolerance to DLA of both the donor and recipient but without the
toxicity of lethal doses of TBI. As a result, nonmyeloablative conditioning regimens for HCT
became the standard for inducing tolerance for kidney transplantation in dogs [31, 33, 84-86].
Using the nonmyeloablative HCT model of 2 Gy TBI before and a short course of CSP and MMF
after DLA-identical marrow transplantation, Kuhr and colleagues reported stable long-term
peripheral blood lymphocyte and granulocyte chimerism in recipients [33]. Cross-over renal
transplants from the marrow donor into the respective recipient following bilateral native
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nephrectomy was done within 8-17 months after HCT. A 5-year follow-up revealed donor renal
allografts were functional in all recipients with no evidence of histological acute or chronic
rejection while donors rejected the chimeric kidney grafts within 24 days. Tolerance was split
between kidney and skin grafts with 2 of 4 animals showing rejection of delayed donor skin grafts
[84]. Tolerance induction through the non-myeloablative conditioning regimen of HCT also
extended to dogs receiving marrow grafts from two DLA-identical littermates resulting in
trichimerism and immune tolerance towards a kidney graft from one of the HCT donors [85].
The question as to whether stable hematopoietic chimerism was required for tolerance to the
kidney graft was answered in a separate study in which recipient dogs of DLA-identical marrow
and kidney grafts underwent a second low-dose TBI conditioning and infusion of cryopreserved
autologous G-CSF-mobilized PBMC after tolerance was established. The dogs rejected donor
hematopoietic chimerism without rejecting the kidney grafts for periods greater than one year.
Returning hematopoiesis to 100% host after kidney transplantation suggests GVHD due to donor
chimerism can be avoided and that TBI of 100 cGy, which generally is sufficient for establishing
short-term mixed chimerism, may be sufficient for tolerance induction for kidney transplantation
[86].
Results of studies of tolerance induction and kidney transplantation in more clinically relevant
conditions of DLA-haploidentical or mismatched recipients has been encouraging. Niemeyer and
colleagues reported that following nonmyeloablative conditioning (200 cGy) TBI and with marrow
transplantation followed by immunosuppression with CSP and MMF, DLA-haploidentical dogs
were tolerant to kidney transplants for periods greater than 1-year post-transplant [31]. Dogs not
receiving marrow transplants rejected the donor kidney. A study using a similar nonmyeloablative
protocol and looking at marrow and kidney transplantation from DLA-identical or DLAhaploidentical dogs showed long-term renal allograft survival in both groups of dogs. However,
renal allograft inflammation was present to a greater extent in the DLA-haploidentical group
compared to the DLA-identical transplant group [79]. Studies using DLA-mismatched mongrel dogs
given anti-thymocyte serum or anti-lymphocyte serum with donor marrow and temporary
application of immunosuppressive therapy revealed that recipient dogs remained tolerant to their
donor kidney allografts long-term [87, 88]. However, in a separate study, mongrel dogs
conditioned with 1800 R to 3500 R TLI of differing widths of field followed by infusion of unrelated
donor marrow failed to produce consistently high levels of mixed chimerism in 45 dogs [89]. Renal
allografts given the following day were all rejected except for two dogs with highest percentage of
donor chimerism.
5.3 Heart and Lung Grafts: Canines
Reports of cardiac and lung transplantation in radiation and marrow transplanted chimeric
dogs are limited but nonetheless show promise. A study reported by Rapaport and colleagues
revealed that allogeneic unresponsiveness to the heart could be established in dogs treated with
supralethal total body irradiation and marrow transplants from DLA-identical donors [90].
Orthotopic heart transplantation from marrow donors into 9 mixed chimeric recipients was
performed 5-6 months later. Six of the 9 dogs died from procedural complications, one dog died
from heart failure, and 2 dogs remained healthy for 545 and 547 days after surgery. The results
are in line with the hypothesis that hematopoietic chimerism can lead to tolerance of DLAPage 124/305
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identical heart transplantation. In unrelated mongrel dogs, heart and kidney transplants showed
prolonged survival advantage following total lymphoid irradiation and marrow transplantation
without immunosuppression [91]. In this investigation, the heart allografts survived longer than
the kidney. However, a later study by Strober and colleagues revealed that cardiac allografts in
unrelated mongrel dogs were accepted long-term following TLI and ATG in 40% of the animals.
Curiously, in this study addition of marrow did not confer survival advantage to the cardiac
allografts [92]. A similar study showed that marrow did not induce tolerance in this model was
reported by Raaf et al. using kidney transplants instead of cardiac transplants in dogs conditioned
with TLI [89]. The authors concluded that TLI was not sufficiently immunosuppressive in this model
to condition animals for uniform marrow engraftment.
Short-term lung allograft survival was observed in recipients of DLA-identical and DLAmismatched lung allografts following 200 cGy TBI with a short course of immunosuppression
consisting of CSP and MMF (93). No HCT was performed in these preliminary experiments. For
DLA-mismatched allografts, 2 Gy TBI and monoclonal S5 (anti-CD44) was also administered.. With
the addition of HCT, tolerance for long-term acceptance of orthotopic lung transplants was
achieved [32, 93]. Here, Nash and colleagues reported that stable mixed chimeric dogs given
heterotopic lung allografts from their respective DLA-identical marrow donors had significantly
prolonged survival of their lung grafts over nonchimeric counterparts. Furthermore, there was a
significant increase in CD3+ T cells with a Treg phenotype, expression of FoxP3+, IL10, and TGFB, in
the peripheral blood and lungs with a decrease in copy number of cells of this phenotype in spleen
and lymph nodes. These changes suggest mobilization of regulatory cells to the peripheral tissue
including the graft to control graft rejection [32].
5.4 Vascularized Composite Allografts (VCA): Canines
VCA represents an appropriate model for transplantation of the face and hands in the clinic,
and like solid organ transplantation, requires immune tolerance for long-term graft acceptance.
VCA is composed of donor muscle, vasculature, connective tissue, and skin. Due to the high
antigenicity of the skin, split tolerance has been observed [67, 94]. In the dog model, results have
been more promising. Preliminary studies, using DLA-identical littermates, showed five VCA
transplants between DLA-identical donor and recipient dogs survived 15 to 30 days in the absence
of marrow transplantation and postgrafting immunosuppression [49]. Long-term tolerance to a
VCA can be accomplished with either VCA transplantation several months after or coincident with
HCT in the canine DLA-identical transplantation model [95, 96]. In a more clinically relevant setting,
we recently tested immune tolerance to DLA-haploidentical marrow or G-CSF-mobilized peripheral
blood stem cells coincident with VCA transplantation [97]. Conditioning was done with 4.5 Gy TBI,
and postgrafting immunosuppression was accomplished with a brief course of CSP and MMF
(Figure 1). Dogs receiving G-CSF mobilized stem cells had a superior engraftment rate compared to
dogs given marrow, but G-CSF-mobilized stem cells resulted in the incidence of GVHD and one dog
rejecting the hematopoietic graft while retaining the VCA. These studies suggest that mixed
chimerism is important in the early stages of VCA acceptance, but chimerism can be eliminated at
a later point to reduce the risk of GVHD.

Page 125/305

OBM Transplantation 2019; 3(3), doi:10.21926/obm.transplant.1903080

Figure 1 Protocol for induction of tolerance in DLA haploidentical VCA transplantation.
Eight dogs were transplanted with DLA-mismatched marrow and simultaneously given
a VCA using a non-myeloablative transplantation protocol. Dogs were followed for
tolerance to their donor grafts for the periods shown to the right of the time line break
(10 through 94 weeks).
6. Rationale for Primate Studies
Phylogenetically, nonhuman primates (NHP) are the most stringent models in which to test
mixed chimerism protocols for the induction of tolerance towards transplanted tissues in the
clinical setting. There are several reasons for using NHP model versus other large animal models.
Immunosuppressive drugs function similarly for both NHP and humans. Monoclonal antibodies
commonly show specificity for human and NHP leukocytes and stem cells for both binding and
function with similar antagonistic or agonistic results. Costimulatory molecules and their ligands,
targeted during conditioning regimens prior to HCT, have also been validated in NHP and
translated to the clinic [98, 99]. One notable exception is the anti-CD28 mAb, TGN 1412. Although
safe in monkeys, TGN 1412 was proved disastrous in a study with human volunteers [100]. Kidney
transplantation is the most likely organ to be successfully transplanted in conjunction with HCTinduced immune tolerance. Besides the liver, the bar for kidney tolerance is set lowest among the
transplantable organs. Furthermore, successful kidney transplantation following HCT for
hematologic disease has been previously demonstrated in human patients [12, 101, 102].
6.1 Primate Studies: Kidney
Immune tolerance using nonmyeloablative conditioning regimens and HCT in nonhuman
primates (NHP) eventually translated to successful protocols for transplantation of kidney
allografts in the clinical setting. The key to allograft tolerance was establishment of persistent
mixed chimerism. This has been easily achieved in mice [13] but more difficult to obtain in NHP
[103, 104]. Various approaches for achieving tolerance were tested in NHP using a variety of
stringent conditioning regimens and postgrafting immunosuppression for acceptance of solid
organ allografts.
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Believing that persistent mixed chimerism was required for successful allograft transplantation,
investigators at Emory University pursued a strategy for long-term mixed chimerism in rhesus
macaques after non-myeloablative conditioning with a single dose of busulfan, mTor inhibition
with sirolimus, and CD28/CD154 costimulatory molecule blockade. High levels of mixed chimerism
were established transiently for a median of 145 days. Additional recipient treatment with CD8
depletion, donor lymphocyte infusion, inclusion of deoxyspergualin, and recipient thymectomy
failed to prolong the period of mixed chimerism [105]. However, subsequent studies revealed that
transient mixed chimerism following nonmyeloablative conditioning was sufficient for long-term
kidney allograft survival [104, 106, 107].
The MGH group developed a basic nonmyeloablative protocol that successfully produced mixed
chimerism and renal allograft tolerance in MHC-mismatched nonhuman primates. The initial
protocol consisted of 300 rad midline tissue doses and TBI 700 rad thymic irradiation, followed by
donor bone marrow infusion and kidney transplantation from MHC-mismatched donors. Monkeys
treated with the basic protocol, rejected their allografts by day 15. Addition of postgrafting
immunosuppression with CSP (30 days) resulted in monkeys developing multilineage chimerism
and long-term kidney allograft acceptance [106]. In subsequent studies, splenectomy on Day 0
was included in the protocol to eliminate alloantibody formation [104] as well as the addition of
anti-human thymocyte globulin to further suppress anti-donor T cell activity [104]. Later studies
investigated costimulatory molecule blockade with anti-CD154 [98] or CTLA4-Ig (belatacept) [99]
to replace splenectomy, improve mixed chimerism, and acceptance of the renal allograft.
Heterologous immunologic memory, a significant barrier to HCT-induced tolerance when
performed several weeks after kidney transplantation, was successfully reduced by a course of
anti-CD8 mAb or ATG [108, 109]. Overall, these essential studies indicate that transient mixed
chimerism is sufficient to induce long-term immune tolerance against a kidney allograft in the
MHC-mismatched setting and provided sufficient proof of principle for translation to the clinic.
Following upon combined kidney and marrow transplantation success in NHP, investigators
have successfully induced stable mixed hematopoietic cell chimerism and tolerance to human
renal allografts using local thymic irradiation or TLI and donor marrow transplantation in the HLAidentical setting [101, 110, 111]. Breaching the HLA-mismatched barrier, although more difficult,
has also been successful and allowed for more widespread application of immune tolerance
induction for kidney transplantation.
There are three major clinical transplant centers located at Stanford, Northwestern, and MGH
in Boston that are evaluating hematopoietic cell chimerism for induction of tolerance towards
kidney transplantation [112]. Human leukocyte antigen (HLA)-mismatched protocols differ and are
a result of a cumulation of both small and large animal transplantation preclinical studies and HLAmatched clinical studies. The goal of the Stanford group is to obtain long-term mixed chimerism
without GVHD. Their protocol relies on fractionated dosing of total lymphoid irradiation and antithymocyte Gama globulin (ATG) for conditioning, administered immediately after kidney
transplantation (day = 0). Column-purified CD34+ stem cells from granulocyte-colony stimulating
factor (G-CSF)-mobilized peripheral blood supplemented with CD3+ cells are administered 11 days
after kidney transplantation [113]. Using HLA-matched patients, the results were quite promising,
with complete withdrawal of immunosuppressive drugs in 16 of 22 patients without rejection or
episodes of kidney disease for up to 5 years. The results of achieving sustained macrochimerism in
HLA-mismatched patients have been reported [36, 113]. Multilineage chimerism has been
Page 127/305

OBM Transplantation 2019; 3(3), doi:10.21926/obm.transplant.1903080

achieved in four HLA-mismatched patients given a CD34+ mobilized stem cells and kidney
transplant after nonmyeloablative conditioning consisting of TLI and ATG. No GVHD was observed,
and macrochimerism developed in 3 of 4 patients in this study [36].
The Northwest group has performed clinical studies on both HLA-identical and haploidentical
kidney transplantation. In the haploidentical setting, conditioning included fludarabine,
cyclophosphamide, and 200 cGy TBI. Chimerism was induced using a proprietary facilitator cell
enriched product obtained from G-CSF mobilized blood mononuclear cells administered the day
after kidney transplantation. Postgrafting immunosuppression was done using tacrolimus and
MMF with taper after 6 months if a renal biopsy was clear. Stable donor chimerism was seen in 12
of 19 subjects [114].
The MGH group has taken a different approach for HLA-mismatched patients and
demonstrating that transient chimerism is sufficient for maintaining tolerance to a kidney allograft.
In one study, 10 patients received a kidney and marrow from haploidentical donors following
thymic irradiation with 2 doses of cyclophosphamide given before transplantation. ATG with or
without rituximab was given to deplete T and B cells respectively. Postgrafting
immunosuppression was completed by 8 months after transplant once rejection was not apparent.
All 10 patients had transient chimerism, with 4 patients achieving donor tolerance as defined as
living immunosuppression free for periods in a range of 4.5 to 11.4 years [115].
The favorable outcome of these studies is remarkable, yet further development will be needed
to ensure robust success in larger patient cohorts and translation to organs for successful longterm engraftment.
7. Conclusions
Nonmyeloablative hematopoietic cell transplantation is a realistic alternative to life-long
application of immunosuppressive drug regimens for the induction of tolerance to solid organ
allografts. The steps taken to reach this state of clinical acceptance could not have been
accomplished without application of stepwise developmental studies in large animal preclinical
models (Table 1). This process has taken a course of decades of experimentation moving from
success in identical to haploidentical MHC animal models. The kidney, perhaps one of the two
most easily transplanted organs, the other being the liver, has now been successfully transplanted
into human patients through carefully designed studies carried out in nonhuman primates.
Although the success seen in tolerance induction through hematopoietic cell chimerism for
kidney allografts is very encouraging, other less readily accepted tissues such as the lung, heart,
and especially the skin will likely require more extensive conditioning or posttransplant
immunosuppression methods mediated through costimulatory molecule blockade, T-memory cell
ablation, T-regulatory cell immunotherapy, or other suppressor cell manipulation.
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Table 1 Illustrating the noteworthy accomplishments in the three large animals for immune tolerance to SOT.
Animal
model
Canine
Kidney

MHC

Conditioning pretransplant

Stem cells

Identical

1-2 Gy TBI

VCA

Haplo

4.5 Gy TBI

Marrow/G-PBMC Kidney day = 0
day0
Marrow/G-PBMC VCA, day = 0
day0

Swine
Kidney

Mismatch

Myeloablative
4.5 Gy + CY

VCA

Mismatch,
Class II
Mismatch

VCA

Mismatch

"Nonmyeloablative" Marrow, Day 0

VCA, day 3 after None
HCT

NHP
Kidney

Mismatch

ATG, TBI (300 Rads) Marrow, day=0
TI (700 Rads)
splenectomy
Marrow

Kidney, Day=0

Kidney

Mismatch

Kidney day 21120

Kidney

Marrow
Day 0

T-cell depl.
Marrow day 0

3 Gy TBI + 7 Gy TI

Organ transplant Conditioning
post-transplant

Chimerism

Tolerance

Reference

CSP/MMF

Stable

Yes

Kuhr [33]

CSP/MMF

Stable

Marrow ±
G-PBMC +

Chang [97]

Stable

Yes

Guzzetta [65]

Stable

Yes

Smith [64]

Stable Gmobilized
Transient
marrow
Stable

Split

Hittiaratchy [67]

Class II yes
Class I no

Shanmugarajah
[69]

CSP

Transient

Yes

Kawai [115]

CSP

Stable mixed to
Day 30-60

Yes

Kawai [104]

Kidney, 5-12
None
months after HCT
Kidney, 4-5
None
months after HCT
VCA, 24 h after None
HCT

CSP = cyclosporine; CY = cyclophosphamide; Haplo = haploidentical; G-PBMC = granulocyte colony-stimulating factor (G-CSF)-mobilized peripheral
blood mononuclear cells; MHC = major histocompatibility complex; MMF = mycophenolate mofetil; T-cell depl = T-cell depleted; TBI = total body
irradiation; TI = thymic irradiation; VCA = vascularized composite tissue allografts.
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Recent studies have shown that novel strategies for reducing the incidences of acute and
chronic GVHD have been proven effective in both malignant and nonmalignant HCT. In vivo T-cell
depletion with alemtuzumab [116, 117] has proven to be a promising approach for the prevention
of acute and chronic GVHD. Anti-thymocyte globulin (ATG), introduced into the conditioning
regimen for the prevention of graft rejection in patients with aplastic anemia in 1987 [118], has
become an important component for prophylactic treatment for GVHD [119, 120]. Several studies
have been reported using nonmyeloablative HCT and T cell receptor (TCRα/β) and CD19+ cell
depletion protocols for the treatment of children with nonmalignant disorders such as Wiskott
Aldrich Syndrome, hemolytic anemia, and hemoglobinopathies [121-125]. In these studies, HCT
grafts were from HLA-matched related, unrelated, and haploidentical donors. Overall survival was
high in patients treated with this T/B cell depletion conditioning regimen [122, 123]. However,
GVHD, immune reconstitution, and morbidity and mortality remain an issue when using
TCRαβ+/CD19-depleted grafts [123]. Nevertheless, a TCRαβ+/CD19 depletion protocol, especially
when combined with conditioning the host with plerixafor and G-CSF prior to transplantation, may
be a rational approach for solid organ transplantation [122].
In conclusion, the large animal models are well-positioned to take on the tasks of investigating
new approaches to establishing long-term tolerance towards solid organ transplants. It is possible
that a combinatorial approach of using the appropriate posttransplant immunosuppressive drug
regimen combined with costimulatory molecule blockade that leads to both central and peripheral
tolerance may overcome the failures seen in humans [126]. Large animal models provide a fast,
translatable, and relatively facile method to test a variety of protocols to meet the goal of
improving successful organ-specific tolerance in the clinic.
Acknowledgments
We thank Helen Crawford for her assistance with manuscript and figure preparation.
Author Contributions
SS Graves, Ph.D., researched and prepared the manuscript.
DW Mathes, MD, review and offered constructive criticisms of the manuscript.
R Storb, MD, reviewed and offered direction and constructive criticisms of the manuscript.
Fundings
This work was supported by grants P30 CA015074 and P01 CA078902 from the National Cancer
Institute and the National Institutes of Health, Bethesda, MD. The content is solely the
responsibility of the authors and does not necessarily represent the official views of the National
Institutes of Health, which had no involvement in the study design; the collection, analysis and
interpretation of data; the writing of the report; nor in the decision to submit the article for
publication.
Competing Interests
The authors have declared that no competing interests exist.

Page 130/312

OBM Transplantation 2019; 3(3), doi:10.21926/obm.transplant.1903080

References
1.

2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

12.
13.
14.

15.
16.

17.

18.

Alangaden GJ, Thyagarajan R, Gruber SA, Morawski K, Garnick J, El-Amm JM, et al. Infectious
complications after kidney transplantation: Current epidemiology and associated risk factors.
Clin Transplant. 2006; 20: 401-409.
Rama I, Grinyo JM. Malignancy after renal transplantation: The role of immunosuppression.
Nat Rev Nephrol. 2010; 6: 511-519.
Hachem RR. Lung allograft rejection: Diagnosis and management. Curr Opin Organ Transplant.
2009; 14: 477-482.
Hornick P, Rose M. Chronic rejection in the heart. Methods Mol Biol. 2006; 333: 131-144.
Szabolcs P, Burlingham WJ, Thomson AW. Tolerance after solid organ and hematopoietic cell
transplantation. Biol Blood Marrow Transplant. 2012; 18: S193-S200.
Granados JM, Benichou G, Kawai T. Hematopoietic stem cell infusion/transplantation for
induction of allograft tolerance. Curr Opin Organ Transplant. 2015; 20: 49-56.
Owen RD. Immunogenetic consequences between vascular anastomoses between bovine
twins. Science. 1945; 102: 400-402.
Burnet FM, Fenner F. The production of antibodies. 2nd ed. Melbourne: Macmillan and
company, Ltd; 1949. 142 p.
Billingham RE, Brent L, Medawar PB. Actively acquired tolerance of foreign cells. Nature. 1953;
172: 603-606.
Main JM, Prehn RT. Successful skin homografts after the administration of high dosage X
radiation and homologous bone marrow. J Natl Cancer Instit. 1955; 15: 1023-1029.
Sayegh MH, Fine NA, Smith JL, Rennke HG, Milford EL, Tilney NL. Immunologic tolerance to
renal allografts after bone marrow transplants from the same donors.[see comment]. Ann Int
Med. 1991; 114: 954-955.
Dey B, Sykes M, Spitzer TR. Outcomes of recipients of both bone marrow and solid organ
transplants. A review. Medicine. 1998; 77: 355-369.
Sharabi Y, Sachs DH. Mixed chimerism and permanent specific transplantation tolerance
induced by a nonlethal preparative regimen. J Exp Med. 1989; 169: 493-502.
Storb R, Kolb HJ, Deeg HJ, Weiden PL, Appelbaum F, Graham TC, et al. Prevention of graftversus-host disease by immunosuppressive agents after transplantation of DLA-nonidentical
canine marrow. Bone Marrow Transpl. 1986; 1: 167-177.
Storb R, Deeg HJ, Raff R, Schuening F, Yu C, Sandmaier BM, et al. Prevention of graft-versushost disease: Studies in a canine model. Ann NY Acad Sci. 1995; 770: 149-164.
Storb R, Yu C, Wagner JL, Deeg HJ, Nash RA, Kiem HP, et al. Stable mixed hematopoietic
chimerism in DLA-identical littermate dogs given sublethal total body irradiation before and
pharmacological immunosuppression after marrow transplantation. Blood. 1997; 89: 30483054.
Storb R, Yu C, Zaucha JM, Deeg HJ, Georges G, Kiem HP, et al. Stable mixed hematopoietic
chimerism in dogs given donor antigen, CTLA4Ig, and 100 cGy total body irradiation before
and pharmacologic immunosuppression after marrow transplant. Blood. 1999; 94: 2523-2529.
Slavin S, Strober S, Fuks Z, Kaplan HS. Induction of specific tissue transplantation tolerance
using fractionated total lymphoid irradiation in adult mice: Long-term survival of allogeneic
bone marrow and skin grafts. J Exp Med. 1977; 146: 34-48.
Page 131/305

OBM Transplantation 2019; 3(3), doi:10.21926/obm.transplant.1903080

19. Strober S, Slavin S, Gottlieb M, Zan-Bar I, King DP, Hoppe RT, et al. Allograft tolerance after
total lymphoid irradiation (TLI). Immunol Rev. 1979; 46: 87-112.
20. Warner NL, Herzenberg LA, Cole LJ, Davis WE, Jr. Dissociation of skin homograft tolerance and
donor type gamma globulin synthesis in allogeneic mouse radiation chimaeras. Nature. 1965;
205: 1077-1079.
21. Billingham RE, Brent L. Quantitative studies on tissue transplantation immunity. IV. Induction
of tolerance in newborn mice and studies on the phenomenon of runt disease. Philosoph
Transact Royal Society LondonSeries B: Biol Sci. 1959; 242: 477.
22. Steinmuller D, Lofgreen JS. Differential survival of skin and heart allografts in radiation
chimaeras provides further evidence for Sk histocompatibility antigen. Nature. 1974; 248:
796-797.
23. Porter RP, Gengozian N. Immunological tolerance and rejection of skin allografts in hhe
marmoset. Transplantation. 1969; 8: 653-665.
24. Fuchimoto Y, Gleit ZL, Huang CA, Kitamura H, Schwarze ML, Menard MT, et al. Skin-specific
alloantigens in miniature swine. Transplantation. 2001; 72: 122-126.
25. Liu XQ, Hu ZQ, Pei YF, Tao R. Clinical operational tolerance in liver transplantation: State-ofthe-art perspective and future prospects. Hepatobiliary Pancreat Dis Int. 2013; 12: 12-33.
26. Karimi MH, Geramizadeh B, Malek-Hosseini SA. Tolerance induction in Liver. Int J Organ
Transplant Med. 2015; 6: 45-54.
27. Fernandes E, Goold HD, Kissenpfennig A, Malissen B, Dyson J, Bennett CL. The role of direct
presentation by donor dendritic cells in rejection of minor histocompatibility antigenmismatched skin and hematopoietic cell grafts. Transplantation. 2011; 91: 154-160.
28. Huang CA, Fuchimoto Y, Scheier-Dolberg R, Murphy MC, Neville DM, Jr., Sachs DH. Stable
mixed chimerism and tolerance using a nonmyeloablative preparative regimen in a largeanimal model. J Clin Invest. 2000; 105: 173-181.
29. Fuchimoto Y, Huang CA, Yamada K, Shimizu A, Kitamura H, Colvin RB, et al. Mixed chimerism
and tolerance without whole body irradiation in a large animal model. J Clin Invest. 2000; 105:
1779-1789.
30. Cina RA, Wikiel KJ, Lee PW, Cameron AM, Hettiarachy S, Rowland H, et al. Stable multilineage
chimerism without graft versus host disease following nonmyeloablative haploidentical
hematopoietic cell transplantation. Transplantation. 2006; 81: 1677-1685.
31. Niemeyer GP, Welch JA, Tillson M, Brawner W, Rynders P, Goodman S, et al. Renal allograft
tolerance in DLA-identical and haploidentical dogs after nonmyeloablative conditioning and
transient immunosuppression with cyclosporine and mycophenolate mofetil. Transplant Proc.
2005; 37: 4579-4586.
32. Nash RA, Yunusov M, Abrams K, Hwang B, Castilla-Llorente C, Chen P, et al.
Immunomodulatory effects of mixed hematopoietic chimerism: Immune tolerance in canine
model of lung transplantation. Am J Transplant. 2009; 9: 1037-1047.
33. Kuhr CS, Allen MD, Junghanss C, Zaucha JM, Marsh CL, Yunusov M, et al. Tolerance to
vascularized kidney grafts in canine mixed hematopoietic chimeras. Transplantation. 2002; 73:
1487-1493.
34. Wu SL, Pan CE. Tolerance and chimerism and allogeneic bone marrow/stem cell
transplantation in liver transplantation. World J Gastroenterol. 2013; 19: 5981-5987.
Page 132/305

OBM Transplantation 2019; 3(3), doi:10.21926/obm.transplant.1903080

35. Araujo MB, Leonardi LS, Leonardi MI, Boin IF, Magna LA, Donadi EA, et al. Prospective analysis
between the therapy of immunosuppressive medication and allogeneic microchimerism after
liver transplantation. Transpl Immunol. 2009; 20: 195-198.
36. Millan MT, Shizuru JA, Hoffmann P, Dejbakhsh-Jones S, Scandling JD, Grumet FC, et al. Mixed
chimerism and immunosuppressive drug withdrawal after HLA-mismatched kidney and
hematopoietic progenitor transplantation. Transplantation. 2002; 73: 1386-1391.
37. Kawai T, Cosimi AB, Spitzer TR, Tolkoff-Rubin N, Suthanthiran M, Saidman SL, et al. HLAmismatched renal transplantation without maintenance immunosuppression. N Eng J Med.
2008; 358: 353-361.
38. Oura T, Hotta K, Cosimi AB, Kawai T. Transient mixed chimerism for allograft tolerance.
Chimerism. 2015; 6: 21-26.
39. Mapara MY, Pelot M, Zhao G, Swenson K, Pearson D, Sykes M. Induction of stable long-term
mixed hematopoietic chimerism following nonmyeloablative conditioning with T celldepleting antibodies, cyclophosphamide, and thymic irradiation leads to donor-specific in
vitro and in vivo tolerance. Biol Blood Marrow Transplant. 2001; 7: 646-655.
40. Tomita Y, Sachs DH, Khan A, Sykes M. Additional monoclonal antibody (mAB) injections can
replace thymic irradiation to allow induction of mixed chimerism and tolerance in mice
receiving bone marrow transplantation after conditioning with anti-T cell mABs and 3-Gy
whole body irradiation. Transplantation. 1996; 61: 469-477.
41. Foster RD, Ascher NL, McCalmont TH, Neipp M, Anthony JP, Mathes SJ. Mixed allogeneic
chimerism as a reliable model for composite tissue allograft tolerance induction across major
and minor histocompatibility barriers. Transplantation. 2001; 72: 791-797.
42. Colson YL, Wren SM, Schuchert MJ, Patrene KD, Johnson PC, Boggs SS, et al. A nonlethal
conditioning approach to achieve durable multilineage mixed chimerism and tolerance across
major, minor, and hematopoietic histocompatibility barriers. J Immunol. 1995; 155: 41794188.
43. Wood K, Sachs DH. Chimerism and transplantation tolerance: cause and effect. Immunol
Today. 1996; 17: 584-587.
44. Kurtz J, Shaffer J, Lie A, Anosova N, Benichou G, Sykes M. Mechanisms of early peripheral CD4
T-cell tolerance induction by anti-CD154 monoclonal antibody and allogeneic bone marrow
transplantation: Evidence for anergy and deletion but not regulatory cells. Blood. 2004; 103:
4336-4343.
45. Khan A, Tomita Y, Sykes M. Thymic dependence of loss of tolerance in mixed allogeneic bone
marrow chimeras after depletion of donor antigen. Peripheral mechanisms do not contribute
to maintenance of tolerance. Transplantation. 1996; 62: 380-387.
46. Pilat N, Farkas AM, Mahr B, Schwarz C, Unger L, Hock K, et al. T-regulatory cell treatment
prevents chronic rejection of heart allografts in a murine mixed chimerism model. J Heart
Lung Transplant. 2014; 33: 429-437.
47. Shinoda K, Akiyoshi T, Chase CM, Farkash EA, Ndishabandi DK, Raczek CM, et al. Depletion of
foxp3(+) T cells abrogates tolerance of skin and heart allografts in murine mixed chimeras
without the loss of mixed chimerism. Am J Transplant. 2014; 14: 2263-2274.
48. Graves SS, Parker MH, Storb R. Animal models for preclinical development of allogeneic
hematopoietic cell transplantation. ILAR J. 2018; 59: doi: 10.1093/ilar/ily1006.
Page 133/305

OBM Transplantation 2019; 3(3), doi:10.21926/obm.transplant.1903080

49. Mathes DW, Noland M, Graves S, Schlenker R, Miwongtum T, Storb R. A preclinical canine
model for composite tissue transplantation. J Reconstr Microsurg. 2010; 26: 201-207.
50. Sachs DH. Tolerance: Of mice and men. J Clin Invest. 2003; 111: 1819-1821.
51. Adams AB, Williams MA, Jones TR, Shirasugi N, Durham MM, Kaech SM, et al. Heterologous
immunity provides a potent barrier to transplantation tolerance. J Clin Invest. 2003; 111:
1887-1895.
52. Adams AB, Pearson TC, Larsen CP. Heterologous immunity: An overlooked barrier to
tolerance (Review). Immunol Rev. 2003; 196: 147-160.
53. Nadazdin O, Boskovic S, Murakami T, Tocco G, Smith RN, Colvin RB, et al. Host alloreactive
memory T cells influence tolerance to kidney allografts in nonhuman primates. Sci Transl Med.
2011; 3: 86ra51.
54. Choo JK, Seebach JD, Nickeleit V, Shimizu A, Lei H, Sachs DH, et al. Species differences in the
expression of major histocompatibility complex class II antigens on coronary artery
endothelium: Implications for cell-mediated xenoreactivity. Transplantation. 1997; 64: 13151322.
55. Pennington LR, Sakamoto K, Popitz-Bergez FA, Pescovitz MD, McDonough MA, MacVittie TJ,
et al. Bone marrow transplantation in miniature swine. I. Development of the model.
Transplantation. 1988; 45: 21-26.
56. Gress R, Moses R, Suzuki T, Lowman M, Pennington L, Sakamoto K, et al. Biparental bone
marrow transplantation as a means of tolerance induction. Transplant Proc. 1987; 19: 95-97.
57. Madariaga ML, Michel SG, Tasaki M, Villani V, La Muraglia GM, 2nd, Sihag S, et al. Induction
of cardiac allograft tolerance across a full MHC barrier in miniature swine by donor kidney
cotransplantation. Am J Transplant. 2013; 13: 2558-2566.
58. Madariaga ML, Spencer PJ, Michel SG, La Muraglia GM, 2nd, O'Neil MJ, Mannon EC, et al.
Effects of lung cotransplantation on cardiac allograft tolerance across a full major
histocompatibility complex barrier in miniature wwine. Am J Transplant. 2016; 16: 979-986.
59. Singer DS, Ehrlich R, Satz L, Frels W, Bluestone J, Hodes R, et al. Structure and expression of
class I MHC genes in the miniature swine. Vet Immunol Immunopathol. 1987; 17: 211-221.
60. Kirkman RL, Colvin RB, Flye MW, Leight GS, Rosenberg SA, Williams GM, et al. Transplantation
in miniature swine. VI. Factors influencing survival of renal allografts. Transplantation. 1979;
28: 18-23.
61. Cobbold SP, Martin G, Qin S, Waldmann H. Monoclonal antibodies to promote marrow
engraftment and tissue graft tolerance. Nature. 1986; 323: 164-166.
62. Sykes M, Sachs DH. Mixed allogeneic chimerism as an approach to transplantation tolerance.
Immunol Today. 1988; 9: 23-27.
63. Fradelizi D, Mahouy G, de Riberolles C, Lecompte Y, Alhomme P, Douard MC, et al. Allograft
tolerance in pigs after fractionated lymphoid irradiation. II. Kidney graft after conventional
total lymphoid irradiation and bone marrow cell grafting. Transplantation. 1981; 31: 365-368.
64. Smith CV, Nakajima K, Mixon A, Guzzetta PC, Rosengard BR, Fishbein JM, et al. Successful
induction of long-term specific tolerance to fully allogeneic renal allografts in miniature swine.
Transplantation. 1992; 53: 438-444.
65. Guzzetta PC, Sundt TM, Suzuki T, Mixon A, Rosengard BR, Sachs DH. Induction of kidney
transplantation tolerance across major histocompatibility complex barriers by bone marrow
transplantation in miniature swine. Transplantation. 1991; 51: 862-866.
Page 134/305

OBM Transplantation 2019; 3(3), doi:10.21926/obm.transplant.1903080

66. Horner BM, Cina RA, Wikiel KJ, Lima B, Ghazi A, Lo DP, et al. Predictors of organ allograft
tolerance following hematopoietic cell transplantation. Am J Transplant. 2006; 6: 2894-2902.
67. Hettiaratchy S, Melendy E, Randolph MA, Coburn RC, Neville DM, Jr., Sachs DH, et al.
Tolerance to composite tissue allografts across a major histocompatibility barrier in miniature
swine. Transplantation. 2004; 77: 514-521.
68. Mathes DW, Solari MG, Gazelle GS, Butler PE, Wu A, Nazzal A, et al. Stable mixed
hematopoietic chimerism permits tolerance of vascularized composite allografts across a full
major histocompatibility mismatch in swine. Transpl Int. 2014; 27: 1086-1096.
69. Shanmugarajah K, Powell H, Leonard DA, Mallard C, Albritton A, Harrington E, et al. The effect
of MHC antigen matching between donors and recipients on skin tolerance of vascularized
composite allografts. Am J Transplant. 2017; 17: 1729-1741.
70. Thomas ED, Ferrebee JW. Transplantation of marrow and whole organs: Experiences and
comments. Can Med Assoc J. 1962; 86: 435-444.
71. Epstein RB, Storb R, Ragde H, Thomas ED. Cytotoxic typing antisera for marrow grafting in
littermate dogs. Transplantation. 1968; 6: 45-58.
72. Storb R, Epstein RB, Bryant J, Ragde H, Thomas ED. Marrow grafts by combined marrow and
leukocyte infusions in unrelated dogs selected by histocompatibility typing. Transplantation.
1968; 6: 587-593.
73. Wagner JL, Burnett RC, DeRose SA, Storb R. Molecular analysis and polymorphism of the DLADQA gene. Tissue Antigens. 1996; 48: 199-204.
74. Wagner JL, Burnett RC, Storb R. Molecular analysis of the DLA DR region. Tissue Antigens.
1996; 48: 549-553.
75. Graumann MB, DeRose SA, Ostrander EA, Storb R. Polymorphism analysis of four canine MHC
class I genes. Tissue Antigens. 1998; 51: 374-381.
76. Storb R, Epstein RB, Rudolph RH, Thomas ED. Allogeneic canine bone marrow transplantation
following cyclophosphamide. Transplantation. 1969; 7: 378-386.
77. Ochs HD, Witherspoon RP, Storb R, Wedgwood RJ. Immune recovery after marrow
transplantation. In: Alving BM, Finlayson JS, editors. Immunoglobulins: Characteristics and
Uses of Intravenous Preparations DHHS Publication No (FDA)-80-9005. Washington, D.C.: U.S.
Government Printing Office; 1980. p. 99-106.
78. Rapaport FT, Bachvaroff RJ, Watanabe K, Hirasawa H, Mollen N, Ferrebee JW, et al. Induction
of allogeneic unresponsiveness in adult dogs. Role of non-DLA histocompatibility variables in
conditioning the outcome of bone marrow, kidney, and skin transplantation in radiation
chimeras. J Clin Invest. 1978; 61: 790-800.
79. Tillson M, Niemeyer GP, Welch JA, Brawner W, Swaim SF, Rynders P, et al. Hematopoietic
chimerism induces renal and skin allograft tolerance in DLA-identical dogs. Exp Hematol. 2006;
34: 1759-1770.
80. Yunusov MY, Kuhr CS, Georges GE, Hogan WJ, Taranova AG, Lesnikova M, et al. Partial donorspecific tolerance to delayed skin grafts after rejection of hematopoietic cell graft.
Transplantation. 2006; 82: 629-637.
81. Rapaport FT, Hanaoka T, Shimada T, Cannon FD, Ferrebee JW. Histocompatibility studies in a
closely bred colony of dogs. I. Influence of leukocyte group antigens upon renal allograft
survival in the unmodified host. J Exp Med. 1970; 131: 881-893.
Page 135/305

OBM Transplantation 2019; 3(3), doi:10.21926/obm.transplant.1903080

82. Rapaport FT, Watanabe K, Matsuyama M, Cannon FD, Mollen N, Blumenstock DA, et al.
Induction of immunological tolerance to allogeneic tissues in the canine species. Ann Surg.
1972; 176: 529-537.
83. Storb R, Yu C, Barnett T, Wagner JL, Deeg HJ, Nash RA, et al. Stable mixed hematopoietic
chimerism in dog leukocyte antigen-identical littermate dogs given lymph node irradiation
before and pharmacologic immunosuppression after marrow transplantation. Blood. 1999; 94:
1131-1136.
84. Kuhr CS, Yunusov M, Sale G, Loretz C, Storb R. Long-term tolerance to kidney allografts in a
preclinical canine model. Transplantation. 2007; 84: 545-547.
85. Graves SS, Hogan W, Kuhr CS, Diaconescu R, Harkey MA, Georges GE, et al. Stable
trichimerism after marrow grafting from 2 DLA-identical canine donors and nonmyeloablative
conditioning. Blood. 2007; 110: 418-423.
86. Graves SS, Mathes DW, Georges GE, Kuhr CS, Chang J, Butts TM, et al. Long-term tolerance to
kidney allografts after induced rejection of donor hematopoietic chimerism in a preclinical
canine model. Transplantation. 2012; 94: 562-568.
87. Mathews KA, Holmberg DL, Johnston K, Miller CM, Binnington AG, Maxie G, et al. Renal
allograft survival in outbred mongrel dogs using rabbit anti-dog thymocyte serum in
combination with immunosuppressive drug therapy with or without donor bone marrow.
Veterinary surgery : VS. 1994; 23: 347-357.
88. Hartner WC, Markees TG, De Fazio SR, Khouri W, Maki T, Monaco AP, et al. The effect of
antilymphocyte serum, fractionated donor bone marrow, and cyclosporine on renal allograft
survival in mongrel dogs. Transplantation. 1991; 52: 784-789.
89. Raaf J, Bryan C, Monden M, Bray A, Kim JH, Chu F, et al. Bone marrow and renal
transplantation in canine recipients prepared by total lymphoid irradiation. Transplant Proc.
1981; 13: 429-433.
90. Boyd AD, Spencer FC, Hirose H, Engelman RM, Cannon FD, Ferrebee JW, et al. Allogeneic
unresponsiveness to orthotopic cardiac transplants in DL-A-identical radiation chimeras.
Transplant Proc. 1975; 7: 475-477.
91. Kahn DR, Dufek JH, Hong R, Caldwell WL, Thomas FJ, Kolenda DR, et al. Heart and kidney
transplantation using total lymphoid irradiation and donor bone marrow in mongrel dogs. J
Thorac Cardiovasc Surg. 1980; 80: 125-128.
92. Strober S, Modry DL, Hoppe RT, Pennock JL, Bieber CP, Holm BI, et al. Induction of specific
unresponsiveness to heart allografts in mongrel dogs treated with total lymphoid irradiation
and antithymocyte globulin. J Immunol. 1984; 132: 1013-1018.
93. Farivar AS, Yunusov MY, Chen P, Leone RJ, Madtes DK, Kuhr CS, et al. Optimizing a canine
survival model of orthotopic lung transplantation. Transplant Proc. 2006; 38: 1638-1640.
94. Mathes DW, Randolph MA, Solari MG, Nazzal JA, Nielsen GP, Arn JS, et al. Split tolerance to a
composite tissue allograft in a swine model. Transplantation. 2003; 75: 25-31.
95. Mathes DW, Hwang B, Graves SS, Edwards J, Chang J, Storer BE, et al. Tolerance to
vascularized composite allografts in canine mixed hematopoietic chimeras. Transplantation.
2011; 92: 1301-1308.
96. Mathes DW, Chang J, Hwang B, Graves SS, Storer BE, Butts-Miwongtum T, et al. Simultaneous
transplantation of hematopoietic stem cells and a vascularized composite allograft leads to
tolerance. Transplantation. 2014; 98: 131-138.
Page 136/305

OBM Transplantation 2019; 3(3), doi:10.21926/obm.transplant.1903080

97. Chang J, Graves SS, Butts-Miwongtum T, Sale GE, Storb R, Mathes DW. Long-term tolerance
towards haploidentical vascularized composite allograft transplantation in a canine model
using bone marrow or mobilized stem cells. Transplantation. 2016; 100: e120-e127.
98. Kawai T, Sogawa H, Boskovic S, Abrahamian G, Smith RN, Wee SL, et al. CD154 blockade for
induction of mixed chimerism and prolonged renal allograft survival in nonhuman primates.
Am J Transplant. 2004; 4: 1391-1398.
99. Yamada Y, Ochiai T, Boskovic S, Nadazdin O, Oura T, Schoenfeld D, et al. Use of CTLA4Ig for
induction of mixed chimerism and renal allograft tolerance in nonhuman primates. Am J
Transplant. 2014; 14: 2704-2712.
100. Eastwood D, Findlay L, Poole S, Bird C, Wadhwa M, Moore M, et al. Monoclonal antibody
TGN1412 trial failure explained by species differences in CD28 expression on CD4+ effector
memory T-cells. Brit J Pharmacol. 2010; 161: 512-526.
101. Spitzer TR, Delmonico F, Tolkoff-Rubin N, McAfee S, Sackstein R, Saidman S, et al. Combined
histocompatibility leukocyte antigen-matched donor bone marrow and renal transplantation
for multiple myeloma with end stage renal disease: the induction of allograft tolerance
through mixed lymphohematopoietic chimerism. Transplantation. 1999; 68: 480-484.
102. Knuppel E, Medinger M, Stehle G, Infanti L, Halter J, Burkhalter F, et al. Haploidentical
hematopoietic bone marrow transplantation followed by living kidney transplantation from
the same donor in a sickle cell disease patient with end-stage renal failure. Ann Hematol.
2017; 96: 703-705.
103. Kimikawa M, Sachs DH, Colvin RB, Bartholomew A, Kawai T, Cosimi AB. Modifications of the
conditioning regimen for achieving mixed chimerism and donor-specific tolerance in
cynomolgus monkeys. Transplantation. 1997; 64: 709-716.
104. Kawai T, Poncelet A, Sachs DH, Mauiyyedi S, Boskovic S, Wee SL, et al. Long-term outcome
and alloantibody production in a non-myeloablative regimen for induction of renal allograft
tolerance. Transplantation. 1999; 68: 1767-1775.
105. Kean LS, Adams AB, Strobert E, Hendrix R, Gangappa S, Jones TR, et al. Induction of chimerism
in rhesus macaques through stem cell transplant and costimulation blockade-based
immunosuppression. Am J Transplant. 2007; 7: 320-335.
106. Kawai T, Cosimi AB, Colvin RB, Powelson J, Eason J, Kozlowski T, et al. Mixed allogeneic
chimerism and renal allograft tolerance in Cynomolgus monkeys. Transplantation. 1995; 59:
256-262.
107. Nadazdin O, Abrahamian G, Boskovic S, Smith RN, Schoenfeld DA, Madsen JC, et al. Stem cell
mobilization and collection for induction of mixed chimerism and renal allograft tolerance in
cynomolgus monkeys. J Surg Res. 2011; 168: 294-300.
108. Koyama I, Nadazdin O, Boskovic S, Ochiai T, Smith RN, Sykes M, et al. Depletion of CD8
memory T cells for induction of tolerance of a previously transplanted kidney allograft. Am J
Transplant. 2007; 7: 1055-1061.
109. Hotta K, Oura T, Dehnadi A, Boskovic S, Matsunami M, Rosales I, et al. Long-term nonhuman
primate renal allograft survival without ongoing immunosuppression in recipients of delayed
donor bone marrow transplantation. Transplantation. 2018; 102: e128-e136.
110. Spitzer TR, Sykes M, Tolkoff-Rubin N, Kawai T, McAfee SL, Dey BR, et al. Long-term follow-up
of recipients of combined human leukocyte antigen-matched bone marrow and kidney
Page 137/305

OBM Transplantation 2019; 3(3), doi:10.21926/obm.transplant.1903080

transplantation for multiple myeloma with end-stage renal disease. Transplantation. 2011; 91:
672-676.
111. Scandling JD, Busque S, Dejbakhsh-Jones S, Benike C, Millan MT, Shizuru JA, et al. Tolerance
and chimerism after renal and hematopoietic-cell transplantation. N Eng J Med. 2008; 358:
362-368.
112. Mahr B, Granofszky N, Muckenhuber M, Wekerle T. Transplantation tolerance through
hematopoietic chimerism: Progress and challenges for clinical translation. Front Immunol.
2017; 8: 1762.
113. Scandling JD, Busque S, Shizuru JA, Lowsky R, Hoppe R, Dejbakhsh-Jones S, et al. Chimerism,
graft survival, and withdrawal of immunosuppressive drugs in HLA matched and mismatched
patients after living donor kidney and hematopoietic cell transplantation. Am J Transplant.
2015; 15: 695-704.
114. Leventhal JR, Elliott MJ, Yolcu ES, Bozulic LD, Tollerud DJ, Mathew JM, et al. Immune
reconstitution/immunocompetence in recipients of kidney plus hematopoietic
stem/facilitating cell transplants. Transplantation. 2015; 99: 288-298.
115. Kawai T, Sachs DH, Sprangers B, Spitzer TR, Saidman SL, Zorn E, et al. Long-term results in
recipients of combined HLA-mismatched kidney and bone marrow transplantation without
maintenance immunosuppression. Am J Transplant. 2014; 14: 1599-1611.
116. Chakraverty R, Orti G, Roughton M, Shen J, Fielding A, Kottaridis P, et al. Impact of in vivo
alemtuzumab dose before reduced intensity conditioning and HLA-identical sibling stem cell
transplantation: pharmacokinetics, GVHD, and immune reconstitution. Blood. 2010; 116:
3080-3088.
117. Pasquini MC, Devine S, Mendizabal A, Baden LR, Wingard JR, Lazarus HM, et al. Comparative
outcomes of donor graft CD34+ selection and immune suppressive therapy as graft-versushost disease prophylaxis for patients with acute myeloid leukemia in complete remission
undergoing HLA-matched sibling allogeneic hematopoietic cell transplantation. J Clin Oncol.
2012; 30: 3194-3201.
118. Storb R, Weiden PL, Sullivan KM, Appelbaum FR, Beatty P, Buckner CD, et al. Second marrow
transplants in patients with aplastic anemia rejecting the first graft: Use of a conditioning
regimen including cyclophosphamide and antithymocyte globulin. Blood. 1987; 70: 116-121.
119. Socie G, Schmoor C, Bethge WA, Ottinger HD, Stelljes M, Zander AR, et al. Chronic graftversus-host disease: Long-term results from a randomized trial on graft-versus-host disease
prophylaxis with or without anti-T-cell globulin ATG-Fresenius. Blood. 2011; 117: 6375-6382.
120. Bryant A, Mallick R, Huebsch L, Allan D, Atkins H, Anstee G, et al. Low-dose antithymocyte
globulin for graft-versus-host-disease prophylaxis in matched unrelated allogeneic
hematopoietic stem cell transplantation. Biol Blood Marrow Transplant. 2017; 23: 2096-2101.
121. Balashov D, Shcherbina A, Maschan M, Trakhtman P, Skvortsova Y, Shelikhova L, et al. Singlecenter experience of unrelated and haploidentical stem cell transplantation with
TCRalphabeta and CD19 depletion in children with primary immunodeficiency syndromes.
Biol Blood Marrow Transplant. 2015; 21: 1955-1962.
122. Balashov D, Laberko A, Shcherbina A, Trakhtman P, Abramov D, Gutovskaya E, et al. A
conditioning regimen with Plerixafor is safe and improves the outcome of TCRalphabeta(+)
and CD19(+) cell-depleted stem cell transplantation in patients with Wiskott-Aldrich
Syndrome. Biol Blood Marrow Transplant. 2018; 24: 1432-1440.
Page 138/305

OBM Transplantation 2019; 3(3), doi:10.21926/obm.transplant.1903080

123. Gaziev J, Isgro A, Sodani P, Paciaroni K, De Angelis G, Marziali M, et al. Haploidentical HSCT for
hemoglobinopathies: Improved outcomes with TCRalphabeta(+)/CD19(+)-depleted grafts.
Blood Adv. 2018; 2: 263-270.
124. Westermann-Clark E, Grossi A, Fioredda F, Giardino S, Cappelli E, Terranova P, et al. RAG
deficiency with ALPS features successfully treated with TCRalphabeta/CD19 cell depleted
haploidentical stem cell transplant. Clin Immunol. 2018; 187: 102-103.
125. Bertaina A, Merli P, Rutella S, Pagliara D, Bernardo ME, Masetti R, et al. HLA-haploidentical
stem cell transplantation after removal of alphabeta+ T and B cells in children with
nonmalignant disorders. Blood. 2014; 124: 822-826.
126. Adams AB, Shirasugi N, Jones TR, Williams MA, Durham MM, Ha J, et al. Conventional
immunosuppression is compatible with costimulation blockade-based, mixed chimerism
tolerance induction. Am J Transplant. 2003; 3: 895-901.

Enjoy OBM Transplantation by:
1.
2.
3.
4.

OBM Transplantation

Submitting a manuscript
Joining in volunteer reviewer bank
Joining Editorial Board
Guest editing a special issue

For more details, please visit:
http://www.lidsen.com/journals/transplantation

Page 139/305

Open Access

OBM Transplantation

Original Research

Alemtuzumab Treatment Leads to Delayed Recovery of T Follicular
Regulatory Cells, and May Therefore Predispose Patients to de novo
Donor-Specific Antibody Formation
Elizabeth F. Wallin 1, *, Michelle A. Linterman 2, †, Kathryn J. Wood 1, †
1. Transplant Research Immunology Group, Nuffield Dept Surgical Sciences, University of Oxford,
Oxford, UK; E-Mails: lizwallin@doctors.org.uk; kathryn.wood@nds.ox.ac.uk
2. Lymphocyte Signalling and Development ISP, Babraham Institute, Cambridge, UK; E-Mail:
michelle.linterman@babraham.ac.uk
† These authors contributed equally to this work
* Correspondence: Elizabeth F. Wallin; E-Mail: lizwallin@doctors.org.uk
Academic Editor: Haval Shirwan
Special Issue: Antibody Mediated Rejection in Organ Transplantation
OBM Transplantation
2019, volume 3, issue 3
doi:10.21926/obm.transplant.1903079

Received: June 02, 2019
Accepted: August 14, 2019
Published: August 19, 2019

Abstract
Background: T follicular helper (Tfh) and regulatory (Tfr) cells are key players in the
formation of long-lived antibody responses. Their circulating counterparts, cTfh and cTfr, are
often used as biomarkers because longitudinal sampling of secondary lymphoid tissues is
unfeasible in clinical studies. This is the first study to track cTfh and cTfr cells following
therapeutic lymphocyte depletion with alemtuzumab, an anti-CD52 monoclonal antibody, to
infer the influence of this treatment on the germinal centre response.
Methods: Samples from 60 transplant recipients (41 kidney-alone, 19 simultaneous kidneypancreas (SPK)) were analysed at the time of transplant, and at regular intervals posttransplant for both flow-cytometric immunophenotyping, and Luminex-based donor-specific
antibody (DSA) assessment.
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Results: Patients treated with alemtuzumab (19 SPK recipients (group A-SPK) and 23 kidneyalone (group A-K) recipients) had a significantly lower ratio of cTfr to cTfh at all time points
post-transplant compared to patients treated with basiliximab (group B-K). We found that,
despite a high proportion of Tregs in the recovering cell population, cTfr cells did not
repopulate in alemtuzumab treated patients, while cTfh cells reconstituted to higher than
pre-transplant levels over the 2-year follow-up.
Conclusions: Alemtuzumab has been used as first-line induction immunosuppression and
treatment for steroid-resistant rejection in transplantation; our data suggests alemtuzumabtreated patients have a lower cTfr to cTfh ratio even 2 years post-transplant, and may
therefore be at higher risk of de novo DSA formation.
Keywords
Donor specific antibodies; T follicular helper cell; T follicular regulatory cell

1. Introduction
Alemtuzumab is a monoclonal antibody directed against CD52, a marker found on the majority
of lymphoid cells [1]. Administration causes rapid and profound lymphocyte depletion with slow
recovery of first B cells, then CD8 T cells and finally CD4 T cells [2-4]. It is widely used to treat
autoimmunity, particularly in active relapsing multiple sclerosis (MS) [5]. It is also in routine use as
an induction immunosuppression agent in solid organ transplantation [6-9].
While alemtuzumab is an effective immunosuppressant, it is paradoxically associated with the
development of secondary autoimmune disease in up to a third of patients [10, 11] In transplant
patients the rate of post-alemtuzumab autoimmunity is lower [12]. However, 20%-30% of solid
organ recipients will develop de novo DSAs post-transplantation [13-15], both shortening graft
lifespan and reducing success rates of future transplants [16-18] and there appears to be an
increased risk of developing de novo donor specific antibodies (DSAs) in those receiving
alemtuzumab compared to those receiving alternative therapies despite lifelong
immunosuppressive therapy [9, 19, 20].
In order to generate a long-lived antibody response to protein antigen B cells require T cell help
[21, 22]. Long-lived antibody secreting plasma cells and memory B cells arise from the germinal
centre (GC) response, a specialised microenvironment within the B cell follicles of secondary
lymphoid organs (SLOs). Here, GC B cells and specialised subset of CD4 T cells known as T follicular
helper (Tfh) cells interact, resulting in the positive selection of high-affinity GC B cells that can
differentiate into long-lived plasma cells and memory B cells [23]. Tfh cells express the
transcription factor Bcl6, which allows them to upregulate CXCR5 and enter the B cell follicle to
support the GC response [24]. They also express high levels of PD-1 and ICOS, secrete IL-21, and
contain pre-formed CD40L that can be rapidly expressed on the cell surface to provide CD40
signalling to GC B cells [25].
Uncontrolled GC responses can lead to spontaneous autoimmunity. In the presence of
excessive Tfh cells, self-reactive B cells can receive help to produce autoantibodies [26, 27]. Thus,
control of the GC response is essential. Regulatory T cells (Tregs) are an important mechanism of
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immune control. CD4+ Tregs can either be thymically-derived or peripherally-induced and are
characterised by expression of the transcription factor FOXP3 [28, 29]. In addition, Tregs can
express transcription factors traditionally associated with other Th subsets alongside FOXP3 and
tailor their suppression to the response generated [30-33]. As such Tregs can co-opt the Tfh
pathway, expressing BCL6 alongside FOXP3, and upregulating surface markers associated with Tfh,
such as CXCR5, ICOS and PD-1, allowing them to enter the B cell follicle, and limit the size of the
GC response [32, 34, 35].
The collaboration between B cells, Tfh cells and Tfr cells leads to a high-affinity, highly specific
and long-lived antibody response, with the capacity for rapid memory responses. Circulating Tfhlike cells (cTfh) have been identified in both humans and mice, and evidence suggests they are
generated both before and during GC formation [36, 37]. They can be seen in the circulation of
both mice and humans early after immunisation [38-40], and express lower levels of CXCR5 and
PD-1 compared to GC Tfh cells [40, 41]. Those circulating CXCR5+CD4+ cells expressing PD-1 are
thought to represent early memory Tfh, consistent with an active GC response and Tfh cell
differentiation in SLOs [36, 40]. cTfh cells can also express different surface receptors and produce
cytokines consistent with Th1, Th2 and Th17-like skewing. The surface markers CXCR3 and CCR6
have been used to divide CXCR5+ cTfh into CXCR3+ Th1-like cells, CCR6+ Th17-like cells and CXCR3CCR6- Th2 like cells [39]. A rise in CXCR3+ Th1-like Tfh cells has been associated with antibody
production following vaccination [42-44], while increased numbers of CXCR3-PD-1+CXCR5+CD4+ Tfh
cells have been associated with the production of broadly neutralising antibodies (bnAb) in HIV
infected individuals [38] and autoantibodies in systemic autoimmune disease [45, 46].
Alterations in cTfh cells have been proposed as biomarkers for GC activity, allowing tracking of
tissue responses to antigen through peripheral blood sampling [47]. Circulating cells that resemble
Tfr cells (cTfr) have also been identified in humans and mice [40, 48, 49]. These cells express
CXCR5, PD-1 and ICOS and FOXP3, the canonical transcription factor associated with Treg cells. In
mice cTfr cells have been shown to have a lower suppressive capacity than lymph node (LN) Tfr
cells [40], which themselves have similar suppressive capacity to Tregs [50]. In humans cTfr cells
are thought, like cTfh, to reflect an on-going GC response [51].
Longitudinal studies looking at the impact of commonly used immunosuppressive agents on
cTfh and cTfr are lacking, despite the relevance of these cells in antibody formation. We have
previously described the impact of short-duration rituximab and tacrolimus on both circulating
and LN-resident Tfh and Tfr cells [52, 53], supporting the use of circulating cells as biomarkers of
LN cell activity. Alemtuzumab is associated with profound CD4 T cell depletion, but also IL-21
dependent [11] de novo autoantibody formation, therefore we were interested in the impact of
alemtuzumab on Tfh and Tfr cell frequency, and the recovery of these cells following therapeutic
lymphocyte depletion. Here we compare the circulating cell phenotypes in transplant recipients
treated with alemtuzumab at the time of transplant and show that they have a lower ratio of cTfr
cells to cTfh cells at all times post-transplant compared to patients receiving alternative
immunosuppression with basiliximab, an anti-CD25 monoclonal antibody.
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2. Materials and Methods
2.1 Patients
This study complied with Good Clinical Practice and the Declaration of Helsinki, and received
ethical approval from the Local Research Ethics Committee, REC reference 14/SC/0091. Patients
provided written informed consent. Kidney and simultaneous pancreas-kidney (SPK) transplant
recipients were recruited from May to December 2014 from the Oxford Transplant Centre.
Patients with pre-formed DSAs and those undergoing planned pre-transplant desensitisation were
excluded, but those with a negative pre-transplant cross-match to donor HLA were approached for
study specific consent. Patients were assessed at the time of admission, and only those with no
evidence of acute infection went ahead to receive the transplant. Pre-transplant, 50mls of blood
was taken immediately after induction of anaesthesia. For follow up blood samples, 45mls of
blood was taken at the time of routine clinical sampling at 1, 3, 6, 9, 12, 18 and 24 months posttransplant.
Choice of immunosuppression was by the clinical team and based on perceived ‘immunological
risk’. Patients receiving an SPK transplant were given alemtuzumab induction and maintenance
therapy with tacrolimus and mycophenolate mofetil (MMF) with steroids only at induction.
Patients receiving a DCD (donation after cardiac death) kidney, or a living-donor kidney but who
had pre-formed HLA antibodies that were not donor specific, or received a poorly HLA-matched
kidney were also given alemtuzumab induction and maintenance therapy with tacrolimus and
MMF, with the addition of steroids that were rapidly weaned to 5mg or lower per day. Patients
receiving a DBD (donation after brainstem death) or well-matched living-donor kidney were given
basiliximab induction unless they were considered at risk of non-concordance, in which case they
were given alemtuzumab induction. All received tacrolimus with azathioprine maintenance and
steroids that were rapidly weaned to 5mg or lower per day.
2.2 Flow Cytometry
Blood samples were prepared over a density gradient as previously described [54]. Samples
were cryopreserved in 90% fetal calf serum, 10% DMSO, then thawed and batch-processed for
flow cytometry. Defrosted samples were washed, counted and 3x106 cells added to each
polypropylene tube.
All samples were incubated with human Fc block (eBioscience) to prevent non-specific binding
of antibodies. Samples were incubated for 30 minutes at room temperature with a cocktail of
surface antibodies. After washing, streptavidin and live/dead stains were added for 10 minutes at
room temperature. After washing, eBioscience Foxp3 staining fixation/permeabilisation buffer
was added for a minimum of 45 minutes at 4oC as per manufacturers’ protocol. Intracellular stains
were then added and samples incubated for 60 minutes at 4 oC. Antibody cocktails were mixed in
brilliant violet stain buffer (BD biosciences). Samples were then run on a BD LSR Fortessa cell
analyser.
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2.3 Antibodies
Anti-human CD45RA (HI100), CXCR5 biotin (RF8B2), PD-1 (EH12.1), IL-7R (HIL-7R-M21), CXCR3
(IC6), PD-1 (EH12.1) and CXCR3 (1C6/CXCR3) all BD Biosciences, brackets represent clones. Antihuman CCR6 (R6H1) and CD4 (OKT4), all eBioscience. Anti-human Foxp3 (259D), CD25 (M-A251),
streptavidin brilliant violet 605, CD4 (OKT4), CXCR5 (J252D4) and CD3 (OKT3) all BioLegend.
Invitrogen near-IR fixable live-dead stain kit.
2.4 DSA Assessment
Clotted blood samples were centrifuged at 1500g for 5 minutes to separate serum, which was
snap frozen to -80oC. Luminex screening for anti-HLA antibodies followed the same protocols and
used the same machines as for clinical assessment. Defrosted serum was spun at 13,000 rpm in a
microcentrifuge to pellet impurities, then 10μl incubated for 30 minutes with either LabScreen
Mixed beads, HLA class-specific beads (PRA), or single antigen beads (SAB), all OneLambda.
Samples were washed 5 times in wash buffer (OneLambda) then incubated with PE-conjugated
goat anti-human IgG for 30 minutes, washed again to remove residual antibody and re-suspended
in PBS. Samples for SAB assay were pre-treated with EDTA and Adsorb-Out treatment
(OneLambda) to avoid the ‘prozone’ effect [55, 56].
Samples were analysed on a Liquichip 200 machine (Luminex) with one positive and two
negative controls per batch; then analysed with HLA-Fusion software using positive and negative
cut-off levels determined by the control samples, to avoid inter-lot variation. Samples showing
positive on Mixed Screening and/or PRA were screened with SAB. Positive SAB antibody profiles
were compared with both donor and recipient genotype to establish whether the identified
antibody was donor-specific or a non-specific HLA antibody.
2.5 Statistical Analysis
Statistical analysis was performed using Graph Pad Prism software. Patient samples were
analysed as non-parametric data using Kruskal-Wallis test with Dunn’s multiple comparison test
when comparing the three subgroups at each time point. The Mann-Whitney test was used when
comparing two groups. Absolute cell counts for peripheral blood samples were calculated from
hospital laboratory lymphocyte counts taken at the same time as sampling.
3. Results
3.1 Recruitment
60 patients were recruited to the study and provided samples for analysis; details are shown
in Table 1. At the time of recruitment, patients in our centre received different
immunosuppressive regimens depending on their calculated immunological risk of graft
rejection. Patients receiving SPK transplants; donation after cardiac death (DCD) organs; those
with previous transplants; or those considered at risk of non-concordance with maintenance
therapy received induction immunosuppression with alemtuzumab. All other patients received
basiliximab at induction. Maintenance treatment was with triple therapy of tacrolimus, an
antimetabolite (either MMF or azathioprine) and steroids, which were weaned in all patients to
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5mg daily or less. The decision of which induction and maintenance therapy was used for each
patient was made by the clinical team.
There were 7 episodes of biopsy-proven acute T-cell mediated rejection (TCMR) in 6 patients
over the 2-year study period (see Table 1). All patients experiencing biopsy proven acute rejection
were treated with basiliximab induction, and the first episode of rejection in all was within the first
three months (4 within the first 7 days, 1 at 3 weeks, 1 at 3 months). In 3 patients (two borderline,
one Banff 1B) these responded to pulsed methylprednisolone alone. The other 3 had steroidresistant rejection and were given alemtuzumab as rescue therapy. In all patients this was given
within the first three weeks post-transplant, and prior to the first post-transplant study sample.
Following alemtuzumab, one of these patients had a further biopsy at 5 months post-transplant,
which showed on-going TCMR. The graft failed shortly after this biopsy and the patient returned
to haemodialysis.
Table 1 Table of patient characteristics at recruitment. 60 patients were recruited in
total. K= kidney alone transplant, SPK = simultaneous pancreas kidney transplant, DBD
= donor after brainstem death, DCD = donor after cardiac death, MMF =
mycophenolate mofetil, Aza = azathioprine. HLA = human leucocyte antigen.

Number of patients
Sex M/F
Median Age (range)
Organ transplanted
Kidney alone (K)
Kidney + pancreas (SPK)
Donor type
Living
DBD
DCD
Maintenance therapy
Tacrolimus + MMF
Tacrolimus + Aza
De novo antibody formation
No antibody (%)
Non-specific HLA antibody (%)
Donor specific antibody (%)

Basiliximab treated
18
10/8
53 (26-68)

Alemtuzumab treated
42
30/12
51 (27-74)

18
0

23
19

10
8
0

6
18
18

10
8

40
2

12 (66.7%)
5 (27.8%)
1 (5.6%)

26 (61.9%)
11 (26.2%)
5 (11.9%)

Patients were therefore split into two groups: Group 1 included those treated with
alemtuzumab pre-transplant and within the first month post-transplant. These patients were
subgrouped into those receiving a kidney-alone transplant (A-K, n=23), and those receiving an SPK
transplant (A-SPK, n=19). Group 2 consisted of basiliximab-treated patients who did not receive
alemtuzumab (B-K, n=18).
22 patients developed de novo anti-HLA antibodies during the study period. In the majority of
patients (16/22, 73%) these were seen early post-transplant and were not donor specific.
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In 6 patients (27%) these anti-HLA antibodies were reactive to donor antigens. 3 of these developed within the first 6 months, one at 12 months
and two at 24 months post-transplant (Table 2). No antibodies, whether non-specific HLA or DSA, were associated with biopsy-proven rejection
episodes. In the patient whose graft failed due to TCMR, DSAs developed at 24 months, 12 months after graft failure.
Table 2 Characteristics of patients developing de novo DSAs.
Age at
Tx

Organ
Previous
Transplanted transplant

Pre Tx Abs

Induction

Biopsy proven
rejection

De Novo DSA

Date of
DSA

Graft lost?

1

38

Kidney

Yes

HLA-DR53
(first donor)

Alemtuzumab*

TCMR day 5,
TCMR month 5

HLA-DQ6

24 months

Yes – prior
to DSA

2

27

Kidney

No

Nil

Alemtuzumab

Nil

HLA-B8

3 months

No

3

74

Kidney

No

Nil

Alemtuzumab

Nil

HLA-Cw9

24 months

No

4

48

Kidney

Yes - two

Nil

Basiliximab

Nil

HLA-A2**

6 months

No

5

45

Kidney

No

HLA-A34, HLADP low grade

Alemtuzumab*

TCMR day 7

HLA-DQ4,
HLA-DQ6

3 months

No

6

48

SPK

No

Nil

Alemtuzumab

Nil

HLA-B58

12 months

No

* Both patients received basiliximab induction, but alemtuzumab treatment for their rejection episodes at days 5 and 7 respectively. All subsequent
samples were analysed according to alemtuzumab treatment.
** Shared epitope with donor one (failed transplant).
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3.2 Induction Immunosuppression Altered cTfh Cell Proportions
The gating strategies [38, 52] for cTfh are shown in Figure 1A & Figure 2A. Early post-transplant,
the proportion (Figure 1B) and absolute cell count (Figure 1C) of CD4+ T cells fell in all
alemtuzumab treated patients (A-K and A-SPK), consistent with the mechanism of action of this
drug. CD4+ T cell counts began to recover from 3 months but remained significantly lower than B-K
patients at all time points and did not reach pre-transplant levels. In contrast, CXCR3-PD1+CD45RA-CXCR5+CD4+ cTfh were low pre and early post-transplant, but began to rise as a
proportion of CD45RA-CXCR5+CD4+ T cells in both (A-K and A-SPK) cohorts from three months and
remained significantly higher than B-K patients at all time points post-transplant (Figure 1D,
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). The absolute cell count of CXCR3-PD-1+CD45RACXCR5+CD4+ cTfh was significantly higher in both A-K and A-SPK cohorts compared to B-K pretransplant. Early post-transplant absolute CXCR3-PD-1+CD45RA-CXCR5+CD4+ cTfh cells in both
group 1 cohorts fell significantly below the levels seen in B-K (Figure 1E) in keeping with the CD4
lymphopenia seen in Figure 1C but recovered by 12 months as CD4+ cell numbers began to rise.
Dunn’s multiple comparisons test showed these significant differences were due to differences
between alemtuzumab-treated patients (A-K and A-SPK combined) compared to basiliximabtreated patients (B-K) with no significant differences between A-K and A-SPK patients.
CD45RA is a surface marker expressed on naïve cells but downregulated by activated/memory
T cells. Lack of CD45RA expression is often used to gate cTfh cells, as they are memory cells.
However, a genetic variant exists, in which CD45RA cannot be downregulated and is expressed
alongside CD45RO [57-59], in these patients loss of CD45RA cannot be used to distinguish naïve
from memory cells. Three patients in this study had this gene variant and therefore could not be
analysed through CD45RA gating as activated CD4+ T cells still express this cell surface receptor;
therefore CXCR3-CXCR5+PD-1+CD4+ cTfh, which have also been shown to correlate with tissueresident Tfh cells [52, 60], were assessed in all 60 patients (Figure 2A). Similar to Figure 1D, the
proportion of these cTfh cells was significantly higher in both A-K and A-SPK patients than in B-K
patients from 3 months post-transplant (Figure 2B). In both A-K and A-SPK patients, the absolute
count of CXCR3-CXCR5+PD-1+CD4+ cTfh cells was significantly higher pre-transplant, but fell posttransplant below that of B-K patients until 18 months post-transplant, in keeping with the early
CD4 lymphopenia. B-K patients saw a steady rise in CXCR3-CXCR5+PD-1+CD4+ cTfh cells posttransplant to above pre-transplant levels (Figure 2C). From 18 months post-transplant there were
no significant differences between the two groups. Again, all significant differences were due to
differences between alemtuzumab-treated (A-K and A-SPK combined) patients when compared to
B-K with no significant differences between A-K and A-SPK patients compared to each other.
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Figure 1 Circulating Tfh. A) Gating strategy, cells were gated on live CD4+ and then
further divided as shown into CXCR3-PD-1+CD45RA-CXCR5+CD4+ Tfh. All CD4+ cells
shown as (B) proportion of lymphocytes and (C) absolute cell count. CXCR3-PD1+CD45RA-CXCR5+CD4+ Tfh as (D) proportion of B cells, and (E) absolute cell count,
shown as mean and SD for each treatment group. Alemtuzumab n=42 (23 kidney, 19
SPK), Basiliximab n=18. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Figure 2 Circulating Tfh – alternative gating strategy. A) Gating strategy for CXCR3CXCR5+PD-1+CD4+ Tfh, samples were gated on live CD4+ cells then as shown. CXCR3CXCR5+PD-1+CD4+ cells shown as (B) proportion of CD4+ T cells and (C) absolute cell
count. Shown as mean and SD for each treatment group. Alemtuzumab n=42 (23
kidney, 19 SPK), Basiliximab n=18. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
3.3 Tregs and cTfr Cells were also Altered with Induction Regimen
In autoimmunity, treatment with alemtuzumab leads to a high proportion of Tregs in the
recovering CD4 population [61]. This provides the rationale for alemtuzumab use as an induction
agent in transplantation, as Tregs are important for induction of tolerance in animal models of
transplantation [62]. We assessed Tregs (gating strategy Figure 3A) and found a similar pattern,
with a significantly higher proportion of IL-7RloFoxp3+CD4+ T cells in both A-K and A-SPK patients
early post-transplant, returning to mirror B-K levels by 12 months (Figure 3C). Despite this high
proportion, the absolute count of IL-7RloFoxp3+CD4+ Tregs was significantly lower in both A-K and
A-SPK patients at all times points other than 12 months (Figure 3D) reflecting the broad
lymphopenia seen following alemtuzumab treatment.
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Figure 3 Circulating regulatory T cells. A) Samples were gated on lymphocytes, live
CD4+ then IL-7RloFoxp3+ Tregs. B) IL-7RloFoxp3+ cells were divided into CXCR5-IL7RloFoxp3+CD4+ Tregs and CXCR5-IL-7RloFoxp3+CD4+ Tfr. IL-7RloFoxp3+CD4+ Tregs as (C)
proportion of CD4+ T cells and (D) absolute cell count. CXCR5-IL-7RloFoxp3+CD4+
regulatory T cells as (E) proportion of CD4+ T cells and (F) absolute cell count, shown as
mean and SD for each treatment group. CXCR5+IL-7RloFoxp3+CD4+ Tfr as (G) proportion
of CD4+ T cells and (H) absolute cell count, shown as mean and SD for each treatment
group. Alemtuzumab n=42 (23 kidney, 19 SPK), Basiliximab=18. * p<0.05, ** p<0.01,
*** p<0.001, **** p<0.0001.
Tregs are dependent on IL-2 signalling, which blocks the differentiation of both Tfh and Tfr cells.
It is thought that consumption of IL-2 by Tregs allows Tfh cells to develop, but as Tfr develop from
Tregs, high levels of IL-2 prevent up regulation of Bcl6 by maintaining high levels of Blimp1
expression, and hence block Tfr cell development. There have been no previous descriptions of
CXCR5 expression on Tregs following alemtuzumab treatment; we therefore split IL7RloFoxp3+CD4+ Tregs into CXCR5+ and CXCR5- (gating seen in Figure 3B) to compare cTfr cells and
non-follicular Tregs. Interestingly CXCR5-IL-7RloFoxp3+CD4+ Tregs followed the well-described
pattern in both A-K and A-SPK patients with a significantly higher proportion seen early postPage 150/305
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transplant, returning to mirror B-K levels by 12 months (Figure 3E). As with all CD4+ cells, absolute
numbers of CXCR5-IL-7RloFoxp3+CD4+ Tregs in A-K and A-SPK patients dropped significantly below
B-K patients early post-transplant, but rose to mirror B-K counts by 12 months (Figure 3F).
However, CXCR5+IL-7RloFoxp3+CD4+ cTfr cells remained significantly lower in both A-K and A-SPK
patients, both in proportion (Figure 3G) and absolute cell count (Figure 3H) compared to B-K
patients at almost all time points post-transplant, despite being significantly higher in this group
prior to transplant. As previously, Dunn’s multiple comparisons test showed these significant
differences were due to differences between group 1 (A-K and A-SPK combined) patients
compared to B-K patients with no significant differences between A-K and A-SPK patients.
3.4 cTfr and cTfh Cell Frequencies were not Significantly Different in Patients Developing de novo
DSA
Given the association of Tfh cells with antibody formation, we assessed whether there were
any differences in patients developing de novo DSA compared to those who did not. During the
course of the study only 6/60 (10%) of patients developed de novo DSA, so while there was a trend
towards a higher proportion of both CXCR3-PD-1+CD45RA-CXCR5+CD4+ cTfh cells (Figure 4A) and
CXCR3-CXCR5+PD-1+CD4+ cTfh cells (Figure 4B) in patients who developed de novo DSA compared
to those who did not, these differences did not reach statistical significance. There was a similar
trend towards a lower proportion of CXCR5+IL-7RloFoxp3+CD4+ cTfr cells in patients developing de
novo DSA compared to those who did not (Figure 4C), but again this did not reach statistical
significance due to the low number of patients developing de novo DSA.
3.5 Alemtuzumab Treated Patients Have a Low cTfr: cTfh Ratio Compared to Basiliximab Treated
Patients
The ratio of CXCR5+IL-7RloFoxp3+CD4+ cTfr to CXCR5+PD-1+CD4+ cTfh is thought to be important
in antibody production [63]. In patients developing de novo DSA there was a trend towards a
lower ratio of cTfr to cTfh cells compared to those who did not develop de novo DSAs (Figure 4D),
although due to the small number of patients developing de novo DSAs, the study was
underpowered to identify if this was statistically significant. Comparing the ratio of cTfr to cTfh
between treatment groups we found the ratio was significantly lower in both A-K and A-SPK
patients when compared to B-K patients at all times points post-transplant, reflecting the
persistent low levels of cTfr cells in alemtuzumab treated patients despite a recovering cTfh
population (Figure 4E). There were no significant differences between the two alemtuzumabtreated cohorts on Dunn’s multiple comparisons test.
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Figure 4 Association of circulating cells with de novo DSA. A) CXCR3-PD-1+CD45RACXCR5+CD4+ cTfh cells showing significantly higher CXCR3-PD-1+ cTfh at 1 month
(p=0.026) and 12 months (p=0.032) in patients with de novo DSA formation compared
to those with no new donor-directed HLA antibodies (no new DSA). B) CXCR3CXCR5+PD-1+CD4+ cTfh and (C) CXCR5+IL-7RloFoxp3+CD4+ cTfr in patients with de novo
DSA formation compared to those with no new DSA. D) Ratio of CXCR5 +IL7RloFoxp3+CD4+ cTfr to CXCR5+PD-1+CD4+ cTfh in patients with de novo DSA compared
to those with no new DSA. Shown as mean + SD, de novo DSA n=6, no new DSA n=55.
Analysed with Mann Whitney testing, only significant differences shown. E) Ratio of
CXCR5+IL-7RloFoxp3+CD4+ cTfr to CXCR5+PD-1+CD4+ cTfh by treatment group,
alemtuzumab n=42 (23 kidney, 19 SPK), basiliximab n=18. * p<0.05, ** p<0.01, ***
p<0.001, **** p<0.0001.
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4. Discussion
We and others have previously shown that cTfh cells correlate with LN resident Tfh cells [44, 52,
53], and in particular we have shown through sequencing that PD-1+CXCR5+ and PD-1++CXCR5+
cTfh cells are circulating biomarkers of genuine LN Tfh cells that correlate with antibody
production [64], supporting their use as a biomarker. Several studies have also looked at cTfh in
transplantation; one study suggested increased numbers of CXCR5+CD4+ cells post-transplant in
patients with pre-formed DSA compared to those without, but no differences in those developing
de novo DSA [65]. More recently increased numbers of CXCR5+CD4+ cells with low PD-1 expression
have been described in a small cohort of patients with chronic rejection, compared to those with
stable renal function [66]. However, despite these early studies in transplantation, there is little
data looking at the impact of commonly used immunosuppressive agents on cTfh and cTfr.
Alemtuzumab induces rapid and profound depletion of all lymphocytes, with slow recovery of first
B cells, then CD8 T cells and finally CD4 T cells [2-4]. There has been a particular interest the
recovery of CD4 T cells, because different subsets appear to recover at different intervals, with
much higher proportions of Tregs in the recovering cell population compared to other subsets [61].
We have shown that, while there is a high proportion of Tregs in the recovering cell population
post-transplant, the proportion of cTfr cells remains low for 2 years following a single treatment
with alemtuzumab. In contrast, we have shown that the proportion of cTfh cells drops early after
administration of alemtuzumab, in keeping with profound depletion of all CD4 T cell subsets, but
recovers slowly over the next two years, rebounding above pre-administration levels in this
patient cohort, leading to a low cTfr:cTfh ratio in these patients for 2 years following a single
treatment with alemtuzumab.
In animal models a decreased ratio of Tfr:Tfh cells has been associated with generation of an
effective antibody response, with this ratio shifting from helper function early in an immune
response, then regulation to curtail the response as the antigen is cleared [40, 49, 67]. In humans,
where only circulating cells are routinely accessible for analysis, it is not clear whether the ratio of
cTfr to cTfh is relevant in disease, studies suggest that a low cTfr:cTfh ratio is associated with
active inflammatory disease [48, 68], auto-antibody [69] or alloantibody production [70] but other
studies suggest that cTfr increase similarly to cTfh in the context of an active GC response
following vaccination [51]. While the number of patients developing de novo DSAs in our cohort
was very low, and hence the study was underpowered to detect significant differences between
cell subsets in these patients, there was also a trend towards a low cTfr:cTfh cell ratio in these
patients, although caution must be used in interpreting this data.
The low cTfr:cTfh cell ratio in both patients receiving alemtuzumab, and suggestion of a similar
pattern in those developing de novo DSAs, appears to support previous clinical studies showing
alemtuzumab treated patients are at higher risk of developing de novo DSAs than those receiving
basiliximab induction and provides a potential explanation for this phenomenon [9, 19, 20].
However, in addition to the small number of patients developing de novo DSAs in this study, there
were a number of potential confounding factors, including different immunosuppression
regimens, different HLA mismatch, different types of transplant as well as different types of donor,
and previous transplants. It is therefore difficult to draw any firm conclusions about the cause of
de novo DSA formation in such a small number of patients. It is possible that maintenance
immunosuppression could have contributed to these changes, however all patients received
tacrolimus maintenance therapy, and we have previously shown this has a greater impact on Tfh
and cTfh than Tfr and cTfr cells [52]. The majority of patients in this study received MMF
maintenance, and the numbers receiving azathioprine in each group (n=2 in A-K cohort, n=8 in B-
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K) were too small to allow detection of meaningful differences. Further studies are required to
determine if there is an impact of maintenance therapy on these circulating cells.
In transplant recipients, alemtuzumab-based induction leads to reduced acute rejection
compared to basiliximab [6, 12], but may lead to higher rates of de novo DSA formation [9, 19, 20].
The 3C study compared basiliximab induction to alemtuzumab induction and showed a
significantly reduced rate of TCMR in the alemtuzumab-treated cohort; however there was a nonsignificant trend towards a higher rate of antibody mediated rejection, although patients were not
screened for HLA antibodies post-transplant [19]. Our data suggest that an increased risk of de
novo DSA formation with alemtuzumab induction may be related to uncontrolled Tfh responses,
with rising cTfh but persistently low cTfr in the recovering cell population.
Evidence suggests that the balance of cTfh and cTfr cells in the circulation reflects the balance
of Tfh and Tfr cells within SLOs. A ‘normal’ ratio of cTfh to cTfr is yet to be determined, although in
the SLO a ratio of 1:1 is thought to be representative of the resting state [40, 49, 67]. It has been
shown that a low ratio of Tfr to Tfh cells is permissive of autoimmune disease, and while our data
did not reach statistical significance the trends reported here suggest that a low ratio may be
permissive to alloantibody formation; a finding that would need to be tested in a larger cohort in
which a higher number of patients develop de novo DSAs.
We postulate that, with a high proportion of CXCR5-IL-7RloFoxp3+ Tregs following alemtuzumab
treatment, the consumption of IL-2 by these Tregs would permit Tfh cell development, but a lack
of CXCR5+IL-7RloFoxp3+ Tfr cells would prevent control of these Tfh responses, and support
antibody formation. In the context of transplantation there is a large amount of non-self antigen
present and being constantly trafficked to SLOs as lymphatics regenerate [71], therefore
alloreactive B and T cells would be activated and excessive Tfh cells may provide support for
alloantibody formation. In our patient cohort, a decreased ratio of Tfr:Tfh cells following
alemtuzumab induction therapy may contribute to an increased risk of donor-specific antibody
development compared to patients receiving basiliximab induction, where the ratio of Tfh to Tfr
cells remains stable. Avoiding other risk factors for DSA formation, such as lower CNI levels, would
be of greater importance in these patients, particularly given our previous work showing that
tacrolimus has more of an impact on Tfh than Tfr cells [52].
Alemtuzumab is frequently used as induction immunosuppression in transplantation but is
known to be associated with an increased risk of de novo DSA formation. The data presented here
suggest that there is an imbalance between Tfr and Tfh cells in the recovering CD4 cell population
following alemtuzumab treatment, but the number of patients that developed DSA in this study
was limited meaning this study was underpowered to detect statistically significant differences. A
balance in favour of Tfh cells is more permissible to antibody formation, and may explain the
increased risk of de novo DSA as well as the increased rate of antibody mediated autoimmune
disease in patients receiving alemtuzumab.
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Abstract
Background: Cell encapsulation technology is most likely the ultimate solution for cell
therapy based clinical approaches. A key issue when developing a functional encapsulated
construct is to consider not only the nature of the capsule but also how the cells should be
incorporated into the capsule in order to minimally compromise their function.
Methods: We have developed a tissue engineering approach, composed of decellularized
micro scaffolds and various types of cells in which fully functional “Engineered Micro-Organs”
(EMOs) are formed. Based on this technology, Engineered Micro-Pancreata (EMPs), made by
seeding human islets into acellular micro-scaffolds, have been shown to remain viable, and
to secrete high levels of insulin in a regulated manner as a function of glucose comparable to
those secreted by fresh human islets in culture for long periods. We now report the
development of a novel encapsulation approach that takes into account the structure and
diffusion requirements of the encapsulated construct.
Results: We here report the development of a capsule in which encapsulated EMPs, when
implanted into xenogeneic mice, induced the formation of a fine vascular network and
continued to secrete human insulin in a glucose regulated manner for several weeks.

© 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(3), doi:10.21926/obm.transplant.1903078

Furthermore, encapsulated EMOs remained viable for at least three months in vivo with no
penetration of xenogeneic host cells into the capsule chamber.
Conclusions: The results show that the capsule presented is sturdy and resilient to
biodegradation. Moreover, it not only protects the functional cells from rejection but also
ensures that cells would remain secluded in the chamber, thus avoiding, in the case of stem
cells or others, the chances of tumor formation. These results are also important in future
approaches to create micro-organ types of structures based on embryonic stem cells
Keywords
Cell encapsulation device; cell therapy; diabetes; tissue engineering

1. Introduction
Type 1 diabetes (T1DM) constitutes almost 10% of all diabetes cases, wherein the immune
system destroys the insulin-producing β-cells of the pancreas [1, 2]. Although success of the
Edmonton protocol has established allogeneic islet transplantation as a promising therapy,
patients still need to be on immunosuppression treatment [3]. In order to overcome the immune
response in such cases and in general when implanting allogeneic engineered tissue, there is a
need to develop a method to immuno-protect the transplanted constructs. Currently, efforts are
being undertaken by several groups to physically protect the cells from cell mediated immunity by
using a variety of encapsulation techniques.
Some encapsulation systems utilize materials that are permeable enough to allow the diffusion
of glucose and other nutrients to islets and the diffusion of waste and insulin away from the islets,
while masking the islets from the host immune response [4-9]. The most commonly used
approach to immune-isolate cells consists of the microencapsulation of one to three islets per
semipermeable immunoprotective capsule. The spherical configuration of these microcapsules
results in a higher surface-to-volume ratio and a higher diffusion rate. The main polymer used for
this purpose is alginate. During the last three decades there have been sporadic reports of
patients receiving alginate-based microencapsulated human islets, containing high guluronic acid
alginate, Ba2+ alginate, or Ca2+/ Ba2+ alginate [10-12]. Clinical reports have demonstrated that
intraperitoneally infused microencapsulated human islets can be considered safe for up to 3 years.
Although glycemic control was slightly improved, with reduction of daily insulin requirements in
some cases, insulin independence was not achieved [13-15]. The reason for that was most likely
due to variability in alginate production that has led to inconsistencies in endotoxin content and
purity, which has affected biocompatibility [16, 17].
Another approach is macroencapsulation of islets within a major structure with a selective
permeability component on the perimeter of the device. In earlier reports, a large number of islets
were immunoisolated between flat-sheet double membranes, but islet functionality and survival
was limited to only a few weeks with fibroblastic overgrowth being the primary problem [18, 19].
Current approaches to macro-encapsulation include the βAir (Beta-O2) device, an oxygenated
chamber system composed of immunoisolating alginate and poly-membrane covers that are
connected to subcutaneous ports by which oxygen is delivered by daily injections. Graft function
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in this chamber system was demonstrated both in diabetic rats and in a human T1DM patient [20,
21]. Another macro-encapsulation device has recently initiated phase II clinical trials - the VC-01
(ViaCyte). It is designed to prevent immune rejection of PEC-01 cells (proprietary pancreatic
endoderm cells derived through differentiation of human embryonic stem cells) with a permeable,
immunoprotective membrane. A rapid and extensive growth of blood vessels around the device
ensues after implantation, providing oxygen and rapid insulin distribution [22, 23]. A xenograft of
porcine microencapsulated islets developed by Living Cell Technologies is undergoing phase II
clinical trials [24]. Sernova has created a pre-vascularized pouch that incorporates human islets,
and is also in Phase I/II of clinical trials [25] (for a thorough review please see [26]).
One of the main goals of tissue engineering is to find solutions that will regenerate functional
tissues which will be used as tissue or organ grafts. An attractive approach is to utilize three
dimensional (3D) scaffolds that will serve as a support for the cells to form biologically relevant
structures [27]. Here we present a capsule which is particularly suited to immuno-protect tissue
engineered structures such as spheroids, organoids, and in particular Micro-Organs (MOs) [28-30],
or Engineered Micro-Organs (EMOs) [31-33].
Micro-Organs are organ fragments whose geometry allows preservation of the natural
epithelial/mesenchymal interactions and ensure appropriate diffusion of nutrients and gases to all
cells. These organ fragments have been termed Micro-Organs since they preserve the basic organ
architecture and function but are of microscopic thickness (300 μm). Micro-Organs’ remarkable ex
vivo function has paved the way to prepare micro-organ-derived scaffolds – micro-scaffolds - in
which specific cell types can be added in order to generate a new engineered micro-organ (EMO)
[31-33]. We here report the development of a capsule which, in combination with EMOs or EMPs,
was found to protect the encapsulated cells from cell-mediated immunity. The encapsulation of a
self-contained, functional tissue ensures secretion of angiogenic factors which induce a powerful
vascular network surrounding the flat membrane. The high surface-to-volume ratio then allows for
free diffusion of molecules and gases in and out of the capsule.
However, the capsule is equally suitable to encapsulate EMOs containing embryonic stem cells
or IPS cells since, as shown below, the capsule is capable of fully containing the encapsulated cells,
thus completely avoiding the risk of implanted cells escaping the capsule chamber and running the
risk of becoming tumorigenic [34, 35].
2. Materials and Methods
2.1 MSCs, MIN6 Cells
Primary Pig Bone Marrow Mesenchymal Stem Cells (MSCs) were extracted from the tibia bone
of a young adult pig as described previously [36] and MIN6 cells (Mouse Pancreatic Beta cell line,
insulin secreting, Insulinoma 6) were purchased from Lonza. Cells were grown to confluency on
90mm tissue culture plates in DMEM (Dulbecco's Modified Eagle Medium - Sigma), 10% fetal calf
serum (FCS), 2mM L-Glutamine, and 100U/ml Penicillin-Streptomycin-Amphotericin (Biological
Industries).

Page 163/305

OBM Transplantation 2019; 3(3), doi:10.21926/obm.transplant.1903078

2.2 Islet Sources
Isolated human islets were obtained from nondiabetic, healthy cadaver donors of both sexes
with a body mass index of 18-40, and ages of 18-58 years. The islets were obtained from Asterand,
Beta-Pro, and Prodo-Labs, with a time of 5-6 days from isolation to arrival in our laboratory in
temperature controlled devices. Upon arrival, the islets were washed several times by handpicking in CMRL-1066 medium (Biological Industries) containing 5.5mM d-glucose supplemented
with 0.5% bovine serum albumin (BSA), 2mM L-Glutamine, 1mM sodium pyruvate, nonessential
amino acids, 100U/ml penicillin, 100mg/ml streptomycin, 250ng/ml amphotericin A, and 50mg/mL
gentamycin, and seeded in this medium for 1–2 days at 37°C.
2.3 Preparation of Decellularized Micro-Scaffolds
Fresh lungs from pigs were obtained from “Kibbutz Lahav,” cut into 1 x 4cm blocks and stored
at -80°C. They were then cut frozen into disks, 0.5cm in diameter and only 300µm thick using a
specially designed apparatus as described previously [31, 32]. Decellularization was achieved by
incubating the disks for 1hr in several washes of 1M NaCl, followed by several washes with
distilled water for 30 min., two washes with 0.5% Triton X-100 (Sigma) for 15 min., and several
washes with distilled water for 2 h. The resulting acellular micro-scaffolds were equilibrated in
phosphate-buffered saline (PBS) and stored at 4°C for a period of less than 2 weeks until use.
2.4 Preparation of MIN6-EMOs and MSCs-EMOs Using the ‘Rolling Bottle’ Method [33]
Confluent plates of MSCs and MIN6 cells were trypsinized and 4 x 10 4 cells were seeded on
each micro-scaffold using the following technique: The cells and micro-scaffolds were transferred
into a 125ml sterile plastic bottle (Corning) containing 1.5ml of culture media. The bottle was
layered with its long axis horizontally on a rolling device at a speed of 5 revolutions per minute
(RPM). The rolling device was then placed in an incubator at 37°C containing 5% CO2 for 1 h. The
culture was checked using light microscopy every 15 min. Within an hour, it was confirmed that
over 85% of the cells had attached to the micro-scaffolds and the resulting constructs (EMOs)
were transferred 4 EMOS per 1ml per well in 6-well plates for further incubation. The medium was
changed every 2–3 days for the duration of the experiments. Incubation took place inside a 37°C
incubator containing 5% CO2.
2.5 Preparation of Pancreata-EMOs (EMPs)
Human Islets were equilibrated in a CMRL-1066 medium containing 10% FCS and seeded onto
the micro-scaffolds using the rolling bottle method as described in the previous section. The
resulting EMPs were grown alternately one week in CMRL-1066 with 10% FCS and one week in
CMRL-1066 with 0.5% BSA (Biological Industries).
2.6 Encapsulation
A sheet of polymeric material was folded in half and sealed with a heat sealer on two sides to
create a 1 X 2cm membrane chamber. The resulting chambers of pore size 0.45µm were sterilized
by autoclave. EMOs were then layered flat into the chambers, each chamber containing 1-4 EMOs.
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The chambers were then sealed shut using a heat sealer for a few seconds and the sealed resulting
capsules were placed in a culture medium and cultured further until required. Prior to the
transplantation procedure, the capsules were washed several times in PBS in order to remove the
serum found in the culture medium. Encapsulated EMOs were then cultured further for analysis in
vitro or used for transplantation experiments as described below.
2.7 Transplantation of Encapsulated EMOs or EMPs
Encapsulated constructs were transplanted subcutaneously either into BALB/c or C3H adult 1012-week-old mice (Harlan Labs). An incision of approximately 3cm was made along the center axis
of the spinal column and blunt closed surgery scissors were inserted subcutaneously to create one
pocket at each side for the capsules to be inserted. The incision was then closed with autoclips.
Animal experiments were performed under the guidelines and approval of the Animal Care and
Use Committee at the Faculty of Life Sciences of the Hebrew University of Jerusalem, Israel.
2.8 Viability Assay
Samples of encapsulated and naked EMOs were taken at different time points after seeding in
order to test cell viability and distribution on the micro-scaffold by incubating for 30 minutes at
37°C in 0.5 mg/ml of MTT (Thiazolyl Blue Tetrazolium Bromide - Sigma) in PBS.
2.9 DNA Quantification
DNA extraction was performed using the “DNeasy Blood & Tissue Kit” (Qiagen) as described in
the product protocol. The quality and quantity of the extracted RNA was tested utilizing a Nano
Drop Spectrophotometer (ND-1000) and by running a 1% Agarose/TAE gel.
2.10 DNA Analysis with qPCR
Total DNA was extracted as described above. DNA quantification was then performed by a
“Fast SYBR green master mix” kit (Applied Biosystems) [37].
2.11 RNA Isolation, cDNA Synthesis and qPCR
RNA was isolated by Tri Reagent (Sigma) according to their protocol, and the extracted RNA
was quantified utilizing a Nano Drop Spectrophotometer (ND-1000). RNA was converted to cDNA
using a “High-Capacity cDNA Reverse Transcription” kit and qPCR was made using a “Fast SYBR
green master mix” kit (Applied Biosystems).
2.12 qPCR Primers
Pre-designed Primers for TBP, ACTB, ANGPT1, FGF2, and VEGFA were purchased from Sigma
(KiCqStart SYBR Green Primers). Primers for Porcine-specific mitochondrial 12S rRNA gene and
Universal eukaryotic nuclear 18S rRNA gene fragments were manually designed.
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2.13 qPCR Analysis
TATA-box binding protein (TBP) and beta actin (ACTB) were used as housekeeping genes. For
fold increase analysis, the threshold Cycle (Ct) of each gene for a given EMO sample was
subtracted from the Ct of the housekeeping gene of the same sample (DCt), which was then
subtracted from the DCt of the standard monolayer culture sample (DDCt). The fold change in
gene expression was calculated by the power of 2 of the –DDCt value (2-DDCt).
2.14 Glucose-Stimulated Insulin Secretion (GSIS)
Samples were pre-incubated 2 h in a KREBS solution containing 2.5mM d-glucose, followed by a
2 hour incubation in fresh same solution (low glucose [LG]), and a 2 h incubation in KREBS solution
containing 16.7mM d-glucose (high glucose [HG]). The amount of insulin secreted was determined
by human Insulin ELISA kit (Mercodia).
3. Results
3.1 Encapsulated EMOs Remained Viable for Two Months in Vitro
An initial set of experiments was done using EMOs created by seeding 4 x 104 MIN6 cells into
pig derived lung micro-scaffolds (MIN6-EMOs). Three MIN6-EMOs were encapsulated in each
capsule and cultured for prolonged periods of time in vitro to determine to what extent the
membrane may compromise function and viability of the MIN6-EMOs. Figure 1 shows MTT
staining of both naked and encapsulated MIN6-EMOs for up to 60 days in culture. As time
progresses, the number of cells per micro-scaffold increase and stabilizes both for naked and for
encapsulated MIN6-EMOs. No obvious difference can be seen between the two groups.

Figure 1 Encapsulated MIN6-EMOs remain viable after 60 days in culture. Viability
assay using MTT staining of MIN6-EMOs both naked and encapsulated.
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3.2 Encapsulated EMOs Express Key Angiogenic Factors
At different time points, six encapsulated MIN6-EMOs samples were taken and tested for
function by determining gene expression profiles of TBP and ACTB as housekeeping genes and
VEGFA, FGF2 and ANGPT1 as functioning genes. These genes were chosen prior to in vivo
experiments as we wanted to test the capacity of encapsulated MIN6-EMOs to induce
angiogenesis, external to the capsule to guarantee their survival in vivo. Results in Figure 2 shown
angiogenic gene expression of each of the three angiogenic genes tested, normalized by both
housekeeping genes and expressed as fold increase compared to the normalized values obtained
from the naked MIN6-EMOs cultured in identical conditions. Neither housekeeping gene
expression nor angiogenic gene expression was found to be hampered by the encapsulation
process. In fact, encapsulated MIN6-EMOs displayed an increase expression (although not
significant) of some of the genes tested (such FGF2) as compared to naked MIN6-EMOs even after
60 days in culture.

Figure 2 Encapsulation of MIN6-EMOs does not hamper the expression of
housekeeping nor angiogenic genes. Fold increase of gene expression coding for key
angiogenic factors over time by encapsulated MIN6-EMOs comparing to naked MIN6EMOs (normalized with TBP and ACTB).
3.3 Encapsulated EMPs Induce Angiogenesis and Continue to Secrete Human Insulin in A Glucose
Regulated Manner after Xenogeneic Implantation
Engineered Micro-Pancreata (EMPs) made by seeding human islets into lung-derived microscaffolds were found to remain viable in culture for very long periods during which they continued
to secrete high levels of insulin into the culture medium, comparable to those secreted by fresh
human islets. Furthermore, insulin was found to be secreted in a regulated manner as a function
of glucose [32]. Here we report the results of one experiment in which some of these EMPs, taken
after 100 days in culture, were encapsulated and implanted subcutaneously into a BALB/c mouse.
After 21 days the mouse was anesthetized, and the skin carefully opened to examine the state of
the capsules prior to sacrifice. As shown in Figure 3, a thin layer of blood vessels was found
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covering areas of the capsule overlying the EMPs. No signs of inflammation or fibrosis were
observed. The capsules were carefully removed from the host and examined under the
microscope for any signs of damage. We confirmed that the new vasculature was external to the
capsule and did not penetrate the EMP-containing chamber. Upon visual examination, the EMPs
appeared healthy, and in order to test whether they were not only secreting insulin but also
responding to glucose, they were then cultured further in vitro for 48 h. As shown in Figure 4,
EMPs - cultured for 100 days in vitro, encapsulated and implanted into xenogeneic mice for
another three weeks and then removed and cultured further for two days - continue to secrete
human insulin in a glucose regulated manner.

Figure 3 In vivo encapsulated EMPs induce a thin vascular network surrounding the
capsule. Encapsulated EMPs (black arrows) are delineated by newly formed blood
vessels overlying the capsule (n=6).

Figure 4 EMPs kept in culture for 100 days, encapsulated and implanted into xenogenic
host for 21 days remain functional and continue to secrete human insulin in a glucose
regulated manner when cultured further for another two days (LG=Low Glucose,
HG=High Glucose).
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3.4 Immunoprotective Capsules Remain Intact and Avoid Penetration of Other Cells into the
Chamber Even after Three Months of Subcutaneous Implantation into Xenogeneic Hosts
We were then interested in following the capacity of the capsules to remain intact and to avoid
penetration of host cells into the capsule. This point is becoming particularly relevant in
encapsulation approaches not only to protect the cells from the immune system but also when
dealing, in particular with embryonic stem cells, with containing the cells within a chamber and
thus avoiding the risk of the cells spreading and increasing the risks of forming tumors [38, 39]. For
this series of experiments, pig-derived MSCs were seeded onto pig lung-derived micro-scaffold
and the resulting MSCs-EMOs were encapsulated and either cultured in vitro or transplanted
subcutaneously into C3H mice, each containing two capsules and kept for three months.
Microscopic and molecular examinations of the capsules extracted at different time points show
that these capsules maintain their integrity even after three months in vivo.
However, due to the critical importance of this finding, a more thorough examination was
required in order to confirm that the integrity of the chambers was indeed maintained, and no
host cells had penetrated the chambers during the period of the experiments. To that extent a
real-time PCR approach, developed by Martin et al [37] for the detection and quantification of pig
DNA was adopted. Using porcine-specific mitochondrial 12S rRNA and universal eukaryotic
primers (which amplified a conserved fragment of the nuclear 18S rRNA), these primers will only
amplify porcine-derived DNA (encapsulated MSCs-EMOs) and thus allow detection and
quantification of porcine DNA found in the capsule relative to the foreign DNA (host mouse) that
might be found inside the capsules in case host cells would have been able to penetrate it. The
results are summarized in Figure 5.

Figure 5 In vivo encapsulation (MSCs-EMOs) does not allow passage of cells trough the
capsule. Ratio of porcine specific (12S) DNA to universal eukaryotic (18S) DNA found in
the capsules (containing EMOs of porcine origin) three months after transplantation
into immunocompetent mice, compared to the ratios found in positive (porcine cells)
and negative (murine cells) controls (n=14).
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The results clearly show that there are no mouse contaminating cells within the
immunoisolating chamber. Variations obtained are within the limits of resolution of the PCR
reaction and no statistical difference between pig positive control and the immunoisolating
chamber was found (p > 0.05), indicating that the encapsulated MSCs-EMOs chambers maintain
their integrity even after three months in vivo.
3.5 Cell Number of Encapsulated EMOs
To further analyze the performance and overall viability of the encapsulated MSCs-EMOs after
xenogeneic transplantation, encapsulated MSCs-EMOs prepared in an identical manner were
cultured in vitro in parallel to the transplanted capsules for the same period of time. At various
time points, MSCs-EMOs were removed from the capsules and DNA and RNA were extracted and
examined qualitatively and quantitatively as shown in Figure 6. As expected, there is large
variation in DNA counts. Yet, the number of cells as indicated both by DNA and RNA analysis
suggests that there are as many cells per MSCs-EMOs in capsules implanted in xenogeneic animals
than in those kept in vitro for the same culture period.

Figure 6 Number of cells as determined by DNA and RNA quantitation of encapsulated
MSCs-EMOs does not decrease even after three-month implantation into xenogeneic
hosts (nDNA=6, nRNA=7).
4. Discussion
We have developed a chamber for encapsulation of organ-like structures such as EMOs both
for transplantation into xenogeneic hosts and for containment of the implanted cells. These aims
have somehow remained elusive over the last 30 years, in spite of attempts from many groups
around the world [13-15, 17, 40].
Although alginate is the most favored and cited technique, efforts to further improve the
biocompatibility of alginate microcapsules are still under way. These include decreasing impurities
and increasing the guluronic acid to mannuronic acid ratio [41, 42]. Examinations of the
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reproducibility of alginate-polylysine microcapsules coated with a polyethylene glycol (PEG) hydrogel or using polyacrylate or silica [43-45]. Recently, Melton’s group has reported alginate‐
microencapsulation of an enhanced alginate compound containing CXCL12 (C-X-C Motif
Chemokine 12). Using this method, the researchers were able to show immunoisolation and long‐
term function of β‐like cells derived from human pluripotent stem cells. In these experiments,
prolonged glycemic correction in immunocompetent C57BL/6 diabetic mice without systemic
immunosuppression was obtained for more than 150 days [46].
Other natural materials, such as collagen, chitosan, gelatin, and agarose, have also been
investigated and yet, capsules derived from these materials are more difficult to fabricate for
optimal pore size and often have some immunogenicity. The fact is that there is no consensus on the
best material to use for microencapsulation [17]. One of the key considerations is whether the
capsule material may be reactive, thereby triggering complement and activating leukocytes. There is
thus a need to closely examine all of the chemical constituents of microcapsules [17, 47]. As shown
above, the capsule reported here induced no inflammatory or fibrous deposits but instead, a fine
vascular network surrounding the capsule was found to be induced by the encapsulated EMOs.
We believe that the main reason for the success reported here is not entirely due to the
capsule design but, not less important, to the fact that the capsule has been designed with the
understanding that, within the chamber, cells need to be within a biological micro-environment
that guarantees proper function. As shown here we have literally encapsulated a functional organ
- the EMO - something that most other approaches lack. We strongly believe that - irrespective of
the capsule - in order for epithelial cells to properly function they should be supported by a
suitable connective tissue stroma. In addition, dimensions of our constructs are such that provided
the capsule is permeable, cells within the construct can survive by exchanging gasses and nutrients
by passive diffusion alone through the capsule membrane. What is required of course is that the
implanted tissue induces the formation of a powerful vascular network surrounding the capsule.
The immunoisolating chambers containing encapsulated EMOs reported here remained intact
over three months after xenotransplantation, with no host cell infiltration (Figure 5) and
developed a fine exterior vascular network (Figure 3) - an important condition for the proper longterm function of the encapsulated graft.
A problem faced frequently in islet encapsulation studies is the creation of a fibrotic
overgrowth surrounding the capsule which is created by the inflammatory cells and fibroblasts
that surround the capsule, eventually leading to ischemic compromise of the encapsulated cells
and the failure of the graft [13]. No signs of fibrotic growth were observed around the capsule
proposed here, as demonstrated directly by microscopical examination, and indirectly by cell
viability of the encapsulated constructs in viability tests (Figure 1), gene expression data (Figure 2),
and sustained cell number as determined by both DNA and RNA determination (Figure 6).
Attempts to employ embryonic stem cells and induced pluripotent stem cells in the clinic have
failed until now due to the risk of tumor formation and the genomic instability of the implanted
cells [34]. For instance, a neural stem cell transplant from fetal cells recently performed in Russia
led to a brain tumor in a teenage boy [35]. Thus, and to avoid this issue, it is likely that any
attempt to use such types of cells in the clinic will require proper containment of the implanted
cells. We believe the capsule presented here should overcome this mail general drawback. The
capsule presented is sturdy and resilient to biodegradation. Furthermore, it not only protects from
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rejection but at the same time it would allow stem cells to remain secluded in the chamber and
thus avoiding the chances of tumor formation.
5. Conclusions
In this work we have developed a chamber for encapsulation of organ-like transplantation into
xenogeneic hosts and for containment of the implanted cells. Due to the understanding that
within the chamber, cells need to be within a biological micro-environment that guarantees
proper function - such as the EMOs. As shown here we have literally encapsulated a functional
organ – the EMO. Cells within the construct can survive by exchanging gasses and nutrients by
passive diffusion alone through the capsule membrane.
Clearly the development of an immunoprotective capsule will have a wide variety of
implications and a wide variety of uses in medicine. Of direct relevance to this work would be of
course the implantation of EMPs without the need of administering immunosuppressants. In the
future, as differentiation of stem cells into beta cells improves, we conceive developing EMPs
using stem cell-derived beta cells instead. The capsule approach presented here will significantly
overcome many of the hurdles remaining when serious cell therapy approaches to treat extreme
cases of diabetes are being implemented.
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Abstract
Background: To estimate the survival of patients in the heart transplantation waiting list
(HTx WL) at Almazov National Medical Research Centre (V.A. Almazov NMRC), Saint© 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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Petersburg, Russia, from 2010 to 2017 and to define risk factors for death among these
patients.
Methods: It was a single-center retrospective study involving 151 patients with advanced
chronic heart failure (CHF) in the HTx WL.
Results: Mortality in the HTx WL for the period 2010–2017 was found to decrease. Based on
the results of constructing the discriminant function, four factors predicting the survival of
patients in the HTx WL, namely, ACE inhibitors/ARBs, beta-blockers, status 1 of UNOS, CHF
NYHA class IV, were pointed out.
Conclusions: The model has sufficient resolving power but is not capable of predicting the
outcome in the presence of acute decompensation of CHF.
Keywords
Heart failure; advanced heart failure; cardiomyopathy; congenital heart disease; heart
transplantation; heart transplantation waiting list

1. Introduction
Currently, in the Russian Federation, the prevalence of chronic heart failure (CHF) in the adult
population is 14.9 million, 6 million of them suffer from CHF NYHA class III-IV [1]. The annual
mortality of patients with the high functional class of CHF, even under the treatment in a
specialized hospital, reaches 12% [2]. The only effective method of treating advanced CHF is heart
transplantation (HTx) [3]. According to the International Society for Heart & Lung Transplantation
(ISHLT) data, more than 5000 HTx are performed in the world every year *4]. Mortality in an HTx
waiting list (HTx WL) could be about 5–15% per year [5-7]. In the Russian Federation, the number
of patients in HTx WL is gradually increasing and it increased from 339 to 497 patients in the
period 2012 to 2016. Further, the actual mortality in HTx WL was 12% in 2013 and 7.4% in 2016 [8,
9]. The aim of this study was to estimate the characteristics of patients' included in the HTx WL at
Almazov National Medical Research Centre (V.A. Almazov NMRC), Saint-Petersburg, Russia during
2010–2017 and to evaluate their survival.
2. Materials and Methods
2.1 Collection of Data and Population
We assessed the data of HTx WL from V.A. Almazov NMRC from 2010 to 2017, which included
181 patients aged from 10 to 65 years. Following patients were excluded from the analysis: 15
patients (male = ) who are still waiting for HTx, 5 refused HTx after being included in the HTx WL
(all males) or removed from the list (n=10, male = 9) due to contraindications to HTx (stroke = 3
patients, obesity with BMI >35 kg/m2 = 2 patients, with pulmonary embolism (PE) and pulmonary
vascular resistance (PVR) > 5 Wood Units (W.U.) = 1 patient, 3 patients with low compliance, 1
patient with skin melanoma). In this way, 151 patients were finally considered in the study and
five of them were children (females in the age range of 10–16 years).
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This was a single-centered non-randomized retrospective study considering data for eight years
(2010-2017). The study included a small number of patients (n = 151). During the eight years, the
availability of surgical treatment methods (PSI, ICD, and MCS) has changed and the criteria for
selecting patients for HTx with respect to concomitant pathology have expanded. This study
considered a group of patients from the heart transplantation waiting list, which differed in
compliance. The analysis did not include patients’ laboratory parameters and there was no
complete information about coronary angiography of the deceased patients.
2.2 Statistical Analysis and Conformity Assessment
All statistical analyses were performed using program STATISTICA 10.0 (StatSoft Inc., USA). All
results are presented as mean value ±SD (М ±sd) for the normally distributed data or the median
and lower and upper quartile values (Ме *LQ;UQ+) for the non-normally distributed data. The
shear effect and the reliability of the differences (p) were estimated using the nonparametric
Kruskal-Wallis and Mann-Whitney tests for independent samples, and the Friedman and Wilcoxon
test for dependent samples. A two-sided p-value < 0.05 was required to infer a statistical
significance. The comparison of the frequencies of binary features was carried out using
contingency tables with an estimate of Fisher's exact test ("Fisher p") in the unrelated groups and
an evaluation of the McNemar criterion ("McNemar p") in the associated groups. In our
investigation on the primary end-point, we used survival of topical patients in the HTx WL. The
survival time was taken as the days spent in HTx WL before their removal from the list (due to
transplantation, death, or improving condition). Survival rates between the two groups were
calculated using the Kaplan-Meier method.
Within the framework of the general model of discriminant analysis of a set of indicators
differing in groups, a step-by-step (with inclusion) procedure for constructing the discriminant
function (DF) was applied.
3. Results
3.1 General Characteristics of Patients in HTx WL
The general characteristics of the patients in HTx WL were as follows: age 47.4 ±12.8 years,
male 113 (75%), left ventricle (LV) ejection fraction (LVEF) Simpson 20.8 ±7.9%, LV end-diastolic
volume (LV EDV) 266 ±110 mL, TAPSE 1.3 ±0.5 sm, mean pulmonary artery pressure (PAP) 32 ±13
mmHg, and PVR 3.5 ±1.5 W.U. The causes of CHF were ischemic heart disease (IHD) in 61 (41%)
patients, dilated cardiomyopathy (DCM) in 66 (45%) patients, restrictive cardiomyopathy (RCMP)
in 2 (1%) patients, hypertrophic cardiomyopathy (HCM) in 2 (1%) patients, transferred myocarditis
in 4 (3%) patients, chronic rheumatic heart disease (CRHD) in 3 (2%) patients, and other
cardiomyopathies (CMP) in 13 (7%) patients. In the period from January 2010 to October 2017, in
total 41 of the 151 (27.2%) patients included in the HTx WL died.
The mean duration spent by a patient in the HTx WL was 96 [31;192] days. In addition, 13
patients spent more than one year in the HTx WL, 10 of them underwent HTx, and 3 died. One
patient has been waiting for HTx for 769 days. The patients were divided into two groups: group 1:
survived in the HTx WL (n=110), including the 96 patients who underwent HTx and 14 patients
who improved CHF; and group 2: the deceased patients in the HTx WL (n=41).
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3.2 Mortality in HTx WL
The causes of death in HTx WL were as follows:
1. CHF progression - 20 patients (49%), time spent in the HTx WL to death was 39 [15;147] days
(range 4–454 days); CHF progression was significantly more common than the other causes
(Fisher’s exact p, two-tailed: р=0,005)
2. Infectious complications - 8 (19%) patients, time spent in the HTx WL to death was 50 [3;143]
days (range 3–480 days);
3. Sudden cardiac death - 7 (17%) patients, time spent in the HTx WL to death was 55 [15;178]
days (range 2–379 days);
4. PE - 6 (15%) patients, time spent in the HTx WL to death was 35 [29;91] days (range 7–120
days).
The length of stay in the HTx WL in the deceased group was significantly less than that in the
survivors (37 *15;120+ days and 116 *48;223+ days, respectively, р=0.004). In fact, 17 (41%)
patients died within one month from the moment they were included in the HTx WL. The groups
were comparable in age, gender, and for most clinical indicators (Table 1). Moreover, the
parameters that showed significant differences in the deceased patients included a lower
incidence of IHD (р=0.03), a higher incidence of PE (р=0.038), a greater percentage of patients
with CHF class IV (NYHA) (р=0.0001), inotropes-dependent patients–UNOS 1B (р<0,0001); this
corresponds to a lower level of systolic BP (р<0.0001) and diastolic BP (р=0.001), a larger LVED
(р=0.02), LVES (р=0.01), and LV ESV (р=0.037) (Table 1).
Table 1 The comparative characteristics of survived and deceased patients in the HTx WL.
Group 1
Survivors

Group 2 Nonsurvivors

n=110

n=41

Age, years. Me[LQ;UQ]

51 [37;56]

50 [40;56]

0.86

Male, n (%)

83 (75%)

30 (73%)

0.83

IHD, n (%)

49 (45%)

12 (29%)

0.03

DCM, n (%)

43 (39%)

23 (56%)

0.04

RCMP, n (%)

2 (2%)

0

-

HMP, n (%)

1 (1%)

1 (2,4%)

-

Myocarditis, n (%)

3 (3%)

1 (2,4%)

-

Others CMP, n (%)

12 (11%)

4 (10%)

0.93

Class III

87 (79%)

17 (42%)

Class IV

23 (21%)

24 (58%)

status 2

83 (75%)

11 (27%)

status 1

27 (25%)

30 (73%)

4 (4%)

3 (7%)

-

22 (20%)

11 (27%)

0.38

Groups
Indicators

CHF NYHA class, n (%)
UNOS, n (%)
VAD (EXCOR, ECMO)
Permanent AFib, n (%)

p

0.0001
<0.0001
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Co-morbidities, n (%)

92 (84%)

35 (85%)

0.99

Obesity, n (%)

20 (18%)

3 (7%)

0.13

PHT, n (%)

25 (23%)

14 (34%)

0.21

History of sternotomy, n (%)

16 (15%)

3 (7%)

0.28

T2D, n (%)

19 (17%)

1 (2%)

-

PE, n (%)

37 (34%)

21 (51%)

0.038

4 (4%)

4 (10%)

0.21

COPD, n (%)

11 (10%)

8 (20%)

0.16

Stroke, n (%)

16 (15%)

5 (12%)

0.79

5 (5%)

6 (15%)

0.07

Polymorbidity, n (%)

42 (38%)

18 (44%)

0.58

ICD, n (%)

20 (18%)

6 (15%)

0.81

CRT-D, n (%)

16 (15%)

5 (12%)

0.79

History of cardiac surgery in HTx WL
(ICD/CRT-D, RFA AVN, РТСА, VAD), n (%)

49 (45%)

17 (41%)

0.85

BMI, kg/m2. Me[LQ;UQ]

24 [22;28]

23 [21;27]

0.63

H, beats per min. Me[LQ;UQ]

80 [72;90]

81 [71;97]

0.39

SBP mmHg. Me[LQ;UQ]

110 [100;120]

90 [90;105]

<0.0001

DBP mmHg. Me[LQ;UQ]

70 [62;75]

60 [60;70]

0.0006

CKD С3а, n (%)

Infectious complications n (%)

VO2 peak, mL/min/kg. Me[LQ;UQ]

11.9 [10.2;14.8] 10.8 [8.9;13.3]

0.11

LVEF%. Me[LQ;UQ]

20 [16;24]

20 [14;22]

0.36

LVED, mm. Me[LQ;UQ]

64 [48;71]

70 [60;77]

0.02

LVES, mm. Me[LQ;UQ]

55 [33;62]

61 [52;69]

0.01

LV EDV, ml. Me[LQ;UQ]

243 [187;311]

256 [181;336]

0.54

LV ESV, ml. Me[LQ;UQ]

156 [58;205]

186 [134;271]

0.037

LV SV, ml. Me[LQ;UQ]

57 [43;72]

54 [33;70]

0.18

TAPSE, cm. Me[LQ;UQ]

1.3 [1.1;1.6]

1.1 [0.8;1.5]

0.056

Mean PAP baseline, mmHg. Me[LQ;UQ]

30 [23;36]

31 [25;38]

0.53

Mean PAP after reduction test, mmHg. Me[LQ;UQ]

31 [25;38]

30 [29;38]

0.41

PVR baseline, Wood Units. Me[LQ;UQ]

3.2 [2.3;4.2]

3.0 [2.5;4.0]

0.96

PVR after reduction test, Wood Units. Me[LQ;UQ]

2.6 [1.8;3.0]

2.9 [2.6;3.2]

0.17

MR, grade. Me[LQ;UQ]

2 [2;3]

2 [2;3]

0.36

TR, grade. Me[LQ;UQ]

2 [1;3]

2 [1;3]

0.12

Treatment (including all drugs that patients were managed with while they were in HTx WL)
Spironolactone, n (%)

110 (100%)

41 (100%)

-

Torasemide, n (%)

108 (98%)

36 (88%)

0.01

I.V. Furosemide, n (%)

38 (35%)

33 (80%)

0.0001
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Beta-blockers, n (%)

107 (97%)

33 (80%)

0.001

ACE inhibitors/ARBs, n (%)

91 (83%)

11 (27%)

0.0001

Dobutamine, n (%)

16 (15%)

19 (46%)

0.0001

Dopamine, n (%)

34 (31%)

35 (85%)

0.0001

Episodes of adrenaline/noradrenaline, n (%)

7 (6%)

5 (12%)

0.31

Digoxin, n (%)

6 (5%)

5 (12%)

0.17

IHD: ischemic heart disease, CMP: cardiomyopathy, DCM: dilated cardiomyopathy, RCMP: restrictive CMP, HCM:
hypertrophic cardiomyopathy, CHF NYHA class III: chronic heart failure NYHA class III, UNOS: United Network for
Organ Sharing: Status 1A, 1B, 2; AFib: atrial fibrillation, BMI: body mass index, PHT: pulmonary hypertension,
T2D: type 2 diabetes, PE: pulmonary embolism, CKD С3а: chronic kidney disease, COPD: chronic obstructive
pulmonary disease, ICD: cardioverter-defibrillator, CRT-D: cardiac resynchronization therapy device with
defibrillator, RFA AVN: radio-frequency ablation of the atrioventricular (AV) node, РТСА: percutaneous
transluminal coronary angioplasty with stent implantation, VAD: ventricular assist device (EXCOR/ECMO), H:
heart rate, SBP/DBP: systolic/diastolic blood pressure, VO2 peak: peak oxygen consumption, EF: ejection fraction,
LV: left ventricle, LVED: left ventricle end-diastolic diameter, LVES: left ventricle end-systolic diameter, EDV: enddiastolic volume, ESV: end-systolic volume, SV: stroke volume; TAPSE : tricuspid annular plane systolic excursion;
PASP: pulmonary artery systolic pressure, PAP: pulmonary artery pressure, PVR: pulmonary vascular resistance,
MR: mitral regurgitation, TR: tricuspid regurgitation, ACE inhibitors/ARBs: angiotensin converting enzyme
inhibitors/Angiotensin II receptor blockers.

In the analysis of the correlation of the revealed indicators with death in the HTx WL and after
excluding the factors with internal interaction, three independent indices (Figure 1), namely,
UNOS classes (r= –0.45, p<0.0001, r=0,21), IHD (r=–0.24, p<0,006, r=0.06), and LVES (r=0.23,
p<0.008, r=0.06), were used. The patients who died during the first month of their enrolment in
the HTx WL, compared with the patients who died in the long term, showed a greater severity of
mitral regurgitation in the recipients with less survival in HTx: МR 3*2;3+ grades, 2*2;3+ grades,
respectively; р=0,036.

Figure 1 The total number of patients in the HTx WL and the number of deceased and
heart transplanted patients from 2010 to 2017.
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3.3 Changing the Characteristic of Patients in the HTx WL from 2010 to 2017
A decrease in mortality in the HTx WL from 2010 to 2017 was observed (the lowest mortality
was observed in 2015, i.e., 8% (3 patients out of 39) (Figure 1).
In order to analyze the causes of the decrease in mortality, we formed three subgroups
depending on the period of inclusion in the HTx WL: those included in the HTx WL in 2010–2011,
those in 2012–2014, and those in 2015–2017. The patients in these subgroups were comparable
by gender, anthropometric, echocardiographic, and clinical (diagnosis, BP, H, VO2peak) indicators.
However, in contrast to the period 2010–2011, the number of patients with renal dysfunction
(CKD C3a), past-sternotomy, PHT, and a combination of significant co-morbidity was increased in
the subsequent period. From 2010–2011 to 2012–2014 and 2015–2017, the frequency of surgical
treatment of CHF (ICD, CRT-D, RFA AVN, VAD implantation, palliative PTCA) was significantly
increased (Table 2).
Table 2 The occurrence of concomitant conditions in patients included in the HTx WL in
different years.
2010–
2011 years
n=40
1
2 (5%)

2012–
2014 years
n=49
2
7 (14%)

10 (25%)

40 (82%)

50 (81%)

Past-sternotomy, n (%)

1 (2.5%)

12 (24%)

19 (31%)

Combination of concomitant
diseases, n (%)

14 (35%)

37 (76%)

58 (94%)

Surgical treatment of CHF, n (%)

8 (20%)

27 (55%)

31 (50%)

CKD С3а, n (%)
Pulmonary hypertension
(PVR >3,0 W.U. after reduction
test), n (%)

2015–
2017 years
р
n=62
3
12 (19%) 1 and 3 р=0.04
1 and 2 р=0.0001
1 and 3 р=0.0001
1 and 2 р=0.005
1 and 3 р=0.0003
1 and 2 р=0.0002
2 and 3 р=0.01
1 and 3 р<0.0001
1 and 2 р=0.001
1 and 3 р=0.003

CKD: chronic kidney disease, PVR: pulmonary vascular resistance, CHF: chronic heart failure.

In 2015–2017, compared with 2010–2011, the mortality rate of patients significantly decreased
(Cox’s F-Test: р=0.04) (Figure 2). However, regardless of the period, in 50% of deceased patients,
the time to death was less than 30 days from the moment of inclusion in HTx WL.
In all periods between the live and deceased patients in the HTx WL, there was a difference
(p<0.01) in the severity of UNOS status, but among the survivors in the list, there were no
differences in the severity for UNOS during these periods.
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Figure 2 The Kaplan-Meier survival of patients according to their inclusion year in the HTx WL.
In the group of the deceased patients, compared with survivors, the frequency of dopamine
use was higher in all periods (р<0.002). In 2015–2017, the patients were significantly more likely
to receive dobutamine (р<0.0001) and adrenaline/noradrenaline (р=0.01) (Table 3). In 2015–2017,
this group showed a lower incidence of beta-blockers (р=0.04) and greater frequency of
intravenous furosemide (р<0.0001). In 2010–2011 and 2015–2017, ACE inhibitors/ARBs were
administered less frequently in this group (р<0.0001), but in 2015–2017, these drugs were used
more often in the group of survivors than those in 2010–2011 (р=0.03). In patients with status 1B
UNOS, who received ACE inhibitors/ARBs or beta-blockers in the HTx waiting period, survival was
higher compared to the patients who did not receive such therapy (р=0.0007 and р=0.009,
respectively) (Figure 3).
Table 3 Characteristics of patients in the HTx WL at different time periods.

Time
before the
removal
from the
HTx WL,
days Ме
[LQ;UQ]

2010–2011 years
n=40
survivors
nonn=23
survivors
n=17
1
2

2012–2014 years
n=49
survivors
nonn=38
survivors
n=11
3
4

2015–2017 years
n=62
survivors
nonn=49
survivors
n=13
5
6

140
[64;267]

156
[76;232]

76
[28;163]

44
[29;97]

55
[22;108]

29
[7;143]

р

p > 0,05
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UNOS 1A

2 (9%)

2 (12%)

1 (3%)

2 (18%)

2 (4%)

1 (8%)

UNOS 1B

6 (26%)

11 (65%)

12 (32%)

7 (64%)

6 (12%)

8 (62%)

UNOS 2

15 (65%)

4 (23%)

25 (66%)

2 (18%)

41 (84%)

4 (31%)

Digoxin, n
(%)

2 (9%)

2 (12%)

1 (3%)

1 (9%)

3 (6%)

2 (15%)

Dopamine,
n (%)
Dobutamin
e, n (%)
Episodes of
adrenaline/
noradrenali
ne, n (%)
Spironolact
one, n (%)
Torasemide
, n (%)
I.V.
Furosemide
, n (%)
Betablockers, n
(%)
ACE
inhibitors/A
RBs, n (%)
Cardiosurgi
cal
treatment,
n (%)

1 and 2 р=0.02
5 and 6
р=0.0007
1 and 2 р=0.01
3 and 4 р=0.007
5 and 6
р=0.0005
1 and 2
р=0.0002
3 and 4 р=0.002
5 and 6
р=0.0001
5 and 6
р=0.0001

8 (35%)

16 (94%)

14 (37%)

10 (91%)

12 (24%)

11 (85%)

4 (17%)

8 (47%)

8 (21%)

4 (36%)

4 (8%)

8 (62%)

3 (13%)

0

2 (5%)

1 (9%)

2 (4%)

4 (31%)

5 and 6 р=0.01

23
(100%)
23
(100%)

17
(100%)

38
(100%)
38
(100%)

11
(100%)

49
(100%)

13
(100%)

р=1.0

10 (91%)

47 (96%)

12 (92%)

p > 0.07

14 (82%)

12 (52%)

14 (88%)

15 (39%)

9 (82%)

11 (22%)

12 (92%)

5 and 6 р<
0.0001
1 and 5 р=0.02

22 (96%)

12 (71%)

36 (95%)

10 (91%)

49
(100%)

11 (85%)

5 and 6 р=0.04

4 (31%)

1 and 2
р=0.0001
5 and 6
р<0.0001
1 and 5 р=0.03

8 (62%)

1 and 3 р=0.01
1 and 5
р=0.0001

17 (74%)

4 (17%)

2 (12%)

4 (24%)

28 (74%)

22 (58%)

5 (45%)

5 (45%)

46 (94%)

23 (47%)

UNOS: United Network for Organ Sharing: Status 1A, 1B, 2; ACE inhibitors/ARBs–angiotensin-converting
enzyme inhibitors/Angiotensin II receptor blockers; HTx WL: heart transplantation waiting list.
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Figure 3 Survival of patients with status UNOS 1B, depending on the application: (А) ACE
inhibitors/ARBs; (В) beta-blockers. UNOS status 1B: United Network for Organ Sharing:
Status 1B; ACE inhibitors/ARBs: angiotensin-converting enzyme inhibitors/Angiotensin II
receptor blockers; beta-Ab: beta-blockers.
3.4 Log Regression
In order to determine the possibility of predicting survival in the HTx WL (survivors/nonsurvivors), clinical and instrumental parameters were used (Model 1) to perform a regression
analysis (logit regression). We used the following factors as the predictors of mortality in the HTx
WL: class of CHF, UNOS classes, systolic and diastolic blood pressure, PE history, LVES, LV ESV, I.V.
furosemide, beta-blockers, ACE inhibitors/ARBs, management with dobutamine, dopamine. With
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the step-by-step inclusion of the listed indicators into the model, only three indicators were
identified finally (UNOS1B, ACE inhibitors/ARBs, LVES) with the statistical significance for the
prediction. This model is characterized by statistical significance (p <0.0001), high sensitivity (99%)
and specificity (82%), high positive predictive value (97%), and negative predictive value (60%).
The predictive power of the model is 97.74%.
Model 1 Predicted patients’ survival in the HTx WL.
Model: Logistic regression (logit) N of 0's: 100 1's: 33
Dep. var: groups (1- Survivors, 2- Non-survivors)
Loss: Max likelihood (MS-err. scaled to 1) Final loss: 23,763241521
Chi-square (df=3)=101,50 p=0,0000 Odds ratio: 445,50 Perc. correct: 94,74%
Const.B0
UNOS 1B ACE inhibitors/ARBs
LVES
Estimate
–4,263211
2,040992
–6,289832
0,1140094
Standard Error
1,749866
0,8004157 1,351363
0,03579219
t (129)
–2,436308
2,549914
–4,654434
3,185316
p-level
0,01620286
0,01194465 0,000007952471
0,0018134
–95%CL
–7,725364
0,4573494 –8,963537
0,0431937
+95%CL
–0,8010592
3,624634
–3,616126
0,1848252
Wald’s Chi-square
5,935596
6,502063
21,66376
10,14624
p-level
0,01484347
0,01077956 0,000003261729
0,001447348
Odds ratio (unit ch)
0,01407702
7,698238
0,001855073
1,120763
–95%CL
0,0004414863 1,579881
0,0001279928
1,04414
+95%CL
0,4488533
37,51097
0,02688663
1,203008
Odds ratio (range)
7,698238
0,001855073
2923,86
–95%CL
1,579881
0,0001279928
20,56435
+95%CL
37,51097
0,02688663
415717,4
Notes: LVES: left ventricle end-systolic diameter, ACE inhibitors/ARBs–angiotensin-converting enzyme
inhibitors/Angiotensin II receptor blockers.

CHF patients in the HTx WL form a very heterogeneous group due to the differences in the
causes of CHF, the severity of the disease, presence of comorbidities, and other indicators. This
prediction model, based on three indicators, seems to be promising for future research in our
population with the accumulation of data and other additional indicators. In order to find a model
with large indicators, as well as visualization of the model's ability to predict outcomes in patients,
a discriminative analysis was performed for the HTx WL (Table 4).
Table 4 Logit analysis of contingency tables.
Classification of Cases. Odds ratio: 445,50 Perc. correct: 94,74%
Prediction: Survivors Prediction: Non-survivors
Percent
Survivors
99
1
99,00000
Non-survivors
6
27
81,81818
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3.5 Discriminant Analysis
Within the framework of the general model of the discriminant analysis, a set of 21 indicators,
which included the signs: UNOS status 1, management with dopamine, dobutamine, beta-blockers,
ACE inhibitors/ARBs, Torasemide per os, I.V. Furosemide; the period of inclusion in the HTx WL
(2010–2011, 2012–2014, 2015–2017); the number of HTx and removal year from the HTx WL; days
in the HTx WL before the outcome; SBP, DBP, IHD, DCM, and CHF class at the time of inclusion in
the HTx WL; and LVED, LVES, ESV, PE, surgical treatment in the HTx WL. A step-by-step (with
inclusion) procedure for constructing the discriminant function (DF) was applied. The procedure
included in the model had four dichotomous signs (Table 5, Figure 4).
Table 5 The raw coefficients and factor loading of the discriminant function.
Variables
ACE inhibitors/ARBs
beta-Ab
UNOS status 1
СHF class IV
Constant

DF coefficients
–3,221
–0,533
0,689
0,284
3,281

DF factor loadings
–0,969
–0,464
–0,370
–0,341
-

DF: discriminant function; ACE inhibitors/ARBs: angiotensin-converting enzyme inhibitors/Angiotensin II
receptor blockers; beta-Ab: beta-blockers, UNOS status 1: status 1 by United Network for Organ Sharing; СHF
class IV: chronic heart failure NYHA class IV.

Figure 4 A joint histogram of the values of the discriminant function for the groups of
deceased and living patients.
Odd ratio based on classification matrix is 72.3 with the confidence interval CI = [21.5; 243.4].
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In the construction of DF, 11 inversions were detected in the group of survivors and 4
inversions in the group of deceased patients. According to the DF, "deceased" group included four
survivors. All of them in the critical period had a successful HTx or BiVAD implantation. Among the
deceased patients classified as "alive", a general pattern was revealed: regardless of the length of
their stay in the HTx WL, they developed acute decompensation of terminal CHF, but neither HTx
nor VAD was applied.
4. Discussion
In the Russian Federation, similar to the rest of the world, the number of patients requiring HTx
is increasing [9] and so the number of patients awaiting a donor. Identifying reversible causes of
death in this highly prognostic unfavorable group of patients can improve their survival. The
decrease in the absolute risk of death of patients in the HTx WL, from 2010–2011 to 2012–2014
and to 2015–2017 in our sample was 20% and 24%, respectively.
First of all, the mortality of patients in an HTx WL depends on the severity of their condition
and the duration of waiting for HTx [7, 10]. This corresponds to our observations, as mortality in
the patients with status UNOS 1B was significantly higher than those with status 2 of UNOS.
However, there were no differences depending on the length of their stay in the HTx WL, and in 17
(41%) patients, which had a higher grade of MR, death occurred within one month from the
moment of their inclusion in HTx WL. MR due to LV dilatation causes its volumetric overload and
further remodeling [11, 12]. According to Trichon et al., in case of HFrEF, regardless of the CHF
cause, MR is an independent predictor of mortality, and the presence of MR grade 3–4 further
increases these risks [13].
The difficulty to perform HTx in a short time led to the introduction of different mechanical
circulatory support systems (MCS) in the clinical practices. In 2016, 42% of the patients in HTx WL
were supported by the MCS system (International Society for Heart and Lung Transplantation
Registry [14]). Among our patients, the frequency of MCS use was low (only 9.9%, i.e., 15 from 151
patients). Thus, in the first month after inclusion in HTx WL, the high mortality of patients was
associated with the critical condition of patients, severe MR, lack of HTx capability in a short time,
or failure to be supported by an MCS system. The researchers from a Washington Hospital Center
confirmed these results by analyzing 48,000 patients from HTx WL between 1990 and 2005. The
survival of patients with status 1 of UNOS depended on the possibility of emergent HTx or MCS,
the lack of this assistance caused high and early mortality [15].
In most studies devoted to the prognosis of patients with CHF decompensation, the main
echocardiographic risk factors were reported to be LVEF, LVED, and LVES [16-18]. In our study,
there were no differences in the magnitude of LVEF between deceased and survived patients, but
in the deceased ones, there was greater dilatation of the left chambers of the heart compared to
survivors. Thus LVED, LVES, and LV ESV agree with the general idea of the negative effect of
dilatation of the left heart chambers on the outcome of any heart disease [19, 20].
The presence of IHD in patients with CHF in the HTx WL was associated with a better prognosis
in our population. This is contradictory to the notion that the ischemic origin of CHF, especially
when there is a history of MI, is an unfavorable predictor of death [17, 21, 22]. We explain this fact
with the increased frequency of palliative myocardial revascularization and ICD implantation in the
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patients in HTx WL at our center. From 2010–2011 to 2012–2017, the frequency of cardiac surgery
methods in patients from HTx WL increased from 20% to 50%.
Since 2013, the number of patients with concomitant pathology or a burdened background
condition has increased at our center (Table 3). In 2012–2014, compared with 2010–2011, the
number of patients with PVR above 3.0 W.U. was found to increase after the reduction test (p =
0.0001), with a history of median sternotomy (p = 0.005), and with combined co-morbidities (p =
0.0002). During the period (2015–2017), there was also an increase in the number of patients with
PHT (p = 0.0001), combined pathology (p<0.0001), and those with CKD stage C3a (p = 0.04). This
reflects the extension of the criteria for selecting patients for HTx [23] and the global trend of
increasing patients with comorbid pathology in HTx WL [14, 24]. Despite the increased risk of
cardiovascular events in the conditions of comorbidity in patients with CHF [25-28], the main
predictor of death remains status 1 of UNOS [7, 15], thus in the group of patients with status 2 of
UNOS, mortality was low. Further, despite the increase in the number of patients with
comorbidities, which aggravates the forecast, a gradual decrease in the mortality in HTx WL was
registered. One of the factors tragically affecting the prognosis is acute decompensation of
advanced CHF.
The high mortality rate in our patients during 2010–2011 was due to insufficient HTx and MCS.
This finding was in line with the UNOS data on high mortality in HTx WL during the period of 1990–
1994 [15], when the use of MCS in HTx WL patients was about 9%, mortality in HTx WL patients
with status 1 of UNOS was 25%, and that in status 2 of UNOS was 20%. Such a high mortality rate
(26% of 434 patients) was also reported in an HTx WL group with only conservative therapy [29].
Based on the results of the discriminant analysis of our data, an increase in the number of HTx was
not found to be a decisive factor in reducing mortality in HTx WL patients. Perhaps this is due to
the lack of shortening the waiting time for the HTx.
The use of dobutamine, dopamine, and/or I.V. furosemide in therapy was higher in the group of
the deceased patients, which corresponded to the severity of their condition and the status of
UNOS. In contrast, the frequency of beta-blocker therapy and ACE inhibitors/ARBs was higher in
the group of survivors in the HTx WL.
In order to unravel the factors that determine prognosis in HTx WL, we applied logistic
regression. This indicated three factors to be involved: management with beta-blockers, ACE
inhibitors/ARBs, and class 1 or 2 of UNOS. All other factors included in the model in conjunction
with the above turn out to be non-significant. The risk factors, namely, beta-blockers, ACE
inhibitors/ARBs, UNOS, are completely obvious and clinically understandable but do not reflect
the complex model of our patients. The reason for the absence of additional factors could be
explained by the small sample size and the characteristics of the studied population. Therefore,
we carried out a discriminant analysis to solve the qualitative problem: using which set of
indicators, a patient can be assigned to the group of surviving or deceased patients. As a result, we
identified 21 risk factors affecting the prognosis. This information is clinically more significant
because it focuses attention on the dependence of the prognosis on many components (severity
of the patient condition, structural changes in TTE, and approaches to drug and surgical treatment
methods). Moreover, the method allowed us to identify the patients who do not comply with this
model and analyze the reason for this.
During the lack of routine use of MCS as a "bridge-to-transplant", all efforts were directed to
further optimize the therapy of CHF in HTx WL patients. There is no doubt that the prognosis of
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patients with CHF receiving ACE inhibitors/ARBs or beta-blockers is improving [3]. C. Campana et
al. found that therapy by beta-blockers in HTx WL patients was optimized in 32% of them, ARBs in
7.5%, spironolactone in 42%, and diuretics in 35% [30]. However, the effectiveness of these drugs
in the patients with the status 1B of UNOS has rarely been studied but their application seems
reasonable [3, 31]. Active optimization of drug therapy made it possible to achieve a significant
increase in the survival of patients with status 1B of UNOS compared with the patients who did
not receive ACE inhibitors/ARBs or beta-blockers (p = 0.0007 and p = 0.009, respectively). When
constructing a discriminant function (DF), the presence of ACE inhibitors or ARBs, in any of the
periods in the HTx WL in the therapeutic regimen, was the most significant factor for classifying
the patient in the surviving group.
Obviously, a large number of inversions make the constructed DF unreliable for prediction. The
reason for this may be "random" due to factors not included in the study, such as the causes of
acute decompensation of advanced CHF, the presence of vaccination against Pneumococcus or
influenza, the reasons for the long-term presence of certain patients in the HTx WL, and others.
The other reason may be a change in the prognostic significance of risk factors in the transition of
a patient from a stable state to a decompensated one and vice versa [32, 33]. This creates
difficulty in long-term prognosis with acute changes in patient status. Further investigations are
required to determine the influence of such factors on the outcome.
5. Conclusions
1. At our center, the mortality in HTx WL patients for the period of 2010–2017 decreased,
which is associated with the active use of cardiac surgical methods as a ”bridge” to
transplantation and maximum drug therapy, including ACE inhibitors/ARBs and betablockers in patients receiving inotropic support (UNOS 1B).
2. Co-morbidities and IHD are not risk factors of death for patients included in an HTx WL.
3. Mortality in an HTx WL is significantly higher when CHF class 4, status 1 UNOS (with
dobutamine, dopamine, I.V. furosemide), and the development of acute decompensation of
advanced CHF are present.
The highest mortality in the first month after inclusion in the HTx WL is associated with the
severity of MR, non-availability of urgent HTx, and MCS.
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Abstract
Hematopoietic cell transplantation is frequently complicated by infectious disease-related
complications, especially pneumonia. Candida and enterococci are often overlooked as
pulmonary pathogens with some clinicians firmly believing that these organisms never cause
pneumonia. Here, we present a series of five cases of Candida pneumonia and five cases of
enterococcal pneumonia found on autopsy in hematopoietic cell transplantation recipients.
We will also review the literature regarding the epidemiology, risk factors, clinical
manifestations, microbiologic findings, radiologic findings, and histopathological findings of
these uncommon but serious clinical entities.
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1. Introduction
Hematopoietic cell transplantation (HCT) recipients frequently experience infectious diseaserelated complications, of which pneumonia is one of the most common [1-5]. In this patient
population, infectious pneumonia may be caused by a wide variety of pathogens, including
bacteria, viruses, fungi, and parasites. However, when isolated from respiratory tract specimens,
Candida and Enterococcus species are virtually always disregarded as airway colonizers rather than
true pulmonary pathogens [6-11]. Some clinicians even go so far as to falsely proclaim with
conviction that these organisms never cause pneumonia. Here, we present a case series of HCT
recipients with autopsy-proven Candida pneumonia (CP) or enterococcal pneumonia (EP). Because
of the paucity of publications about these clinical entities in HCT recipients, we will review the
pertinent literature in all patient populations.
2. Methods
This is a single-center, retrospective, autopsy-driven case series of HCT recipients at Stanford
University Medical Center (Stanford, CA). Between January 1, 2000 and December 31, 2017, 185
HCT recipients underwent autopsy. The autopsy reports of these patients were reviewed. A
diagnosis of CP and/or EP listed on the autopsy record prompted an in-depth review of the
patient's clinical record. Data collected included patient demographics (including age and sex),
underlying disease, donor and HCT type, graft source, preparative regimen, development of graftversus-host disease (GVHD), date of death, premortem clinical information, and postmortem
autopsy diagnoses. Patients were excluded if they were less than 18 years of age, their autopsy
report was either missing or incomplete, or their medical record had insufficient clinical data
available for review. This study was exempt from review and approval by the institutional review
board of Stanford University since chart review of deceased subjects did not meet the definition of
human subjects research.
3. Part I - Candida Pneumonia
3.1 Illustrative Case I
A 28-year-old man (Table 1, patient #1) with acute lymphoblastic leukemia underwent
myeloablative matched unrelated donor bone marrow allogeneic HCT (day 0). He was on acyclovir,
ciprofloxacin, and fluconazole prophylaxis per protocol. On day +1, he developed severe headache,
photophobia, and nausea without focal deficits, fever, chills, or sweats. On day +2, computed
tomography (CT) of the head did not reveal intracranial pathology. Lumbar puncture could not be
performed safely due to thrombocytopenia. Tacrolimus was held due to concern for calcineurinassociated neurotoxicity. Cefepime and vancomycin were added. On day +4, total parenteral
nutrition was started. On day +13, he developed hyperbilirubinemia for which fluconazole was
changed to micafungin. CT of the chest showed bibasilar patchy consolidation (Figure 1). On day
+16, transthoracic echocardiogram was negative for vegetations or other evidence of infection. On
day +17, he was transferred to the intensive care unit after developing progressive multiorgan
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dysfunction including respiratory failure and altered mentation. On day +20, blood, respiratory,
urine, and stool cultures were obtained. He died on day +21 after which four out of four blood
culture bottles grew Candida guilliermondii. Antifungal susceptibility testing was not performed.
Postmortem histopathological findings revealed disseminated candidiasis involving the lungs,
myocardium, gastrointestinal tract, liver, kidneys, muscle, and central nervous system (occipital
cortex, midbrain, and medulla) without corresponding inflammation (Figure 2). CT of the chest
was not repeated closer to the patient's death. Therefore, the discrepancy between premortem
imaging findings and postmortem autopsy findings is most likely explained by the elapsed time
between the two.
Additional cases of autopsy-proven CP are presented in Table 1.
3.2 Epidemiology
CP, formerly termed pulmonary moniliasis, was first described in 1905 by Castellani [12]. The
first report of CP to link clinical manifestations with autopsy findings was published in 1933 by
Seaborn J. Lewis [13]. CP has since been reported in multiple publications but remains exceedingly
rare [6-8, 14-21]. Because definitive diagnosis of CP requires histopathological evidence of fungal
invasion in lung tissue (which is usually obtained only at autopsy) and autopsy rates have been
declining over time, its frequency is likely underestimated [8, 14, 17, 20, 22, 23].
Immunocompromised individuals, such as those with hematologic malignancy or transplant
recipients, appear to be at higher risk compared to the general population [8, 14, 17, 19-21, 24].
The incidence of CP in HCT recipients is not known. Candida airway colonization and CP are
associated with poorer outcomes and increased mortality but it is unclear if these are causative or
surrogate markers of illness severity [25].
3.3 Risk Factors
Potential risk factors for CP are summarily listed in Table 2. CP primarily occurs via one of two
mechanisms: hematogenous spread to the lung(s) or aspiration of organisms from the upper
airway into the lung(s) [14, 17, 18, 20]. Risk factors for CP due to hematogenous dissemination are
similar to those for candidemia and include diabetes mellitus, critical illness, multifocal
colonization, total parenteral nutrition, central venous catheters, renal replacement therapy,
surgery (especially if involving the gastrointestinal tract), trauma, corticosteroids, and broadspectrum antimicrobials. [17, 26-29]. CP resulting from aspiration is mainly a consequence of
neurological disorders (including neuromuscular diseases), altered mentation, and antecedent
vomiting [14, 17, 18, 29-31]. It is not clear why aspiration, while being such a common
phenomena, results in CP only rarely. Multiple contributory factors are likely implicated, including
the organism burden in aspirated material as well as local and systemic immune impairment.
Immunocompromised state and neutropenia have been cited as risk factors but their absence
does not exclude the possibility of CP [8, 13, 14, 16-18, 20, 24, 31, 32]. Additional factors that have
been identified to increase risk for invasive candidiasis in HCT recipients include increased age,
increased duration of neutropenia, acute GVHD, and use of total body irradiation as part of the
preparative regimen [33]. All of the patients in our cohort had multiple risk factors for CP,
including three who underwent total body irradiation-containing preparative regimens (Table 1).
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Table 1 Case series of hematopoietic cell transplantation recipients with autopsy-proven Candida pneumonia.
Pat Age/ Dise
ien Sex
ase
t

HCT

Donor Preparativ
e regimen

GVHD

Risk
factors

Clinical
manifestati
ons

Premortem
respiratory
culture

Radiologic
findings

Days from
HCT to
death

Autopsy findings

1

28/
M

ALL

Allo

MUD

MA (TBI,
Cy)

No

TBI,
neutrope
nia,
critical
illness,
TPN,
CVC,
RRT,
steroids,
abx,
AMS,
emesis

SOB,
hypoxemia,
DBS, RF,
AMS,
headache,
photophobi
a, nausea,
emesis

Rare NRF,
10-50
colonies
yeast

Patchy
22
consolidati
ons in BLL

Disseminated
candidiasis (lungs,
myocardium, GI,
liver, kidneys,
muscle, brain)
without
inflammation

2

52/
M

ALL

Allo

MRD

MA
(TBI, VP16, Cy)

Yes
(skin,
eyes,
GI)

TBI, DM,
critical
illness,
TPN,
CVC,
RRT,
steroids,
abx, AMS

Fever,
fatigue,
anorexia,
wet cough,
SOB,
hypoxemia,
rales, RF,
rhinitis,
pharyngitis,
odynophagi
a,
abdominal

2+ yeast

Patchy
603
consolidati
ve and
GGOs
throughou
t both
lungs with
most
dense
consolidati
on in BLL

Multiple foci of
Candida in airspaces
and vessel walls
Disseminated VZV
(lungs, hilar lymph
nodes, BM, GI, liver,
pancreas, kidneys)
GI mucormycosis
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pain
3

4

5

50/
M

45/F

67/F

NHL

NHL

MM

Allo

Allo

MUD

MRD

Auto NA

NMA (TBI,
Flu)

Yes
(skin,
eyes,
mouth,
liver)

MA (BCNU, Yes
VP-16, Cy) (skin,
GI,
liver)

MA (BCNU, No
Mel)

TBI, DM,
critical
illness,
CVC,
RRT,
steroids,
abx

Dyspnea,
SOB, DBS,
rhonchi, RF

1+
Methicillinresistant
Staphylococ
cus aureus,
1+ NRF
including
yeast

Coalescent 1,886
patchy
airspace
opacities
with
associated
scattered
GGOs in
BUL and
BLL

Candida glabrata in
alveolar spaces with
abundant
intraalveolar
neutrophils
DAH/DAD
HSV esophagitis

Critical
illness,
TPN,
CVC,
steroids,
abx,
emesis

Fever, chills, 1 colony
SOB,
Candida
hypoxemia, glabrata
DBS,
rhonchi, RF,
abdominal
pain,
diarrhea,
nausea,
emesis

Large right 38
pleural
effusion
with
associated
probable
compressi
ve
atelectasis
of RLL

Candida glabrata in
RLL with moderate
neutrophils in
alveolar septae

DM,
critical
illness,
older
age,
TPN,
CVC,

Fever, SOB,
dry cough,
hypoxemia,
DBS, rales,
rhonchi,
wheeze, RF,
AMS,

Consolidat
ion in LLL

Multiple 0.3-0.5cm
granulomas with
outer histiocytic
inflammation and
inner liquefactive
necrosis containing
Candida in BLL

No growth

Patchy
consolidati
on in RLL

53

Candida glabrata in
serous pleural fluid
without
inflammation
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steroids, abdominal
abx, AMS pain,
nausea,
diarrhea

Multifocal
peripheral
GGOs in
BUL and
lingula

ADV pneumonia
DAH/DAD

Abx: Broad-spectrum antimicrobials; ADV: Adenovirus; ALL: Acute lymphoblastic leukemia; Allo: Allogeneic; AMS: Altered mental status; Auto: Autologous; BCNU:
Carmustine; BLL: Bilateral lower lobes; BM: Bone marrow; BUL: Bilateral upper lobes; CVC: Central venous catheter; Cy: Cyclophosphamide; DAH/DAD: Diffuse
alveolar hemorrhage/diffuse alveolar damage; DBS: Decreased breath sounds; DM: Diabetes mellitus; Flu: Fludarabine; GGO: Ground glass opacity; GI:
Gastrointestinal; GVHD: Graft-versus-host disease; HCT: Hematopoietic cell transplantation; HSV: Herpes simplex virus; LLL: Left lower lobe; MA: Myeloablative;
Mel: Melphalan; MM: Multiple myeloma; MRD: Matched related donor; MUD: Matched unrelated donor; NA: Not applicable; NHL: Non-Hodgkin lymphoma; NMA:
Nonmyeloablative; NRF: Normal respiratory flora; PB: Peripheral blood; RF: Respiratory failure; RLL: Right lower lobe; RRT: Renal replacement therapy; SOB:
Shortness of breath; TBI: Total body irradiation; TPN: Total parenteral nutrition; VP-16: Etoposide; VZV: Varicella-zoster virus

Figure 1 Computed tomography of the chest of Illustrative Case I demonstrating patchy consolidation in both lung bases correlating with
autopsy-proven Candida pneumonia.
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Figure 2 Hematoxylin and Eosin stain (10X magnification) of postmortem lung tissue of
Illustrative Case I. Sections demonstrate a nodular pattern of budding yeast-like forms
proliferating in terminal airways and alveolar ducts (black arrows) without host
inflammatory response. Inset (40X magnification of area outlined in red) highlights
numerous spherical budding yeast forms exhibiting variable size (2-6.5 µm) without
pseudohyphae. Postmortem cultures isolated Candida guilliermondii.
Table 2 Potential risk factors for Candida pneumonia and enterococcal pneumonia.
Candida pneumonia

Enterococcal pneumonia

■ Immunocompromised state
■ Graft-versus-host disease
■ Total body irradiation included in
the preparative regimen
■ Diabetes mellitus
■ Neutropenia
■ Older age
■ Critical illness
■ Multifocal colonization
■ Total parenteral nutrition
■ Central venous catheter
■ Renal replacement therapy
■ Surgery (especially if involving the
gastrointestinal tract)
■ Trauma
■ Corticosteroids
■ Broad-spectrum antimicrobials
■ Neurological disorders (including
neuromuscular diseases)
■ Altered mentation
■ Emesis

■
■
■
■
■
■

■
■
■
■
■
■
■
■
■
■
■

Immunocompromised state
Tobacco abuse
Alcohol abuse
Older age
Intra-abdominal pathology (e.g., cirrhosis,
gastrointestinal malignancy)
Direct manipulation of the gastrointestinal tract (e.g.,
enteral hyperalimentation, selective gut
decontamination with topical antimicrobials)
Surgery (e.g., pneumonectomy, cholecystectomy)
Neurological disorders (including neuromuscular
diseases)
Altered mentation
Emesis
Hypertension
Vascular disease (including cerebrovascular disease)
Enterococcal endocarditis
Critical illness
Central venous catheter
Corticosteroids
Broad-spectrum antimicrobials
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3.4 Clinical Manifestations
The clinical manifestations of CP are nonspecific. Multiple authors have characterized three
main clinical forms of CP: mild, moderate, and severe [12, 30]. The severe form may either be
acute (manifesting as bronchopneumonia) or chronic (mimicking pulmonary tuberculosis) [12, 30].
Similar to the patients in our cohort (Table 1), patients may present with fever, night sweats,
weakness, fatigue, cough (productive or non-productive), hemoptysis, chest pain, dyspnea,
hypoxemia, tachypnea, wheezing, rales, rhonchi, and/or altered mentation (which may be a cause
or result of CP) [12-14, 17, 20, 21, 30, 31, 34, 35]. Almost all of our patients had gastrointestinal
symptoms (Table 1). The illness may subsequently progress to acute respiratory distress syndrome
or respiratory failure requiring mechanical ventilation, multiple organ dysfunction syndrome,
septic shock, and death [8, 14, 21].
3.5 Microbiologic Findings
According to the 2016 Infectious Diseases Society of America clinical practice guideline for the
management of candidiasis, isolation of Candida from respiratory tract specimens usually
indicates colonization and rarely requires targeted antifungal therapy [25]. Multiple studies have
shown corroborative evidence that the incidence of CP is extremely low (approaching but not
consistently reaching zero) in patients who have Candida isolated from respiratory tract
specimens [6, 7, 16, 32]. In previous reports of CP, Candida was recovered as either
monomicrobial growth or as part of mixed growth [12, 13, 21, 29-31, 34-36]. Highlighting the
underappreciation of the ability of Candida to cause pleuropulmonary disease, two of our patients
had yeast isolated from a premortem respiratory tract specimen as monomicrobial growth
(neither speciated) and two had yeast recovered as part of mixed culture. All five of our patients
with autopsy-proven CP had Candida recovered from postmortem culture despite receiving an
antifungal at the time of death. Although the vast majority of articles evaluating CP did not
provide data regarding speciation, species-related outcomes of CP should not differ from those of
extrapulmonary invasive candidiasis [25, 37]. Blood cultures may be useful in the setting of
hematogenous dissemination, such as in our illustrative case. However, in evaluating for tissueinvasive candidiasis including CP, blood cultures are notoriously insensitive [25, 38]. A prior
systematic review reported a pooled blood culture sensitivity of only 38% [39]. Therefore, nonculture based methods have been increasingly developed and implemented. Molecular
diagnostics employing polymerase chain reaction (PCR)-based assays and miniaturized magnetic
resonance technology have demonstrated markedly improved performance characteristics and
turnaround times for the detection of candidemia [39, 40]. Serum beta-D-glucan (BDG) assays
have demonstrated potential in some studies, particularly when measured serially [28, 41-44].
Using higher cutoff values, BDG levels in both endotracheal aspirate and bronchoalveolar lavage
specimens (but not serum) have demonstrated good diagnostic value for CP, particularly in the
absence of candidemia [41]. However, BDG results need to be interpreted with caution since they
are prone to numerable false-positives (e.g., albumin administration, intravenous immunoglobulin
administration, blood product transfusion, multiple antimicrobials, hemodialysis, gauze exposure)
[28, 41, 45-47].
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3.6 Radiologic Findings
Radiologic findings are varied and not specific for CP (Table 3). However, certain patterns may
be seen more frequently. The two main radiologic patterns of CP may correlate with the two main
mechanisms of its development, with nodules reflecting hematogenous spread and
bronchopneumonia resulting from aspiration [28, 48]. Chest radiographic findings commonly
reported with CP include bronchopneumonia or airspace disease with segmental, lobar, or
bilateral diffuse distribution and predilection for basilar involvement [19, 29, 49, 50]. Pagani and
Libshitz described CP presenting often as a miliary-nodular pattern which would likely correlate
with hematologic dissemination based on pathophysiology [49]. However, this was challenged by
studies by Buff et al. and Dubois et al. [19, 50]. Thin-section CT findings in HCT recipients are also
nonspecific [48, 51]. The most frequently reported CT findings were multiple bilateral nodules
ranging from 3 to 30mm in diameter [48, 51]. The nodules were either well-defined or associated
with patchy airspace consolidation, tree-in-bud pattern, and/or ground glass opacity [48, 51].
Some cases demonstrated nodules with surrounding ground glass opacity (CT halo sign) but
cavitation was infrequently seen [48, 51]. Because masslike consolidation, cavitation, miliarynodular pattern, and pleural effusions were rarely found in their case series, Buff et al. suggested
that their presence could be useful in excluding CP [50]. In our cohort, patchy consolidations and
ground glass opacities predominated while nodules, masslike consolidation, cavitation, and pleural
effusions were infrequently seen (Table 1). However, because some of our patients had additional
causes of concomitant pulmonary pathology, it is difficult to determine to what degree the
radiologic findings could be attributed to CP in these cases.
Table 3 Radiologic findings of Candida pneumonia and enterococcal pneumonia.
Candida pneumonia

Enterococcal pneumonia

■ Multiple bilateral nodules ranging from 3 to 30mm in
diameter, either well-defined or associated with patchy
airspace consolidation, tree-in-bud pattern, and/or ground
glass opacity (halo sign)
■ Bronchopneumonia or airspace disease with segmental,
lobar, or bilateral diffuse distribution and predilection for
basilar involvement
■ Miliary-nodular pattern (rare)
■ Masslike consolidation (rare)
■ Cavitation (rare)
■ Pleural effusion (rare)

■
■
■
■

Empyema
Lung abscess
Airspace disease
Consolidation

3.7 Histopathological Findings
The definitive diagnosis of CP requires histopathological evidence of fungal invasion in lung
tissue [8, 14, 17, 20]. All of our patients had such confirmatory findings on autopsy, which
anatomically seemed to correspond to premortem radiologic findings (Table 1). Three cases met
criteria for proven CP with evidence of tissue invasion and two cases met criteria for probable CP
[52]. In Lewis’s seminal report of CP, he found diffusely-diseased lung parenchyma with several
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types of lesions, including pseudo-tubercles, fibrosis, granulation tissue, and chronic inflammation
[13]. Dubois et al. classified their findings by the potential route of parenchymal infection [19].
Endobronchial CP was characterized (1) by an asymmetrical distribution of macroscopic lesions
primarily in the lower lobes, (2) by frequent upper airway mucosal candidiasis, (3) by proliferation
of Candida organisms within bronchial lumens occasionally associated with aspirated foreign
debris, by parenchymal involvement only in adjacent alveoli, and (4) by the absence of Candida in
extrapulmonary sites [19]. Hematogenous CP was characterized (1) by a symmetrical distribution
of macroscopic nodules randomly throughout both lungs occasionally with tiny subpleural nodules,
(2) by usually absent upper airway candidiasis, (3) by the absence of proliferation of Candida
organisms within bronchial lumens, and (4) by the universal presence of Candida in
extrapulmonary sites (mainly liver, spleen, and kidneys) [19]. In our cases series, four patients had
endobronchial CP and one had hematogenous CP. Inflammatory responses are variably present
and largely depend upon the nature and degree of the patient's immunosuppression [14]. When
inflammation is seen, polymorphonuclear leukocytic infiltrates and histiocytic or granulomatous
lesions predominate [14, 20, 31]. Microabscesses, granulomas, bronchopneumonia, and
intracavitary exudates have also been described [14, 18, 20]. A recent case report described a
patient with CP whose surgical lung biopsies showed extensive suppurative granulomatous
inflammation involving >50% of the lung parenchyma [34]. Only one of our patients had
granulomas (Table 1). Notably, extensive pulmonary hemorrhage has been described but it is
unknown if this is a cause or a consequence of CP [14, 31]. Two of our patients had evidence of
diffuse alveolar hemorrhage and/or diffuse alveolar damage on autopsy (Table 1).
4. Part II - Enterococcal Pneumonia
4.1 Illustrative Case II
A 49-year-old man (Table 4, patient #6) with non-Hodgkin lymphoma underwent myeloablative
matched related donor peripheral blood allogeneic HCT. His posttransplant course was
complicated by hepatic GVHD in addition to Nocardia nova pneumonia and bacteremia. Eight
months posttransplant while on trimethoprim-sulfamethoxazole and imipenem (which does not
have reliable anti-enterococcal activity) for N. nova, he developed chills and a mild non-productive
cough. CT of the chest demonstrated new diffuse ground glass opacities with extensive nodular
opacities, and improvement in the left lower lobe cavitating nodule corresponding to the known N.
nova infection (Figure 3). The following day, he developed epistaxis and acute hypoxemic
respiratory failure that was refractory to diuresis. Three days after symptom onset, he suffered a
cardiopulmonary arrest and died. Premortem respiratory culture was not obtained. Postmortem
histopathological findings demonstrated acute pneumonia with Gram-positive cocci throughout
both lungs and cultures grew 4+ enterococci (Figure 4). Additional findings included diffuse
alveolar damage bilaterally and a left lower lobe necrotic abscess (correlating with N. nova).
Additional cases of autopsy-proven EP are presented in Table 4.
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Table 4 Case series of hematopoietic cell transplantation recipients with autopsy-proven enterococcal pneumonia.
Pati
ent

Age/ Dise
Sex
ase

HCT

Donor Preparati GVHD
ve
regimen

Risk factors

Clinical
manifest
ations

Premortem
respiratory
culture

Radiologic
findings

Days
from
HCT to
death

Autopsy
findings

6

49/
M

Allo

MRD

Tobacco
abuse, intraabdominal
pathology
(liver GVHD),
critical illness,
CVC, steroids,
abx

Chills,
dry
cough,
SOB,
hypoxem
ia,
rhonchi,
RF,
epistaxis

50-100
colonies
Nocardia
nova

Diffuse GGOs
with extensive
nodular
opacities
throughout
both lungs

247

Acute
pneumonia with
4+ enterococci
and
inflammation
throughout both
lungs

NHL

MA
(BCNU,
VP-16,
Cy)

Yes
(skin,
liver)

Decreased size
and increased
central
cavitation of
LLL nodule

Necrotic abscess
from Nocardia
in LLL
DAH/DAD

7

68/
M

AML

Allo

MUD

NMA
Yes
(TLI, ATG) (skin)

Tobacco
abuse, older
age, intraabdominal
pathology (GI
bleeding due
to Dieulafoy's
lesion,
Clostridioides
difficile

Fatigue, Not
SOB,
performed
hypoxem
ia, RF,
epistaxis,
melena,
AMS

Large rounded
consolidation
in RLL

1,486

Acute
pneumonia with
enterococci in
alveoli
Degrading
bacteria and
fibrin within
vasculature
throughout both
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infection),
direct
manipulation
of GI tract
(EGD), AMS,
emesis,
hypertension,
critical illness,
CVC, RRT,
steroids, abx
8

9

61/
M

49/
M

MM

ALL

Auto NA

Allo

mmU
D

MA
(BCNU,
Mel)

MA (TBI,
Cy)

No

Yes
(skin,
liver,
GI)

lungs

Direct
manipulation
of GI tract
(enteral
hyperalimenta
tion), AMS,
critical illness,
CVC, steroids,
abx

Fever,
No growth
fatigue,
SOB,
hypoxem
ia,
rhonchi,
RF, AMS,
diarrhea

Diffuse GGOs
throughout
both lungs,
especially
within BUL

Intraabdominal
pathology
(liver and GI
GVHD), AMS,
hypertension,
neutropenia,

Fatigue,
SOB,
hypoxem
ia,
rhonchi,
wheeze,
RF,

Patchy and
geographic
areas of GGOs
involving
multiple lobes

4+
Stenotrophom
onas
maltophilia,
3+ NRF, 50100 colonies
Candida

81

Mild
bronchiectasis
within GGOs in
BLL

Acute
pneumonia with
3+ enterococci
and scant
inflammation
Diffuse fibrosis
and obliterative
bronchiolitis
compatible with
drug (e.g.,
BCNU) toxicity

436

Acute
pneumonia with
4+ enterococci
Acute ulceration
of cecum

Areas of
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10

58/F

NHL

Auto NA

MA
(BCNU,
VP-16,
Cy)

No

critical illness,
CVC, steroids,
abx

abdomin
al pain,
AMS

glabrata, <10
colonies
Candida
albicans

Direct
manipulation
of GI tract
(enteral
hyperalimenta
tion), emesis,
hypertension,
neutropenia,
critical illness,
CVC, steroids,
abx

Fever,
No growth
fatigue,
SOB,
hypoxem
ia, DBS,
RF

consolidation,
predominantly
in RUL and RLL
GGOs
throughout
both lungs,
somewhat
geographic,
with areas of
associated
bronchial
dilatation
Focal
semicircular
opacity within
lingula

50

Widespread
bilateral
bronchiolar
exudates within
airways and
adjacent
airspaces with
4+ enterococci
but without
inflammation
Multifocal
organizing
alveolitis in all
lobes

Abx: Broad-spectrum antimicrobials; ALL: Acute lymphoblastic leukemia; Allo: Allogeneic; AML: Acute myeloid leukemia; AMS: Altered mental status; ATG:
Antithymocyte globulin; Auto: Autologous; BCNU: Carmustine; BLL: Bilateral lower lobes; BM: Bone marrow; BUL: Bilateral upper lobes; CVC: Central venous
catheter; Cy: Cyclophosphamide; DAH/DAD: Diffuse alveolar hemorrhage/diffuse alveolar damage; DBS: Decreased breath sounds; EGD:
Esophagogastroduodenoscopy; GGO: Ground glass opacity; GI: Gastrointestinal; GVHD: Graft-versus-host disease; HCT: Hematopoietic cell transplantation; LLL:
Left lower lobe; MA: Myeloablative; Mel: Melphalan; MM: Multiple myeloma; mmUD: Mismatched unrelated donor; MRD: Matched related donor; MUD:
Matched unrelated donor; NA: Not applicable; NHL: Non-Hodgkin lymphoma; NMA: Nonmyeloablative; PB: Peripheral blood; RF: Respiratory failure; RLL: Right
lower lobe; RRT: Renal replacement therapy; RUL: Right upper lobe; SOB: Shortness of breath; TBI: Total body irradiation; TLI: Total lymphoid irradiation; TPN:
Total parenteral nutrition; VP-16: Etoposide
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Figure 3 Computed tomography of the chest of Illustrative Case II demonstrating
extensive nodular opacities, diffuse ground glass opacities, and a left lower lobe nodule
with central cavitation correlating with autopsy-proven enterococcal pneumonia, diffuse
alveolar damage, and Nocardia nova abscess, respectively.

Figure 4 Gram stain (20X magnification) of a bacterial abscess within postmortem lung
tissue of Illustrative Case II. Sections demonstrate a dense cluster of Gram-positive cocci
with accompanying acute neutrophilic inflammation, hemosiderin-laden macrophages,
fibrin deposits, and surrounding necrotic tissue. Inset (60X magnification of area outlined
in red) highlights Gram-positive cocci in pairs and short chains within the inflammatory
milieu. Postmortem cultures isolated 4+ enterococci.
4.2 Epidemiology
EP is even rarer than CP. EP with lung abscess formation was reported as early as 1974 [53].
Additional cases reported within the next decade included an infant's perinatal death due to
necrotizing EP after aspiration of infected amniotic fluid [54]. A prospective, observational study of
110 patients with serious enterococcal infections found that 4% had pleuropulmonary
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involvement [55]. Pleural involvement was even rarer in another study where 1.5% of invasive
enterococcal infections were isolated from pleura [56]. Similarly, only a small number of all
empyemas are due to enterococci (2-2.5%) [55, 57]. A National Healthcare Safety Network report
of healthcare-associated infections noted that enterococci accounted for only 0.8% of ventilatorassociated pneumonia cases [57]. Apart from this, the medical literature regarding EP is largely
limited to a handful of case reports [58-60].
4.3 Risk Factors
Potential risk factors for EP are summarily listed in Table 2. Tobacco and alcohol abuse may
increase risk for community-acquired EP, presumably as a consequence of impaired local and
systemic immunity [10, 53, 59]. Advanced age, hypertension, and vascular disease have been
suggested to increase susceptibility to nosocomial EP but this may represent an observed
association rather than causation [53, 59]. On a related note, healthcare workers have been
mentioned as potential vectors of nosocomial enterococcal transmission [11]. Similar to CP,
factors that lead to aspiration, such as stroke and dysphagia, may increase risk [59, 61, 62]. Since
enterococci are commensals of the gastrointestinal flora, it is not surprising that intra-abdominal
pathology (e.g., gastrointestinal malignancy, spontaneous bacterial empyema in patients with
cirrhosis) has been frequently linked [63-68]. Based on pathophysiology, GVHD of the
gastrointestinal tract likely increases risk but a correlation has not yet been shown; only one of our
patients had intra-abdominal pathology due to gastrointestinal GVHD (Table 4). Direct
manipulation of the gastrointestinal tract, either via enteral hyperalimentation or selective gut
decontamination with topical antimicrobials to prevent ventilator-associated pneumonia, have
also been cited as risk factors [61, 69]. In these cases, it is plausible that antimicrobial usage led to
dysbiosis favoring increased enterococcal colonization and that the development of EP was
ultimately due to aspiration of oropharyngeal or gastrointestinal contents [61, 69]. EP may be a
postsurgical complication, having been reported in a postpneumonectomy patient with an
esophagopleural fistula and in another patient after pneumonectomy and cholecystectomy [68,
70]. EP may scarcely be a complication of enterococcal endocarditis [60, 71]. It would seem
intuitive that immunocompromised patients would be at increased risk for EP. Previous cases that
support this link describe EP in the setting of human immunodeficiency virus infection and
acquired immunodeficiency syndrome, acquired asplenia after splenectomy, acute leukemia, and
kidney transplantation [58, 59, 64, 72]. A striking case of EP in a patient with chronic lymphocytic
leukemia and Strongyloides stercoralis hyperinfection syndrome has also been published [73].
However, these may not be significant risk factors by themselves due to the paucity of published
literature suggesting a possible association and because these patients had other risk factors (e.g.,
older age, tobacco abuse, alcohol abuse, intra-abdominal pathology) [58,59,64]. All of our patients
had intra-abdominal pathology, including gastrointestinal and/or hepatic GVHD (Table 4). In an
effort to elicit additional commonalities that may predispose to EP, all of our patients were
critically ill, had a central venous catheter in-place, and were receiving corticosteroids and broadspectrum antimicrobials (Table 4).
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4.4 Clinical Manifestations
Akin to CP, the clinical manifestations are EP are nonspecific. Patients may have acute or
insidious presentations. Reported symptoms and signs include fever, drenching night sweats,
malaise, altered mentation (which may be a cause or result of EP), anorexia, weight loss, dyspnea,
chest pain (which may be pleuritic), cough (productive or non-productive), palpitations,
hypoxemia, tachypnea, decreased respiratory mobility, dullness to percussion, decreased breath
sounds, rales, rhonchi, wheezing, vocal fremitus, and other findings related to intra-abdominal
pathology (e.g., stigmata of cirrhosis, peritonitis, etc.) [10, 53, 54, 58-63, 68, 73-75]. The illness
may progress to respiratory failure requiring mechanical ventilation, multiple organ dysfunction
syndrome, septic shock, and death [54, 58, 60-62, 73]. These manifestations are similar to those
seen in our cohort (Table 4). Interestingly, despite the purported low virulence of enterococci, the
majority of EP cases have been associated with empyema and/or lung abscess formation [53, 55,
58-60, 62, 63, 65-68, 71, 74, 76, 77]. Many of the aforementioned physical exam findings are most
likely a consequence of empyema development. None of the patients in our cohort had evidence
of enterococcal empyema or lung abscess (Table 4).
4.5 Microbiologic Findings
Unsurprisingly, recovery of enterococci from clinical samples is relatively easy. Diagnostic
assays (e.g., PCR-based methods) beyond routine culture techniques are rarely required. Cultures
of respiratory tract or pleural fluid specimens may yield monomicrobial or polymicrobial (usually
with other enteric organisms) growth. The bulk of published cases of EP reported large quantities
of monomicrobial growth from at least one clinical specimen. Interestingly, none of the patients in
our case series had enterococci recovered from premortem respiratory cultures while it was
grown from postmortem samples in all cases (Table 4). We hypothesize that this may be explained
by sampling bias since autopsy has the inherent advantage of allowing examination of the entire
lung and targeted biopsy of clearly diseased tissue. Alse of note, four out of five patients were on
an agent with some activity against Enterococcus at the time of death which could have
contributed to the lack of growth on premortem cultures. In our cohort, Enterococcus was not
further speciated. From review of the literature, the relative frequency of enterococcal species
causing EP are similar to other invasive enterococcal infections. The vast majority of cases are due
to Enterococcus faecalis [10, 62, 65, 67-72, 74, 76]. A not insignificant number were caused by E.
faecium [58-60, 63-65, 73]. A single case of EP and empyema involving E. cecorum has been
reported [66]. More recent articles have illustrated the growing concern of antimicrobial
resistance. Cases of EP due to vancomycin-resistant isolates have been reported [58, 59, 73]. In
such situations, the oxazolidinones (such as linezolid and tedizolid) would generally be
recommended since daptomycin is ineffective for treatment of pulmonary infections.
Unfortunately, oxazolidinone resistance, albeit quite rare, is an alarming development [68, 72].
4.6 Radiologic Findings
Radiologic findings of EP are also nonspecific (Table 3). However, EP tends to be more
frequently associated with empyema and/or lung abscess formation [10, 58, 59, 64]. Other
reported radiographic findings include airspace disease or consolidation [58, 59, 72]. CT with
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contrast is the most sensitive and specific radiologic modality to diagnose and distinguish between
transudative pleural effusion, empyema, and lung abscess [78-80]. The distinction between these
three clinical entities is relevant because it carries important therapeutic implications (e.g., pleural
drainage in addition to antimicrobial therapy for empyema) [79-82]. Lung abscess appears as a
round cavity containing a gas-fluid level, and occurs most often in the right lower lobe since it is
usually caused by aspiration [80]. It is important to mention that a peripheral lung abscess may
mimic empyema, but the split pleura sign seen with empyema is considered the most reliable CT
sign to distinguish between the two [78, 79]. All of our patients had consolidation and/or ground
glass opacities but most had another possible explanation (e.g., BCNU-associated pulmonary
toxicity) for at least some of these findings (Table 4).
4.7 Histopathological Findings
The only method of attaining a definitive diagnosis of EP is by histopathology [59]. All of our
patients had evidence of EP on postmortem examination, more specifically abundant growth of
enterococci in alveoli with the addition of adjacent inflammation or tissue destruction in three out
of five cases (Table 4). Absence of inflammation does not rule out infection in severely
immunocompromised hosts who may be unable to mount an immune response. Local
colonization by enterococci with or without inflammation from a secondary process is an
alternative explanation for these findings and difficult to exclude. There is no absolute growth
threshold to distinguish disease from colonization since it is possible for low organism burdens to
cause disease in immunocompromised hosts. Lack of growth on premortem cultures makes
diffuse airway colonization unlikely. Because enterococci are easily recovered from clinical
samples, more invasive procedures (e.g., transthoracic or transbronchial biopsies of pulmonary
tissue) are rarely performed. Accordingly, there is a dearth of published data regarding
histopathological findings of EP. As recounted by Grupper et al., Abkarovich and Akimchenkov
described an animal model of EP in 1971 that characterized the pleura as confluent and
hemorrhagic, and the lung parenchyma as serohemorrhagic with fragmentation, thickening, and
defibrillation of elastic fibers of the tissue and blood vessels [10]. The histopathological findings in
a case presented by Vanschooneveld et al. included inflammation, thrombosis, microabscesses,
and tissue necrosis [59]. In our cohort, enterococci were universally recovered from culture
whereas inflammatory changes were variably present (Table 4).
5. Conclusions
Candida and enterococci are rare but bona fide pulmonary pathogens. When isolated from
respiratory tract or pleural fluid specimens, these organisms should not be universally disregarded
as airway colonizers since they may be pathogenic in susceptible patients. While clinical
manifestations are nonspecific, large quantities of monomicrobial growth (especially if recovered
from more than one clinical specimen) and compatible radiologic patterns may be suggestive of
invasive disease. However, because lower organism burdens may cause disease in
immunocompromised patients, a microbiologic threshold should not be used in isolation to
distinguish between colonization and disease. We propose that clinicians should consider host risk
factors, clinical presentation, and radiographic findings when interpreting microbiologic data.
Targeted treatment should be considered in patients who do not demonstrate clinical
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improvement while receiving antimicrobial therapy lacking Candida and/or enterococcal activity.
The higher yield of cultures from postmortem as compared to premortem sampling, especially in
the setting of EP, highlights the importance of direct sampling from lung tissue for diagnosis.
Clinicians should never say that Candida and enterococci never cause pneumonia.
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Abstract
The endemic mycoses are an important cause of morbidity and mortality in transplant
recipients. These fungal infections are notable for their dimorphic life cycle, specific
geographic distributions, and typical infection via environmental exposure. Their nonspecific
presentation can make diagnosis challenging. Because of their geographic associations,
assessment of both donor and recipient history is critical in making an accurate and timely
diagnosis. Coccidioides spp. are endemic to the southwestern United States and can cause
severe pneumonia, meningitis, as well as bone and joint infection. Coccidioidomycosis is
unique in its likelihood to reactivate following immunosuppression compared with the other
endemic fungal infections. For this reason, recipients with even remote history of infection
benefit from secondary prophylaxis to prevent reactivation. Histoplasmosis in North America
typically occurs in the Mississippi and Ohio River valleys, however is distributed worldwide.
Histoplasmosis presents as pneumonia and frequently with disseminated disease.
Blastomycosis has an overlapping geographic distribution with Histoplasmosis but is less
commonly seen in transplant recipients. Cryptococcus does not have a dimorphic form.
However, it is an environmental fungus and has a presentation similar to the endemic fungi,
and is therefore discussed in this review. Amphotericin B and the azole antifungals are
© 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(3), doi:10.21926/obm.transplant.1903075

commonly used to treat or prevent these infections. However, despite the availability of
effective therapy delays in diagnosis can result in adverse clinical outcomes.
Keywords
Endemic mycosis; fungal infection; cryptococcus; coccidioidomycosis; histoplasmosis;
blastomycosis

1. Introduction
The endemic mycoses encompass a group of environmental, temperature dimorphic fungi with
distinct geographic distributions (see Figure 1). Infection usually results after inhalation of conidia
from the mold form of the fungi, which are present in the environment and exist as yeast or
spherules at body temperature. In North America, endemic fungal infections include
blastomycosis, coccidioidomycosis and histoplasmosis, while paracoccidioidomycosis is seen in
South America. The endemic mycoses are particularly problematic in solid organ transplantation
(SOT) due to the potential for atypical presentations as well as risk of disseminated and more
severe infection when compared to immunocompetent individuals. In addition to primary
exposure and infection, there are transplant specific concerns including donor transmission and
reactivation of previously latent disease after the start of immune suppression. This review will
focus on the dimorphic endemic fungi and will also discuss Cryptococcus, an endemic yeast with a
similar spectrum of infection as the dimorphic fungi.

Figure 1 Geographic distribution of endemic fungal infections in the United States.
[From CDC https://www.cdc.gov/features/fungalinfections/index.html]
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2. Coccidioidomycosis
2.1 Background & Epidemiology
Coccidioidomycosis or “valley fever”, results from infection by Coccidioides immitis or
Coccidioides posadasii. Coccidioides spp. are endemic to the hot and dry climates of the
southwestern United States and northern Mexico. Coccidioides immitis is associated with infection
in California and is particularly prevalent in the southern California central valley (aka San Joaquin
Valley) and Sonoran Desert. Coccidioides posadasii is present in southern Arizona, New Mexico,
Texas, and northern Mexico [1]. Infection occurs after inhalation of arthroconidia present within
soil or dust. The infectious dose required to cause illness is small; inhalation of a single spore can
result in disease [2]. Rates of coccidioidomycosis have been rising consistently over the past two
decades and the geographic range has also expanded over this time to include central and eastern
Oregon and Washington state, although cases in these regions are still rare [3, 4]. This geographic
spread has been ascribed to the impact of global warming. The spread of development into
previously uninhabited areas may be another factor.
2.2 Clinical Manifestations & Pathogenesis
A majority of patients have subclinical seroconversion after exposure, however, illness ranges
from asymptomatic to severe disseminated disease even in non-immunocompromised patients [5].
The classical clinical presentation is one of acute or subacute pneumonia. Coccidioidomycosis in
SOT recipients is more likely to result in severe pulmonary or disseminated disease. Notable
extrapulmonary manifestations include central nervous system (CNS) infection (meningitis,
arachnoiditis), osteomyelitis, cutaneous disease, and involvement of the transplanted organ [2, 6].
Risk factors for disease in SOT include treatment for acute rejection, prior history of
coccidioidomycosis or positive pre-transplant serology. Risk factors in the general population for
severe infection include heritage (Filipino, African American ancestry), pregnancy, and other forms
of immunosuppression particularly that which impairs cell mediated immunity. Behavioral factors
that may increase risk for exposure include occupations such as landscaping or construction, and
travel to or residence in an endemic area, including prisoners who may be incarcerated in endemic
areas such as the California central valley [2, 7].
Patients with pulmonary coccidioidomycosis frequently present with fever, cough, night sweats,
and fatigue. Illness is often protracted and many patients suffer from non-specific musculoskeletal
complaints and arthralgias. Secondary cutaneous manifestations resulting from the immune
response to infection are common and include erythema nodosum and erythema multiforme;
primary skin involvement from dissemination also occurs [8]. Eosinophilia is a common laboratory
abnormality, particularly in transplant recipients. The presence of pneumonia in conjunction with
eosinophilia should prompt consideration of coccidioidomycosis [9, 10]. Radiographic findings may
include pulmonary nodules, consolidative or cavitary lesions [2].
Coccidioidal meningitis is a severe complication that occurs in cases of disseminated infection;
the presentation is often subacute or chronic with headache the predominant complaint. Potential
complications include arachnoiditis and CNS vasculitis with resulting myelopathy or strokes. In SOT
recipients with disseminated disease, CNS is the most commonly involved extrapulmonary site,
followed by the transplant graft, spleen, liver and then skin/soft tissue and bone (including spinal
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vertebrae) [6]. Positron-emission tomography (PET) may be helpful in identifying foci of nonpulmonary, non-CNS disease.
Coccidioidomycosis after transplantation can occur via de novo infection or by reactivation,
even with remote exposure occurring decades prior [6, 11, 12]. Infection in this population is
frequently severe, with extrapulmonary infection occurring in as many as 75% of SOT recipients
[13]. For this reason, it is important to obtain a thorough social history to determine if there has
been residence in or travel to endemic regions when evaluating SOT candidates and organ donors.
The majority of disease occurs within the first year after transplantation, although there is also
increased risk following treatment for acute rejection [2, 6]. Donor transmission has been
described in all types of organ transplantation. In these cases, disease typically manifests early
(within 60 days from transplant), and is usually severe with dissemination and high mortality [6, 14].
2.3 Pre-Transplant Screening & Diagnosis
The risk of coccidioidomycosis after SOT is highest in patients with a prior history of infection or
serologic evidence of past infection. Available serologic tests include an enzyme-linked
immunoassay (EIA) for detection of immunoglobulin M (IgM) and immunoglobulin G (IgG)
antibodies, immunodiffusion (ID) for IgM and IgG antibodies, and antibody detection by
complement fixation (CF). In general EIA is the most sensitive method, and is therefore
recommended for use as a screening test, while ID and CF antibodies have higher specificity, and
are more appropriate for confirming a suspected diagnosis. CF provides a quantitative value which
can be used as a surrogate for disease burden and provides prognostic information as well as a
useful measure for tracking disease status [2, 9]. Patients with a CF titer greater than 1:16 are at
increased risk for disseminated disease [15, 16].
Limitations of serological diagnosis include lower sensitivity in transplant recipients when
compared to immunocompetent patients [9, 13]. Additionally, due to the delay in seroconversion,
patients presenting with acute illness may initially have negative serologic testing (incubation
period after exposure 1-4 weeks) [15]. This can partially be addressed by serial testing as well as
utilizing combination serologic testing to increase sensitivity in cases of suspected disease [9].
Definitive diagnosis is made by demonstration of Coccidioides either by culture or histopathology.
The pathognomonic histopathological finding of coccidioidomycosis is the presence of a spherule,
and Coccidioides spp. grow readily in multiple types of culture media as mold. Due to high risk of
exposure and infection, it is critical to notify laboratory personnel about cases of suspected
coccidioidomycosis to ensure that proper safety precautions are taken when isolating the fungus
in culture.
Because of the relatively low sensitivity of serological and microbiological tests, there has been
interest in the utility of a Coccidioides antigen test; a commercially available Coccidioides specific
antigen assay demonstrated 71% sensitivity in cases of severe coccidioidomycosis (antigenuria);
the majority of these patients were immunosuppressed, including SOT recipients [17]. Additionally,
antigen testing was demonstrated to have a sensitivity of 93% and specificity of 100% for diagnosis
of coccidioidal meningitis [15, 18].
Pre-transplant screening with EIA antibodies is recommended for all individuals with current or
prior residence in endemic areas [2]. Studies examining rates of pre-transplant seropositivity from
transplant centers in endemic regions range from 1.4%–5.6% [19-21]. Interpretation of EIA results,
Page 221/305

OBM Transplantation 2019; 3(3), doi:10.21926/obm.transplant.1903075

particularly isolated IgM in an otherwise asymptomatic patient, can pose difficulty. While isolated
IgM may represent early infection, there are high false positive rates [15, 22-24]. Follow-up testing
4-6 weeks later is recommended to determine if there is subsequent IgG seroconversion.
Interpretation of negative serologies requires caution, as persistence of anti-coccidioidal
antibodies is not lifelong, and remote infection with negative serology is possible [19]. Additionally,
infection without a serological response can occur, and negative serology does not exclude
coccidioidomycosis, particularly in immunocompromised patients [13, 15]. The impact of pretransplant conditions such as end-stage renal disease and cirrhosis on serologic testing is unknown.
2.4 Prophylaxis & Treatment
As noted above, all patients undergoing evaluation for transplantation within endemic areas
should undergo serologic screening to evaluate for prior infection. Patients with positive screening
tests should undergo testing with ID and CF antibody tests, in addition to a thorough clinical and
radiographic assessment to evaluate for the presence of active disease. Many centers located in
endemic areas have adopted a universal prophylaxis strategy with administration of fluconazole to
all patients who reside within highly endemic areas [2, 15]. In addition, patients with a history of
pre-transplant seropositivity or history of coccidioidomycosis are recommended to receive
targeted therapy. Prophylaxis and treatment regimens are noted in Table 1. The recommended
dose of fluconazole for seropositive or recently infected patients is 400 mg per day (qday) for 12
months post-transplant with subsequent conversion to dose of 200-400 mg qday indefinitely,
adjusted for renal insufficiency if needed. For patients who are seronegative but reside in highly
endemic areas, fluconazole at a dose of 200 mg qday is recommended for at least 6-12 months,
although at our center prophylaxis is continued indefinitely as long as they live within the endemic
area [2, 15, 19, 25].
All transplant patients who develop coccidioidomycosis should be treated, regardless of
severity. Lumbar puncture (LP) with cerebrospinal fluid (CSF) evaluation should be performed for
immunocompromised patients with elevated CF titers, even in the absence of neurologic
symptoms. LP should be performed for patients with unusual or persistent headache, unexplained
nausea, vomiting, altered mental status or new focal neurologic deficits [15].
Treatment regimens are summarized in Table 1. Fluconazole is the treatment of choice for
acute or chronic pulmonary coccidioidomycosis, at a dose of 400 mg qday for uncomplicated
infection. In cases with bone involvement the recommended dose of fluconazole is 800 mg qday. If
there is extensive bone or spinal involvement initial treatment should include lipid amphotericin B;
azole therapy and amphotericin can be administered concurrently [15]. For meningitis, the
recommended dose of fluconazole is 800 – 1200 mg qday; in severe cases consideration can be
given to addition of liposomal amphotericin B [15]. Lifelong secondary prophylaxis with
fluconazole 200-400 mg is recommended for all transplant recipients with a history of
coccidioidomycosis given the high risk for relapse [2].
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Table 1 Endemic fungal infections in solid organ transplant.
Geographic range
U.S.
Southern
Arizona,
California central
valley, SW United
States

Pre-transplant
Screening
Recommended
if residence in
endemic area;
Coccidioides
IgM/IgG EIA

Diagnosis

Prophylaxis

Treatment

Serologic: Coccidioides
IgM/IgG EIA,
confirmatory with cocci
CF, ID Ab1; role for
cocci antigen
particularly CNS
Culture
Histopathology:
Spherule

Seropositive or
clinical history:
FLUC 400 mg x
12 months 
200-400 mg
indefinitely
Residence in
endemic area2:
FLUC 200 mg
for at least 612 months or
indefinitely

Histoplasmosis

Mississippi &
Ohio river
Valleys, Texas

Not routinely
recommended

Blastomycosis

SE, south central
US, Mississippi &
Ohio river basins,
Midwest states

Not routinely
recommended

Serologic: Urine +
serum antigen testing,
increased sensitivity in
disseminated disease3
Culture
Histopathology:
Intracellular yeast
Serologic studies
limited due to high
cross-reactivity
Culture

Recent
histoplasmosis
(2 years): ITRA
200 mg qday
or BID + serial
antigen x 6-12
mo
Not
recommended

- Evaluate for CNS involvement if elevated
CF titer, consider bone scan
- Monitor CF titers to trend treatment
response
Pulmonary: FLUC 400 mg qday x 6 months
Bone: FLUC 800 mg qday x 36 months
+/- lipid AMB for extensive/spinal
involvement
CNS: FLUC 800-1200 mg qday +/- lipid
AMB
- After treatment secondary prophylaxis
recommended for life FLUC 200-400 mg
qday
Mild: consider ITRA 200 mg BID x 12 mos
Mod-severe disease: lipid AMB x 1-2
weeks followed by ITRA 200 mg BID x 12
mo
- Monitor antigen baseline, 2 weeks, 1
month, q3months; continue 6-12 months
after treatment discontinuation
AMB x 1-2 weeks followed by ITRA 200
mg BID x 12 mo
CNS disease: A<=MB x 4-5 weeks followed
by FLUC 800 mg qday or VORI 200-400 mg

Coccidioidomycosis
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Cryptococcosis

bordering Great
Lakes
Ubiquitous;
Cryptococcus
gattii epidemic
strain in PNW
and nonepidemic strain
along Pacific
coast and SE

Not routinely
recommended

Paracoccidioidomycosis Brazil, Venezuela, Not routinely
Ecuador,
recommended
Columbia,
Argentina

Histopathology: Broad
based, budding yeast
Serologic: Serum and
CSF cryptococcal
antigen
Culture
Histopathology
Yeast, thick capsule +
mucicarmine, india-ink
stain

qday or ITRA 200 mg BID-TID x 12 mo
Not
recommended,
although
consider if
prior history
and receiving
augmented IS

Serologic: Quantitative Not
ID is most widely
recommended
available in endemic
regions
Culture
Histopathology: “Pilot’s
wheel”, large yeas with
multiple budding
daughter cells

LP recommended in all SOT, obtain
opening pressure
Pulmonary disease: FLUC 400 mg qday x
6-12 mo
Severe pulmonary, CNS, disseminated:
- Induction: Lipid AMB + flucytosine (100
mg/kg/day divided q6h) x 2 wk
- Consolidation: FLUC 400-800 mg qday x
8 wk
- Maintenance: FLUC 200 – 400 mg qday x
6-12 mo
Monitor for IRIS
Mild-mod: ITRA 200 mg qday x 9-18 mo,
TMP/SMX second line
Severe or disseminated: AMB x 2-4 weeks
followed by transition to azole

EIA = enzyme-linked immunoassay, CF = complement fixation, ID = immunodiffusion, FLUC = fluconazole, AMB = amphotericin B, ITRA = itraconazole, VORI = voriconazole
1

serial testing required if acute infection, combination serologic assays increases sensitivity

2

see Figure 1 (map)

3

combination urine + serum antigen increases sensitivity
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The extended spectrum triazoles (voriconazole, posaconazole, isavuconazole) appear to have
good in vitro activity against Coccidioides spp, and have a role in treatment of refractory cases [2,
15]. Despite the availability of effective therapies, the mortality in transplant recipients with
coccidioidomycosis remains high, around 30% [25].
3. Histoplasmosis
3.1 Background & Epidemiology
Histoplasma capsulatum is a thermally dimorphic fungus that exists as a mold in the
environment and yeast in the infected host. It often causes asymptomatic infection in the
immunocompetent population but can cause severe, often disseminated, life-threatening
infection in immunocompromised patients. Though rare, histoplasmosis in transplant recipients
can be fatal if not promptly recognized. In SOT recipients, histoplasmosis may result from
reactivation of latent infection, donor-derived infection, and de novo post-transplant acquisition
[26, 27]. Most infections occur due to inhalation of microconidia released from the mold. The
majority of post-transplant histoplasmosis is reported to occur within the first two years following
transplantation [28, 29]. This is likely due to reactivation of undiagnosed occult infection pretransplantation or donor-derived infection. Periodic cases can continue to manifest years later.
With appropriate treatment, mortality of post-transplant histoplasmosis is about 10% [30]. Most
post-transplant histoplasmosis cases have been reported in kidney transplant recipients, owing to
the large number of kidney transplantations being performed [28].
The incidence of histoplasmosis following solid organ transplantation is uncommon and is less
than1% [28, 30, 31]. There are two varieties that cause illness in humans – Histoplasma
capsulatum var. capsulatum and H. capsulatum var. duboisii. H. capsulatum var. capsulatum has a
global distribution, whereas H. capsulatum var. duboisii is found in Africa. In the United States,
histoplasmosis is highly endemic in the Mississippi and Ohio river valleys, namely the “Histo Belt”
[28]. More than half of the population residing in the Histo Belt are exposed to H. capsulatum.
Histoplasma infection in North America can also be found in patients from Asia or South America [32].
3.2 Clinical Manifestations & Pathogenesis
Clinical features of post-transplant histoplasmosis may initially be nonspecific, which can delay
diagnosis [28-30]. It may take 2-3 weeks between onset of symptoms and diagnosis, and some
indolent cases can present with vague symptoms lasting for several weeks to months [28, 30, 33].
There is no significant difference in disease presentation and severity between various types of
organ transplants. In contrast to immunocompetent patients, most SOT recipients have
disseminated disease and extra-pulmonary involvement at the time of diagnosis [28, 29, 34, 35].
Lungs are the most commonly effected organ (81%), followed by bone marrow (26%), liver (18%),
spleen (13%), gastrointestinal (11%), central nervous system (7%), and skin (3%) [30].
Fever and fever of unknown origin are the most common presentation. Other nonspecific
symptoms include cough, dyspnea, pleuritic chest pain, diaphoresis, headache, diarrhea, and
weight loss. Cutaneous lesions can be solitary or multiple and can present as subcutaneous
nodules, ulcers, cellulitis, and erythema nodosum. Unusual presentations reported in the
literature include chest wall mass, necrotizing fasciitis, septic arthritis, and genitourinary disease
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[28, 30]. There are a few reported cases of hemophagocytic lymphohistiocytosis secondary to
histoplasmosis.
Associated laboratory abnormalities include pancytopenia, with leukopenia and anemia being
most common, and elevated lactate dehydrogenase and ferritin levels [30]. Computed
tomography (CT) of the chest may be more sensitive than chest x-ray (CXR) findings in detecting
pulmonary involvement early on. Radiologic findings are nonspecific and include pulmonary
nodules, cavitary lesions, diffuse bilateral infiltrates, and mediastinal and perihilar
lymphadenopathy [28, 30, 33]. CT of the abdomen may reveal splenomegaly and
lymphadenopathy in disseminated disease.
3.3 Diagnosis
Diagnosis of post-transplant histoplasmosis is made by histopathological or cytological
examination, fungal culture, and histoplasma antigen assays. Intracellular yeasts 2-4 micrometers
in size can be seen in biopsy specimens of affected tissue. Talaromyces marneffei and Leishmania
are intracellular organisms that can resemble H. capsulatum, hence the importance of interpreting
biopsy results in the appropriate clinical and epidemiological context. In disseminated and severe
disease, intracellular yeast may be seen on Wright’s stained peripheral blood smear. A positive
fungal culture of either tissue or body fluid provides definitive proof of post-transplant
histoplasmosis.
Compared to older generation urinary antigen assays, modern assays have improved sensitivity
[28, 33]. The urine antigen has increased diagnostic yield in immunocompromised patients and is
more likely to be positive in severe disseminated disease. The diagnostic yield of urinary antigen is
reported to be low in patients with isolated pulmonary disease [30, 36]. There are no large studies
analyzing the utility of bronchoalveolar lavage Histoplasma antigen testing in solid organ
transplant recipients, however, experience from other patient populations show that it is highly
sensitive and specific in cases of pulmonary histoplasmosis [37]. Combining urine and serum
antigen tests can increase diagnostic yield [30]. Histoplasma antigen tests have significant crossreactions with other fungi, such as Blastomyces dermatitidis, Coccidioides spp., Paracoccidioides
brasilenses, and T. marneffei [38-40]. False-positive Aspergillus galactomannan assays can occur in
patients with histoplasmosis [36, 39].
Histoplasma antibody testing is generally not reliable in post-transplant patients due to their
dysfunctional immune system and inability to mount an effective immune response. A positive
Histoplasma antibody test should be interpreted in the correct clinical and epidemiological setting
[2]. Real-time polymerase chain reaction amplification of the ITS2 and D2 regions of the fungal
RNA locus is sometimes used in identifying fungal elements in formalin-fixed, paraffin-embedded
tissue [41]. The histoplasmin skin test is not used for diagnostic purposes and is mainly used to
assess seroprevalence.
3.4 Pre-Transplant Screening & Prophylaxis
Routine pre-transplant screening of donors and recipients is not currently recommended even
in endemic areas, because of the low incidence of post-transplant histoplasmosis [2]. A diagnosis
of histoplasmosis within 2 years of transplantation warrants serial Histoplasma antigen monitoring
as well as consideration for secondary prophylaxis with itraconazole 200 mg once or twice daily
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post-transplant. In patients with a remote history of histoplasmosis but with persistent antigenuria
or antigenemia, it is recommended to start prophylaxis at the time of transplantation [30]. The
optimal duration of post-transplant prophylaxis is not well-defined but experts suggest that it be
continued for 6-12 months along with monitoring of Histoplasma antigen [30].
Incidental findings of calcified granulomas on chest imaging that could be consistent with prior
H. capsulatum infection do not warrant post-transplant prophylaxis in patients who are otherwise
asymptomatic [30]. Lesions suspicious for granulomas on explanted organs of donors or recipients
should be cultured and undergo histopathological examination as well as antigen and serologic
testing if possible [42]. Positive histopathology in the setting of negative cultures suggests nonviable organisms. The utility of prophylaxis is not clearly defined in this setting however urine and
serum antigen should be monitored every 3 months for one year in the recipient. If serology is
positive with CF >1:32, treatment for 3-6 months is recommended with itraconazole 200 mg once
or twice daily. If cultures or antigen are positive, the recipient should be treated for 12 months
with serial antigen monitoring [42].
3.5 Treatment
Randomized controlled trials assessing optimal therapy in SOT recipients are currently lacking,
hence, the treatment recommendations are similar to those for non-transplant patients.
Recommendations are summarized in Table 1. For moderate to severe disease, a lipid formulation
of amphotericin B (liposomal amphotericin B at 3 mg/kg daily or amphotericin B lipid complex at 5
mg/kg daily) is the recommended first-line therapy for the first 1-2 weeks followed by oral
itraconazole 200 mg twice daily (BID) [43]. In mild to moderate disease, oral itraconazole 200 mg
BID can be used. The bioavailability of itraconazole suspension is shown to be better than capsules
and tablets and is not dependent on gastric pH. An itraconazole serum concentration should be
checked after 2 weeks of therapy to assess both compliance and absorption [43]. Itraconazole,
similar to other azoles, has interactions with immunosuppressive medications namely calcineurin
inhibitors. It can increase serum concentrations of tacrolimus, sirolimus, and cyclosporine [2].
Fluconazole has been shown to be less efficacious and should not be used as first-line therapy.
There is limited clinical data on the use of voriconazole, posaconazole and isavuconazole although
all demonstrate good in vitro activity [44-46].
AST guidelines recommend at least 12 months of treatment in post-transplant histoplasmosis.
Some studies have reported cure with shorter courses of therapy [2, 33]. Further, relapse
following treatment for a median duration of 12 months is documented in a small percentage of
patients [28]. Any reduction in immunosuppression should be weighed against the risk of allograft
rejection. Both urine and serum antigen levels decrease with successful treatment; therefore,
monitoring antigen levels can gauge treatment response. The recommended time interval for
monitoring of antigen levels are pre-treatment, 2 weeks post-treatment, 1 month, and every 3
months for up to 6-12 months after treatment is discontinued [2, 43]. Additionally, for SOT
patients with prior infection, antigen levels should be monitored during periods of augmented
immunosuppression [2].
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4. Blastomycosis
4.1 Background & Epidemiology
Blastomycosis is caused by the dimorphic fungi Blastomyces dermatitidis and Blastomyces
gilchristii [47]. Blastomyces exists in nature in mold or mycelial form, but when inhaled into the
host’s lungs converts to the yeast form at body temperatures *48, 49]. Although Blastomyces is
one of three dimorphic fungi that are known to cause disease in North America, the frequency of
blastomycosis in SOT recipients is rare in comparison to Histoplasmosis and Coccidioidomycosis.
From the Transplant-Associated Infection Surveillance Network (TRANSNET), a total of 70 patients
were diagnosed with endemic mycosis between the years 2001-2006, 9 of which were due to
blastomycosis [31]. In a retrospective multicenter study of histoplasmosis and blastomycosis after
solid organ transplantation from three Midwestern transplant institutions, 30 patients were
identified as having endemic fungal infections, 8 of which were blastomycosis [29].
The endemic area in North America includes the states bordering the Mississippi and Ohio
Rivers, the Midwestern states, and the Canadian provinces that border the Great Lakes.
Blastomycosis has also been reported in New York and Canada along the St. Lawrence River. There
was recently a reported outbreak in the Albany, NY, where it was previously not considered to be
endemic [50]. Most cases have been identified in Kentucky, Arkansas, Mississippi, North Carolina,
Tennessee, Louisiana, Illinois, and Wisconsin. In 2012, an epidemiologic review of cases in Illinois
and Wisconsin found an annual incidence of 0.4-2.6 cases per 100,000 population [50]. The
previously described geographic areas may not entirely represent the distribution of Blastomyces
as reporting is only required in 6 states; additionally, subclinical cases may also be missed due to
the poor sensitivity of diagnostic testing and historical absence of a valid skin test [48, 49].
Although most patients diagnosed with blastomycosis have a history of exposure to soil, wooded
areas, or lakes and rivers, the exact natural habitat has been difficult to identify.
There is a newly re-classified emerging species of dimorphic fungus within the genus
Blastomyces in North America. Recently re-classified on the basis of phylogenetic analyses,
Blastomyces helicus (formerly Emmonsia helica) has been identified as the pathogen in several
cases resulting in severe pulmonary and disseminated infection and primarily occurring in
immunocompromised hosts; infection resulted in high rates of mortality. The geographic range
appears to include western Canada (Alberta, Saskatchewan) and the mountain west region of the
United States [51].
4.2 Clinical Manifestations & Pathogenesis
The clinical manifestations of blastomycosis can vary widely, ranging from an asymptomatic
infection to pulmonary disease progressing to acute respiratory distress syndrome (ARDS).
Symptom onset after inhalation of conidia ranges between 3 weeks to 3.5 months [52]. 25%-40%
of patients with blastomycosis have extrapulmonary dissemination, most commonly to the skin
and bone [47, 52]. In comparison to immunocompetent patients, the rate of disseminated disease
is similar amongst SOT patients and immunocompetent patients, however presentation differs in
the severity of pulmonary disease, which can often progress to ARDS [49, 52, 53]. Disseminated
disease can also involve osteoarticular structures, the genitourinary tract, and the CNS. Pulmonary
blastomycosis can present in a similar manner to bacterial community acquired pneumonia with
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fevers, chills, headache, productive or non-productive cough, dyspnea, and with a consolidation
on chest imaging. Chest imaging can also show nodules, masses, cavitation, or have a miliary
pattern. The skin is the most common site of extrapulmonary involvement. Lesions are typically
pustular or ulcerative in transplant patients, whereas lesions in immunocompetent patients are
typically verrucous. The most common areas of skin involvement are exposed areas, such as the
head and extremities. Blastomycosis can also form a cutaneous sinus tract from underlying
osteomyelitis [53]. After skin, bone is the most common site of disseminated disease.
Genitourinary cases can present in men as prostatitis, epididymitis, and in women as tubo-ovarian
abscesses, endometritis, and salpingitis. Lastly, patients with CNS blastomycosis can present with
headaches, focal neurological defects, and seizure. Patients may have a meningitis presentation
and will have either a lymphocytic or neutrophilic CSF pleocytosis. Neurologic involvement can
also present as a mass lesion and can progress to hydrocephalus, mass effect from edema,
herniation, and seizures [53]. However, CNS disease is uncommon in SOT patients [49].
4.3 Pre-Transplant Screening & Diagnosis
Each donor and recipient should be assessed individually. As mentioned previously, the
incidence of blastomycosis in SOT patients is low, even amongst those who receive transplants in
endemic areas. Routine pre-transplant screening is not recommended, but testing should be
considered in donors and recipients from endemic areas that have lung and skin lesions of unclear
etiology [54]. In contrast to the other major North American endemic fungi, there have been no
documented cases of Blastomyces transmission through an infected allograft [2, 52].
Culture of B. dermatitidis from respiratory secretions or other clinical specimens in the
laboratory is the most sensitive form of diagnosis and will grow as a mold at 30 C. Growth usually
occurs after 1-3 weeks, but colonies can be observed as early as 5-10 days of incubation. The
mycelial form will appear as branching, septate hyphae with right angled conidiophores, often
described as having a lollipop appearance [48]. When grown at 37 C, the yeast can be observed
under light microscope and are round, have a double cell wall, and bud with a broad base. The
daughter cell will become as large as the mother cell prior to detaching, giving it the wellrecognized broad-based budding appearance associated with B. dermatitidis. Once there is growth,
a DNA probe is used to rapidly identify B. dermatitidis from culture [49]. There are no
commercially available polymerase chain reaction (PCR) assays for blastomycosis.
Direct observation of the typical yeast form can confirm the diagnosis, and has been the most
commonly used method for rapid diagnosis [54]. However, microscopy has a diagnostic yield of
only up to 40% [52]. Histopathologic examination of tissue with methenamine silver or PAS stain is
usually the diagnostic method for extrapulmonary disease [54].
Serologic tests are of limited utility due to the cross reactivity with other endemic fungi and low
sensitivity. Complement fixation, immunodiffusion, and EIA can be used for epidemiologic studies,
but at this time have limited utility in diagnosis due to low sensitivity and cross reactivity with
other endemic fungi, in particular with H. capsulatum [54]. Blastomyces downregulates the
amount of 1, 3-beta-d-glucan in its cell wall when it undergoes phase transition, limiting the utility
of assays that detect this component of the cell wall [47].
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4.4 Prophylaxis & Treatment
Because the incidence in SOT recipients is low, prophylaxis is not recommended for patients
who live in endemic regions. The rates of disseminated disease are similar when comparing
immunocompetent patients and SOT patients (25%-50%), although immunocompromised patients
are at greater risk for severe pulmonary disease, and progression to respiratory failure and ARDS
[2, 52, 55] Infectious Disease Society of America (IDSA) guidelines for management of
blastomycosis state that prolonged suppressive azole therapy in immunocompromised patients
may be necessary if immunosuppression cannot be reversed; this is primarily based on
extrapolation from HIV/AIDS patients. However, in more recent AST guidelines the recommended
duration of treatment is generally 12 months, assuming resolution of signs/symptoms of infection;
consideration can be given for more prolonged treatment although data are lacking for this
approach, and it seems that the risk of relapse is low [2, 54].
Based on 2008 IDSA treatment guidelines and 2013 AST guidelines, all SOT recipients diagnosed
with blastomycosis require treatment which is summarized in Table 1 [2, 54]. In
immunocompromised patients, amphotericin B as a lipid formulation at 3-5 mg/kg per day or
amphotericin B deoxycholate at 0.7-1 mg/kg per day is recommended for 1-2 weeks or until
clinical improvement is demonstrated. While there is more clinical experience with amphotericin B
deoxycholate for treatment of severe blastomycosis, lipid formulations appear to be equally
efficacious with lower toxicity and are preferred in SOT patients [2, 54]. Itraconazole is
recommended as step down therapy after clinical response has been observed. Itraconazole is
dosed at 200 mg 3 times daily for 3 days, and then 200 mg bid afterwards to complete at least 12
months of therapy [2].
For mild isolated pulmonary infection, treatment with oral itraconazole at a dose of 200 mg BID
alone could be considered although this approach would require close clinical monitoring [2, 54].
Serum levels of itraconazole should be checked after two weeks of therapy to ensure therapeutic
drug levels. In SOT recipients the recommended duration of treatment is at least 12 months
assuming resolution of symptoms and signs of infection; data regarding benefit of longer
treatment is lacking.
For patients with CNS involvement, liposomal amphotericin B dosed at 5 mg/kg/day is
recommended for a longer duration of 4-6 weeks before transition to an azole. For CNS infection
stepdown therapy to high dose fluconazole 800 mg per day or voriconazole 200-400 mg BID is
preferred over itraconazole. The duration of treatment for CNS disease is at least 12 months and
assumes resolution of CSF abnormalities [2, 54].
Echinocandins have no activity against Blastomyces because of the decrease in cell wall content
of 1,3-beta-d-glucan [47]. In general, fluconazole seems to be less efficacious when compared to
itraconazole with the exception of CNS disease; the newer extended-spectrum triazoles appear to
have good in vitro activity against B. dermatiditis [2].
5. Cryptococcosis
5.1 Background/Epidemiology
Cryptococcus is the third most common cause of invasive fungal disease in SOT recipients, and
is a major cause of morbidity and mortality in this population [34, 56]. Infection is primarily caused
Page 230/305

OBM Transplantation 2019; 3(3), doi:10.21926/obm.transplant.1903075

by two species within the genus; Cryptococcus neoformans and Cryptococcus gattii. While
Cryptococcus is present globally there is some geographic variability. In North America the
majority of infections are caused by Cryptococcus neoformans serotype A (var. grubii), however
Cryptococcus gattii (VII) has recently been recognized as an emerging pathogen in the Pacific
northwestern United States and Vancouver Island in British Columbia, Canada; prior to this there
had been sporadically reported cases of Cryptococcus gattii mostly occurring along the Pacific
coast and in the southeastern United States [57].
Infection occurs by inhalation of the yeast or basidiospores of the organism from soil. C.
neoformans in particular has an association with soil contaminated by bird droppings and has also
been isolated from bird nests and guano directly [58]. Given this association, many experts
recommend that transplant recipients avoid direct contact with birds and bird droppings. C. gattii
is found in rotting vegetation or wood of certain trees such as eucalyptus, coniferous trees, and
mopane [58].
5.2 Clinical Manifestations/Pathophysiology
The majority of cryptococcal infections in SOT recipients are felt to represent reactivation of
latent infection, although primary infection and donor transmission have also been documented
[59, 60]. Disease usually occurs as late-onset infection (median 16-21 months), with the exception
of lung and liver transplant recipients where disease is more likely to develop within the first 12
months after transplantation. Cases with very early onset post-transplant are more likely to occur
with donor transmission or unrecognized active pre-transplant infection [60].
Cryptococcosis most commonly presents as pulmonary or CNS disease. Pulmonary disease can
range from asymptomatic involvement to severe pneumonia. 50%-75% of SOT recipients have
extrapulmonary or CNS involvement and risk of dissemination is particularly high in liver
transplant recipients [56, 61-63]. CNS involvement is typically characterized by meningitis,
frequently with high opening pressure. The epidemic strain of C. gattii more commonly presents
with pulmonary or CNS mass lesions in non-immunocompromised patients, however this finding
was not observed in SOT recipients from a case series of C. gattii cases in Oregon which noted high
rates of dissemination and mortality among transplant recipients infected with this species [64].
Skin involvement in SOT occurs with relative frequency; presentation can be variable with nodular,
maculopapular, ulcerative/pustular disease, and cellulitis most commonly involving the lower
extremities. Cutaneous involvement usually indicates disseminated infection although primary
skin infection is possible [65].
The risk of cryptococcal disease in patients with advanced cirrhosis, including in pre-transplant
patients should be noted. Cirrhotic patients are at substantially increased risk for disseminated
cryptococcosis, and frequently present with fungemia as well as peritonitis. It is crucial to have a
high clinical index of suspicion in cirrhotic patients presenting with sepsis, as the clinical course is
typically fulminant with high rates of mortality [66].
5.3 Pre-Transplant Screening & Diagnosis
Serum cryptococcal antigen can be detectable in blood weeks to months before onset of
disease, and current WHO guidelines recommend use of cryptococcal antigen screening with preemptive prophylaxis in HIV-infected patients with CD4 counts below 100/uL [67]. While the
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incidence of cryptococcus in SOT is relatively high (0.2%–5%), there are currently no
recommendations for screening in solid organ transplant recipients and more study is needed on
this subject [56].
Cryptococcus infection should be considered in any transplant recipient presenting with
pneumonia or pulmonary nodules, as well as in patients presenting with subacute or chronic
headache and meningeal symptoms. Cultures should be obtained from any sites of suspected
involvement including respiratory, blood, CSF and urine. A high proportion of SOT recipients with
cryptococcal meningitis have detectable fungemia [68]. Serum cryptococcal antigen has high
sensitivity in transplant recipients, particularly in disseminated infection; sensitivity for
cryptococcal antigen is lower in isolated pulmonary disease [68]. Patients with C. gattii typically
have detectable cryptococcal antigen although at lower titers than with C. neoformans and
infection with other species e.g. C. albidus, C. laurentis will frequently have negative cryptococcal
antigen [56, 69]. On histopathology, cryptococcus appears as a yeast with thick capsule that stains
positive by mucicarmine staining [56].
Due to high rates of CNS involvement, lumbar puncture should be performed in all transplant
recipients with suspected cryptococcal disease, with routine studies including culture,
cryptococcal antigen; it is important to measure opening pressure as elevated pressures impact
management.
5.4 Prophylaxis & Treatment
There are no guidelines regarding prophylaxis for Cryptococcus in SOT recipients. For patients
with a history of Cryptococcus undergoing transplant or enhanced immunosuppression, the
decision to utilize secondary prophylaxis with fluconazole should be made on a case-by-case basis.
The duration of secondary prophylaxis if used is for at least 1 year [56].
Treatment in SOT recipients is consistent with current IDSA guidelines (Table 1). It is critical to
determine the site and extent of disease and to evaluate for CNS involvement with lumbar
puncture. For patients with CNS involvement and elevated CSF opening pressure above 25 mmHg,
daily LPs are recommended until the opening pressure is consistently below 20 mmHg [70].
For uncomplicated pulmonary disease, recommended treatment is fluconazole 400 mg qday for
6-12 months. In cases of severe pulmonary disease, disseminated infection or meningitis, initial
treatment should include lipid formulations of amphotericin B plus flucytosine; induction with this
regimen should be continued for a minimum of 2 weeks, and in cases of CNS involvement until CSF
sterilization has occurred. Induction should be followed by an 8-week consolidation phase with
fluconazole at doses of 400-800 mg qday. After induction and consolidation, maintenance with
fluconazole at doses of 200-400 mg qday is recommended for at least 6-12 months [56, 70].
Antifungal susceptibility testing for C. neoformans has been standardized by CLSI however the
clinical relevance of MICs in relation to clinical outcomes is not clearly established. The epidemic
strain of C. gattii has been noted to have elevated fluconazole MICs. The extended spectrum
azoles including posaconazole, voriconazole, and isavuconazole have excellent in vitro MICs even
for isolates with elevated fluconazole MICs, and could be considered as an alternative for oral
phase of treatment [46, 56, 71].
A potential complication when treating Cryptococcus in SOT recipients is the development of
immune reconstitution syndrome (IRIS). In one series IRIS occurred in 14% of SOT recipients being
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treated for cryptococcal disease [72]. IRIS occurs with rapid reduction in immunosuppression (in
particular discontinuation of calcineurin inhibitors) coupled with initiation of antifungal therapy,
and can manifest with clinical worsening including lymphadenitis, cellulitis, aseptic meningitis or
enlarging/new CNS lesions. Onset is typically 4-6 weeks after initiation of antifungal therapy [56].
Distinguishing IRIS from relapsed/persistent infection can pose difficulty and requires repeat
microbiological assessment in order to ensure negative cultures. There is no proven treatment for
IRIS, although there may be a role for corticosteroids in select cases of CNS disease or with severe
pulmonary/extrapulmonary involvement [56].
Although useful for diagnosis, serial testing of cryptococcal antigen has not been demonstrated
to have a clear role in monitoring response to therapy. An exception is in SOT recipients with
cryptococcosis who require re-transplantation. In these patients the cryptococcal antigen titer
should ideally be stable or declining prior to re-transplantation [56].
6. Paracoccidioidomycosis
6.1 Background & Epidemiology
Paracoccidioidomycosis is caused by the endemic fungi Paracoccidioides brasiliensis and
Paracoccidioides lutzii. It is endemic to South and Central America, and typically affects men who
work in agriculture [73]. Like the North American endemic mycoses, Paracoccidioides is dimorphic,
growing as mold at 28C and yeast at 35-37C. The majority of clinical experience with
Paracoccidioidomycosis is from immunocompetent hosts, with less available data for disease in
SOT patients.
Paracoccidioidomycosis was once referred to as “South American blastomycosis”.
Approximately 80% of cases of Paracoccidioidomycosis have been identified in Brazil, in particular
the states of Sao Paulo, Parana, Rio Grande do Sul, Goias, Rio De Janiero, and Rondonia. Cases
have also been identified in Venezuela, Ecuador, Columbia, and Argentina. There have been no
documented cases in Chile, Surinam, Nicaragua, or Belize [74].
It is believed that paracoccidioidomycosis is found in soil, however it is only sporadically
isolated from the environment and the true natural habitat has been difficult to identify [74].
Incidence rates of 0.7-3 cases/100,000 people in endemic regions and 9-40 cases/100,000 people
in hyperendemic regions have been reported [75, 76]. The prevalence of paracoccidioidomycosis is
thought to be around 10 million in Latin America, but only 1%-2% of those infected will develop
disease. The incidence, prevalence, and mortality data may not be a true representation of the
burden of disease in Latin America, as paracoccidioidomycosis is not reportable. Among SOT
recipients, chronic paracoccidioidomycosis has been identified predominantly in renal transplant
recipients, and has a low incidence [76]. In a review assessing paracoccidioidomycosis in various
immunocompromised populations, nine cases of paracoccidioidomycosis in renal transplant
recipients were identified with one case in a liver transplant recipient [76].
6.2 Clinical Manifestations
Paracoccidioidomycosis can affect any organ system and presents in a variety of ways. It is
classified into acute and chronic forms. The acute form most commonly affects children and young
adults, while the chronic form typically occurs in adults [76]. Acute paracoccidioidomycosis
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accounts for 5%-25% of cases with equal incidence between males and females [75, 76].
Manifestations include fevers, weight loss, anorexia and it can also present with suppurative
lymphadenopathy, hepatosplenomegaly, mucocutaneous lesions, osteoarticular involvement, and
less commonly pulmonary involvement. The acute form of disease is also associated with severe
intraabdominal lymphadenopathy that can coalesce, forming large masses and resulting intestinal
and biliary obstruction. It is frequently associated with peripheral eosinophilia, occurring in 30%50% of cases [76].
Chronic paracoccidioidomycosis accounts for the majority of cases and typically occurs in adults.
In contrast to acute paracoccidioidomycosis, the chronic form is more common in men, with a
male to female ratio of 22:1 [76]. Symptoms develop slowly, often persisting for months prior to
development of symptoms serious enough to necessitate medical attention. Pulmonary disease is
common, with skin and mucosal involvement being the most common extrapulmonary sites of
involvement. Disease often presents with mucosal lesions and alveolar-interstitial infiltrates,
followed by skin lesions, and progression to pulmonary fibrosis [76]. Skin lesions can present as
ulcerations, vegetation, nodules, or plaques. One of the more serious sequelae of the fibrotic
disease associated with paracoccidioidomycosis is adrenal involvement, which can result in
Addison’s disease and may necessitate lifelong hormonal replacement therapy [76].
In the small number of cases of SOT patients with paracoccidioidomycosis, most had pulmonary
involvement, with presentations varying between bilateral pulmonary nodules, pulmonary
cavitation, or bronchopneumonic infiltrates. Lymphatic involvement was uncommon [76].
6.3 Pre-Transplant Screening & Diagnosis
In a review for screening of infectious diseases, Paracoccidioides brasiliensis was determined to
have a risk that was not assessable for risk of transmission. As a result, routine screening is not
recommended prior to transplantation with the exception of screening donors and recipients from
known endemic areas that have pulmonary disease and skin lesions of unclear etiology [77].
A proven diagnosis of paracoccidioidomycosis can be made when the characteristic yeast form
is found in clinical specimens under direct microscopy [78]. Microscopically, the yeast form has a
characteristic multiple budding formation, referred to as a pilot’s wheel, characterized by large
yeast cells surrounded by multipolar budding daughter cells [73, 78]. At 35-37C the fungus will
grow in about 10 days, however culture can take up to one month to grow, and the ideal means of
diagnosis should always be through direct observation of the organism in a tissue sample.
Serological methods are available in endemic regions, but there are no standardized serological
assays and results may vary between different laboratories. There are no validated serologic
assays for the diagnosis of P. lutzii [78]. Serological tests may also not be reliable in diagnosis of
acute disease in the solid organ transplant population due to a delayed immune response in the
setting of immunosuppression.
6.4 Prophylaxis & Treatment
While there are no specific recommendations for prophylaxis against P. brasiliensis after
transplantation, trimethoprim-sulfamethoxazole has been found to have activity against
Paracoccidioides, and may account for the low incidence among SOT recipients [75, 79]. In a
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review of paracoccidioidomycosis in transplant recipients, the majority of cases occurred after the
first year of transplantation when trimethoprim-sulfamethoxazole had been stopped [75].
P brasiliensis and P lutzii are susceptible to most systemic antifungal agents as well as
sulfonamide derivatives, and both species have similar susceptibility patterns [76]. In patients with
mild to moderate disease, the treatment of choice is itraconazole 200 mg daily for 9 to 18 months,
based on clinical response. Although only used on a small number of patients, voriconazole,
posaconazole, and isavuconazole are potential substitutes [76]. Trimethoprim/sulfamethoxazole is
considered the second line treatment for patients with mild to moderate disease. Severe or
disseminated disease should be treated with Amphotericin B in deoxycholate or a lipid
formulation of Amphotericin B. The duration of IV amphotericin is typically around 2-4 weeks with
observed clinical improvement, followed by transition to oral antifungal agents such as
itraconazole [76].
7. Discussion
Endemic fungi have a varied number of geographic distributions, covering much of the United
States. Given this diversity, it is imperative to assess potential exposures in transplant candidates
and recipients, as well as in organ donors. This issue is of special note given the rise of organ
exchange either between UNOS regions, or as part of paired living donor exchange for kidney
transplantation. In addition to a careful geographic history, an occupational history can also
provide important clues to increased risk of endemic fungi exposure.
Another important aspect of endemic fungi and Cryptococcus is the fact that infection can
occur in one of three ways: reactivation of previous infection, donor derived infection, or primary
infection occurring after transplantation. Given these three possibilities, when both donor and
recipient share similar geographic exposures it can be challenging to establish when infectious
exposure occurred. Clinical clues that may shed light on distinguishing between these possibilities
include geographic history and life style factors as described above, pre-transplant serologic or
antigen testing results, and pre-transplant imaging studies. Another indication of time of infection
may be the timing and anatomical location of infection. For example, as primary fungal infections
are derived from breathing an environmental source, the sudden development of disseminated
disease without evidence of lung involvement, especially in the first month after transplant, would
suggest a potential donor-derived infection. In contrast, development of a focal lung infection in a
patient with previous normal radiographic studies would suggest primary infection.
Endemic fungal infections lack a characteristic presentation. Given their ability to involve a
variety of anatomic areas including the lungs, CNS, skin, bone, and joints as well as cause
disseminated disease, it is often difficult to establish the correct diagnosis early in the course of
infection, which likely increases the risk of poor response to therapy when the correct diagnosis is
made. In addition, immunocompromised patients may present in an atypical manner, often with
extrapulmonary manifestations or with more severe disease than is commonly encountered. This
highlights the importance of entertaining the diagnosis of endemic fungal infection early in the
course of disease. In addition, the development of more sensitive and specific testing modalities
would be a great improvement to the current state of fungal diagnostics. Traditional testing has
relied on antibody testing, which is often blunted during immune suppression and may not be
reliable in transplant recipients; these tests may also become negative over time if exposure was
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remote. Newer methods are often antigen based, offering an improvement over serologic testing.
However, these tests still require the physician to consider the correct diagnosis. Future nontargeted testing, such as molecular testing of cell-free DNA, may be an attractive option to provide
earlier diagnosis before a specific fungal infection has been considered, however, data is limited
regarding the sensitivity of this approach.
Given the large geographic distributions of the endemic fungi and Cryptococcus, it is perhaps
surprising that these infections are not encountered more frequently. In both
immunocompromised and non-immunocompromised patients, a spectrum of severity of
presentation occurs, with some presumably exposed patients never developing disease despite an
absence of specific antifungal prophylaxis. This raises several possible explanations including strain
variation in organism pathogenicity, as well as differences in genetic susceptibility to fungal
infection despite similar levels of immune suppression. Reaching a better understanding of host
vulnerability to infection and factors that predispose to severe disease would improve the ability
to provide targeted prophylaxis or monitoring for patients at increased risk.
Antifungal treatment or prophylaxis with azole drugs is a common refrain in the prevention of
infection due to Coccidioides, Histoplasma, Blastomyces, and Cryptococcus. This may mean
exposure to azoles, often fluconazole, for months or even years after transplantation. Although
fluconazole and itraconazole tend to be well tolerated even with chronic use, some patients do
experience side effects including dry skin, gastrointestinal upset, dry mouth, and hair loss. These
symptoms are sometimes alleviated with lower drug doses. Another challenge inherent in
transplant recipients is the typical concurrent lifetime use of calcineurin inhibitors (CNI) such as
tacrolimus. Given the drug-drug interaction with azoles, CNI dosing typically needs to be
decreased after azole medications are started and regular monitoring CNI levels is critical; it is
imperative to appropriately counsel patients regarding the important of medication compliance.
Patients who fail to refill or stop taking their azole medication may develop sub-therapeutic
tacrolimus levels, leading to increased risk for antibody development and rejection.
8. Conclusions
The endemic fungi and Cryptococcus are important causes of morbidity and mortality in
transplant recipients. Therefore, it is crucial that transplant specialists and ID consultants be
familiar with the geographic distribution of these endemic fungi in order to consider these
organisms as possibilities when diagnosing patients with a wide spectrum of clinical presentations.
Improvements in diagnostic modalities should speed diagnosis and improve clinical outcomes in
transplant patients with fungal infections.
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Abstract
Background: Diabetes mellitus (DM) can be cured or greatly ameliorated by adequate
insulin secretion from a relatively small volume of insulin-producing cells. Cell encapsulation
enables allo- and even xeno-geneic cell therapy without immunosuppression. However,
recent clinical trials show that micro-encapsulated islets are not fully retrievable after
transplantation. By contrast, macro-encapsulated islets can be retrieved when necessary. As
to the transplantation site, subcutaneous tissue can be promising, if new strategy can
overcome the hypoxic status due to hypovascularity.
In this review article, we summarized the development of macro-encapsulated islets and
approaches toward subcutaneous transplantation in our laboratory over more than two
decades. Our results repeatedly show that islets and encapsulated islets can be transplanted
in various sites including subcutaneous tissue after pretreatment of neovascular induction.
As to macro-encapsulation devices, our laboratory firstly developed mesh-reinforced poly© 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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vinyl alcohol (PVA) hydrogel tubes and bags; agarose-based encapsulation methods followed.
After that, PVA macro-encapsulated islets were developed utilizing sol-gel transition of PVA
solution through micro-crystallization, induced by freezing and thawing. Recently, we took
advantage of the excellent histocompatibility of ethylene vinyl alcohol co-polymer (EVOH) to
fabricate the highly porous EVOH bag. A unique macro-encapsulation device using thermosensitive chitosan-based gel in combination with the EVOH bag was developed. Most
recently, we found that slow release of hepatocyte growth factor (HGF) from the chitosan
gel can protect islets against initial hypoxic status and subsequently induce
neovascularization in subcutaneous tissue to exert islet function, eliminating the necessity
for neovascularization pretreatment.
Conclusions: Our recent study showed that retrievable and replaceable macro-encapsulated
islets can be transplanted subcutaneously without pretreatment. Although further
improvements may be necessary, this immunosuppression-free approach may replace
intraportal islet transplantation in the near future.
Keywords
Islet transplantation; macro-encapsulation; subcutaneous transplantation

1. Introduction
1.1 Bioartificial Organs
Bio-artificial organs that utilize living functional cells have been studied to support physiological
functions of various organs when such functions are impaired. For example, utilizing living
hepatocytes or hepatocyte-like cells, a bioartificial liver tries to support liver function to bridge
liver failure until liver recovery or liver transplantation [1]. Similarly, a bioartificial pancreas or
bioartificial islets compensate islet function utilizing living islets or islet-like tissue [2]. In
bioartificial islets, islets are protected by a semi-permeable barrier that blocks immune cells or
large immune-related molecules but allows the passage of small molecules such as O2 and
nutrients, including glucose and insulin. Therefore, no or much reduced immunosuppression is
needed to avoid immunological resection in comparison to naked islet transplantation. It is
obviously beneficial to patients to avoid immunosuppressant-related adverse events and to save
costs related to immunosuppression; such costs include immunosuppressants themselves,
monitoring related to immunosuppression, and additional medical costs for adverse events.
1.2 Various Types of Bioartificial Islets
Many types of bioartificial islets have been developed. The first successful bioartificial islets of
encapsulation type, which used alginate-based hydrogel for islet micro-encapsulation, was
published in 1980 [3]. Until then, other designs such as diffusion chambers and hollow fiber units
were reported for semi-permeable barriers [4, 5].
As to micro-encapsulation, alginate-based materials were most frequently reported. In order to
improve its histocompatibility or control pore size, surface modification with the polylysinePage 243/305
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polyethyleneimine [6], lysine/alginate [7], poly-L-ornithine-alginate [8], carboxy methylcellulose,
and others [9] were used. Regarding the concern of hypoxia, hemoglobin cross-linking [10], coencapsulation of photosynthetic oxygen generators [11], and use of CaO2 and hemoglobin [12]
were reported. In addition to alginate-based micro-encapsulation, agarose-based hydrogel was
also reported [13].
In contrast to the difficulty in complete removal of micro-encapsulated islets after
transplantation to the abdominal cavity or some other sites, a macro-encapsulation device that
can be observed by the naked eye and treated with hands is retrievable when adverse events
occur. Diffusion chambers [4] and hollow fiber units [5, 14] were used as macro-devices to
encapsulate islets. In addition, macro-devices using hydrogels were also reported [15].
For an immunoisolating bioartificial pancreas, oxygen supply and biocompatibility (foreign body
reaction) are two major issues, since artificial devices containing living cells are implanted without
a blood supply. In addition, it is known that the intercellular structure of islets is critical to insulin
secretion and β-cells do not exert their full function in a single cell fashion [16]. Therefore, insulinproducing cells should be cultured as cell clusters prior to transplantation. As to oxygen supply,
model analysis of oxygen supply in cell clusters with different shapes (sphere, cylinder, and sheet)
was reported [17]. To prevent central necrosis in islet grafts for subcutaneous transplantation, the
theoretically largest radius was 122 μm for sphere, 100 μm for cylinder, and 71 μm in half
thickness for sheet, respectively. Otherwise, macro-encapsulated islets more easily develop tissue
anoxia relative to that of micro-encapsulated islets [18]. As to the O2 supply directly to the device,
a macro-device that requires daily O2 perfusion is used in a clinical study now [19]. Concerning
biocompatibility, foreign body reaction causes inflammation around the implant and tries to
isolate the implant from the living organism. This mechanism usually results in fibrous capsule
formation, and this membranous structure is thought to block the inward permeation of O 2 and
nutrients to impair islet cell function as well as insulin outward secretion. In fact, a human clinical
trial revealed that micro-encapsulated islets transplanted into an abdominal cavity was found
attached to the parietal peritoneum macroscopically and surrounded by fibrous tissue
microscopically [20]. These two issues are crucially important for engraftment and long-term
function of encapsulated islet grafts.
1.3 Benefits of Macro-Encapsulation
As mentioned above, macro-encapsulated devices can be retrieved if necessary. Regardless of
micro- or macro-encapsulation, implants should be clean and safe. However, retrievability adds a
further measure of safety when adverse events occur. As to the surface area for material transfer,
micro-encapsulation theoretically gives an extremely wider area in comparison to macroencapsulation. However, micro-encapsulated devices may aggregate each other and result in
much narrower practical surface areas. As to function and biocompatibility, micro-encapsulated
beads need to be treated collectively and treatments are limited. On the other hand, macroencapsulation devices can be treated individually and a wide range of adjustments, such as pore
size, surface nature, and device size, are possible. In our laboratory, researchers of surgical
background preferred macro-encapsulation because of its retrievability and mostly studied it from
the beginning as mentioned later.

Page 244/305

OBM Transplantation 2019; 3(3), doi:10.21926/obm.transplant.1903074

2. Pretreatment for Neovascularization at Subcutaneous Site
Subcutaneous tissue is the most easy-to-reach site in the body. However, it is well known that
subcutaneous tissue is not suitable for islet transplantation due to hypovascularization [21]. To
increase O2 in the implant site, neovascularization was induced using a bFGF-releasing device
before islet transplantation [22]. In this study, slow release of bFGF was secured by a gel
containing 2.5% agarose and 1% hyaluronic acid in a polyethylene terephthalate (PET) meshreinforced PVA bag. The bFGF-impregnated device was implanted in a subcutaneous site in
diabetic rats one week before islet transplantation. After one week, a richly vascularized capsule
was observed around the device, and transplantation of syngeneic naked islets at the prevascularized sites resulted in normoglycemia until the retrieval of grafted islets 3 months after
transplantation [22].
In other experiments, bFGF was incorporated in gelatin microspheres (MS/bFGF) and
subsequently injected into the collagen sponge placed in a PET mesh bag. Seven days after
subcutaneous implantation in diabetic rats, remarkable vascularization formed around and in the
device. Islets isolated from Sprague-Dawley (SD) rats were mixed with 5% agarose for
immunoisolation and transplanted into a pre-implanted bag device in diabetic Lewis rats. The
recipient rats achieved normoglycemia within 2-3 days and maintained the physiological blood
glucose levels for 40 days [23], suggesting that encapsulated islets can be transplanted to
subcutaneous sites with the pretreatment for neovascularization. The same pretreatment for
neovascularization was performed between the trapezius and rhomboid muscles of diabetic Lewis
rats, and islets isolated from SD rats were macro-encapsulated in 5% agarose and transplanted.
The recipients showed normoglycemia for up to 50 days after transplantation [24].
Injection of bFGF-impregnated MS/bFGF without the collagen sponge and PET bag was also
shown to induce neovascularization in subcutaneous sites [25, 26]. In these studies, islets isolated
from either SD rats [25] or porcine pancreases obtained from a local slaughterhouse [26] were
macro-encapsulated and transplanted to subcutaneous sites pre-injected with MS/bFGF in
diabetic mice. Islets were macro-encapsulated in a rod-shaped gel containing 5% agarose and 5%
polystyrene sulfonic acid, and the construct was further coated with polybrene and carboxymethyl
cellulose according to the study of Iwata et al. [27]. All recipients showed normalization of blood
glucose levels in 5-7 days. The animals gradually gained body weight for 38-101 days in the rat islet
group [25] and 24-76 days in the porcine islet group [26].
From these studies, pretreatment for neovascularization allowed subcutaneous transplantation
of both naked islets and macro-encapsulated islets. Pretreatment can be achieved through diverse
approaches from simple injection of MS/bFGF to implantation of bFGF-impregnating devices.
However, these studies commonly used slow release of bFGF to induce neovascularization [28].
Recently, this kind of pre-treatment was found to induce not only neovascularization but also local
immunotolerance for allo-transplantation of islets in rats [29]. For clinical use, further studies are
needed to optimize methodologies to utilize slow release of bFGF at subcutaneous sites for
transplantation of naked or encapsulated islets.
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3. Macro-Encapsulation Studies in Our Laboratory
3.1 PVA Tube and Bag
Our studies on islet encapsulation started in the late 1980s as a collaborative study between
the surgical laboratory of former Prof. Kazutomo Inoue and the biochemical engineering
laboratory of former Prof. Yoshito Ikada. An overview of the encapsulation materials used in our
studies is summarized in Table 1.
Table 1 Macro-encapsulation materials used in our experiment.
Material

Description

Merits

Demerits

References

Mesh-reinforced
PVA tube/bag

Cross-linked PVA
gel reinforced
with mesh

High
biocompatibility,
in vivo stability

[30-34]

Agarose-based
gel

Rod-shaped
agarosepolystyrene
sulfonic acid gel
coated with
polybrene and
carboxymethyl
cellulose

Used for
subcutaneous
xeno-Tx

Difficulty in
encapsulation Need of
islet immobilization with
gels
Mechanical weakness
Questionable in vivo
durability

PVA gel by
freezing/thawing

Mesh-reinforced
PVA gel made by
freezing/thawing

Storable in
freezing phase

Mechanical weakness,
islet damage due to
freezing/thawing,
foreign body reaction in
long-term Tx

[35-39]

EVOH bag with
chitosan gel

Thermosensitive
chitosan gel
encapsulated in
highly porous
EVOH bag

Very high
biocompatibility,
in vivo stability of
gel enhanced by
EVOH bag

[22-25]

[40, 41]

At the beginning, a mesh-reinforced polyvinyl alcohol (PVA) tube (MRPT) was prepared by
cross-linking a 3% PVA (polymerization degree: 7200) solution with glutaraldehyde. PVA, a
synthetic hydrophilic polymer, was selected due to its biocompatibility and in vivo stability. In vitro
examination on permeability showed the molecular weight-dependent manner (the bigger the
molecular weight, the lower the permeability rate) in which glucose, insulin, heparin, and the
bovine serum albumin could diffuse while the immune globulin G was blocked. The tube was 2
mm in diameter and 40 mm in length. The thickness of the membrane was 0.2 mm. Islets (approx.
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2000 in number) isolated from SD rats were encapsulated in the MRPT and transplanted to
diabetic Wistar rats intra-abdominally. After transplantation, non-fasting blood glucose decreased
significantly from approx. 500 mg/dL (pre-Tx) to approx. 200 mg/dL, and the effect lasted up to 97
days [30]. In this study, islets encapsulated in MRPT were free to move around, and the fusion of
islets was noticed which impaired islet function. To avoid this shortage, entrapment of islets with
gels in MRPT were found effective to improve insulin release in subsequent studies [31, 32].
Using a similar PVA hydrogel membrane, a mesh-reinforced PVA bag (MRPB) was also
developed (Figure 1). In this device, islets tended to be trapped between the mesh fibers and
could hardly move about freely. This device was used for xenotransplantation of porcine islets to
diabetic rats [33]. In addition, basic fibroblast growth factor (bFGF) impregnated in gelatin
microspheres and collagen-coated MRPB implanted in subcutaneous tissue could effectively
induce neovascularization around the device to improve viability of encapsulated cells, suggesting
that this system is suitable for subcutaneous implantation of a bioartificial pancreas [34].

Figure 1 A: A macroscopic view of a mesh-reinforced PVA bag (MRPB). B: A microscopic
view of MRPB. An islet is trapped between mesh fibers.
3.2 PVA Macro-Encapsulation
As mentioned above, PVA, a water-soluble synthetic polymer, can form a stable hydrogel with
many advantages, such as a relatively lower protein-binding tendency, higher water content, and
higher elasticity, as well as better biocompatibility than other synthetic hydrogels. From the early
stages of our studies, the mesh-reinforcement approach was used to overcome the shortage of
the weak mechanical strength of PVA hydrogel. In addition to using chemical crosslinkers, PVA
hydrogel can also be prepared by freezing and thawing through micro-crystallization between PVA
molecules [42]. As frequently experienced, aqueous PVA solution transits to a weak gel at low
temperatures after storage in a refrigerator for a few days. Phase dissociation caused by freezing
the PVA aqueous solution, in addition to low temperatures, can produce stronger gel. We utilized
this unique characteristic of PVA to make PVA macro-encapsulated islets (PVA-MEIs), in which
islets were embedded in a sheet-shaped PVA hydrogel (Figure 2) [35].
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Figure 2 A: A top-down view of mesh-reinforced PVA macro-encapsulated islets (PVA
MEIs). B: A side view of PVA MEIs picked by tweezers. C: A microscopic view of PVA
MEIs. Islets (round-shaped things) are entrapped in PVA gel between meshes.
In the first studies using PVA-MEIs, islet function was preserved in PVA-MEIs for a longer period
of time than that of naked islets in vitro. PVA-MEIs of rat islets transplanted in abdominal cavities
successfully controlled hyperglycemia in diabetic mice [35]. In subsequent studies, rat PVA-MEIs
transplantation remarkably alleviated diabetic renal damage in mice [36]. PVA-MEIs can be
preserved for up to 30 days in the frozen phase without remarkable functional damage to
embedded islets [37]. In addition, in vitro experiments to test immunoisolation showed that the
addition of fresh human plasma to the culture medium did not affect the survival or function of rat
PVA-MEIs. In contrast, the addition of fresh human plasma completely destroyed naked rat islets,
indicating the strong immunoisolation effect of this device [38]. In a 24-week long-term
observation study, islets were isolated from either Wistar or Lewis rats, embedded as PVA-MEIs,
and transplanted to diabetic Lewis rats. Intraperitoneal transplantation of PVA-MEIs decreased
non-fasting blood glucose levels and prevented body weight loss of diabetic Lewis rats without a
significant difference between the donor strains, suggesting a protective effect against allogeneic
immunity [38]. However, in this experiment, the function of transplanted devices decreased
gradually in time in terms of blood glucose control (Figure 3). Although insulin-positive islets were
found in the PVA-MEIs of the allo-transplantation group 24 weeks after transplantation, a dense
fibrous capsule on the surface of the PVA hydrogel was noticed under histological examination,
revealing that the formation of a fibrous capsule caused a decline in PVA-MEIs function (Figure 4).
Management of foreign body reaction is extremely important for long-term function of
encapsulated islets.
These results in PVA-MEIs were summarized in a review article [39].
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Figure 3 Non-fasting blood glucose changes in long-term (24 week) experiment. Lewis
rat islets were transplanted into the renal subcapsular space of diabetic Lewis rats (L-L)
and engrafted for the long term. Wister rat islets transplanted to diabetic Lewis rats
(W-L) were rejected. PVA MEIs from Lewis rats (PVA(L-L)) and those from Wistar rats
(PVA(W-L)) showed similar changes between L-L and W-L. However, the effects were
gradually decreased over time.

Figure 4 Microscopic view of PVA MEIs of PVA(W-L) group after immunological staining
for insulin. Insulin-positive islets were observed between mesh fibers. However, flat
but dense fibrous membrane formed on the PVA gel.
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3.3 EVOH bag
Based on the lessons learned from studies on PVA-MEIs, we tried to develop a more
biocompatible device for encapsulation. Ethylene vinyl alcohol co-polymer (EVOH) is known to be
highly biocompatible, and hemodialysis using an EVOH membrane proved excellent
biocompatibility [43]. Thus, we decided to use an EVOH membrane as an envelope for macroencapsulation. EVOH membranes are also well known as gas barriers for food packaging; therefore,
a highly porous EVOH membrane was fabricated and provided by Kuraray Co., Ltd., a major
chemical company in Japan, for our collaborative study.
In the beginning, the highly porous EVOH membrane and a separate port part which includes a
tube for injection and a part to connect the tube and bag were custom made by injection molding
using the same EVOH resin provided by Kuraray. Two pieces of EVOH membranes were heatsealed with the injection port to fabricate a highly porous EVOH bag device.
For immunoisolation, a thermosensitive chitosan-based gel was selected. This is an aqueous
solution of chitosan (2.5%) dissolved in 0.1M acetic acid and titrated with β‐glycerol 2‐phosphate
disodium salt hydrate (0.8 W/V) with a pH of 7.4 at room temperature. The chitosan-based
solution undergoes sol-gel transition in a few minutes when the environmental temperature rises
to 35 degrees Celsius. Thus, temperature-dependent gel formation, an islet-friendly method,
needs nothing but the increase of environmental temperature to body temperature (Figure 5).
Our previous studies showed that chitosan gel can protect β-cells against inflammatory cytokines;
we used it in rat to mouse xenotransplantation [44, 45].

Figure 5 A: A macroscopic view of an EVOH bag filled with chitosan gel. B: A crosssectional view of an EVOH bag filled with chitosan gel.
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In vitro examination on chitosan gel-EVOH bags showed that islets maintained good viability
both in chitosan gel alone and in chitosan gel-EVOH bags with minimal apoptosis for at least 5
days, while central necrosis and many apoptotic cells were found in naked islets. Glucoseresponsive insulin release was also sustained in both chitosan gel alone and EVOH groups for up to
7 days, whereas in the naked islet group, islets were unable to secrete insulin after a 5-day culture,
suggesting that islets embedded in chitosan gel preserved the capacity for insulin secretion even
when enclosed in the EVOH bag. Insulin release in the culture condition continued at least for 30
days in the chitosan gel-EVOH bag group, whereas islets embedded in the chitosan gel alone group
lost insulin production by 20 days. This seemed to reflect our observation that chitosan gel
continuously degraded in PBS while the weight loss of chitosan gel in EVOH bag was remarkably
inhibited [40]. It is thought that the EVOH bag extended the function of gel embedded islets.
In an in vivo experiment, rat islets (650-800 IEQ) were macro-encapsulated in chitosan gelEVOH bags and transplanted into the abdominal cavities of diabetic mice. The transplanted mice
exhibited lower blood glucose levels and regained body weight during a 4‐week observation
period (Figure 6). They also had higher levels of serum insulin and C‐peptide, with an improved
blood glucose disappearance rate, measured by an intra-peritoneal glucose tolerance test at the
end of the observation period. Retrieved macro-encapsulated islets had minor tissue adhesion,
and histology showed a limited number of mononuclear cells and fibroblasts surrounding the
implants. In addition, most of these cells accumulated near the port part, suggesting that the port
part of the device was less biocompatible than the EVOH membrane due to some problems in the
molding process. Furthermore, no invasion of host cells into the EVOH bags was noticed, and the
encapsulated islets were intact and positive for insulin and glucagon by immune-staining [40].

Figure 6 A: Transplantation of the macro-encapsulated rat islets in chitosan gel-EVOH
bags decreased blood levels of diabetic mice. B: The mice received an implant also
regained body weight gradually.
More recently, we tested subcutaneous transplantation of these EVOH-macro-encapsulated
islets with bFGF [41]. In this study, macro-encapsulated rat islets were transplanted at
subcutaneous sites that were pretreated with a bFGF-impregnated collagen sponge for
neovascularization (2-time operation group). In another group, bFGF was added to the chitosan
gel in EVOH bags and transplanted to subcutaneous sites without pretreatment (1-time operation
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group). Between the 2-time and 1-time operation groups, the former showed a decrease in nonfasting blood glucose levels and relatively higher serum insulin levels with improved renal and
metabolic biomarkers. On the other hand, the 1-time operation group showed no transplantation
effects in comparison to diabetic control animals [41]. We concluded that bFGF was only effective
when used for pretreatment of neovascularization at the subcutaneous site.
Now, we are trying hepatocyte growth factor (HGF) to enable 1-time (without pretreatment)
subcutaneous transplantation of macro-encapsulated islets. We found, in a preliminary
experiment, that slow release of HGF from chitosan gel can protect islets against initial hypoxic
status and subsequently induce neovascularization in subcutaneous tissue to exert islet function,
eliminating the necessity for neovascularization pretreatment. The details of this study will be
presented elsewhere.
3. Discussion
As described above, hydrogels such as PVA membrane and gel, agarose gel, and chitosan gel
have an immunoisolation effect that can be used for rat to mouse xenotransplantation without
immunosuppression. The stability of the hydrogel seems to determine the duration of the
immunoisolation effect. For example, biologically stable PVA hydrogel can protect islets up to 24
weeks. On the other hand, agarose gel and chitosan-based gel in which no physiochemical bonds
are formed between molecules, did not show such a long effect of immunoisolation. A possible
exception might be chitosan gel in EVOH bags in which EVOH bags continuously inhibit the leakage
of chitosan molecules, maintaining the gel weight for a longer time in vitro, and thus presumably
the immunoisolation effect in vivo. We are now trying to enhance the stability of chitosan-based
gel and testing the long-term effect of immunoisolation in EVOH-macro-encapsulated islets.
The biocompatibility of the device seems very important for the encapsulated islets to exert
long-term function. Tuch et al. [20] reported thick fibrous tissue around intraperitoneally
transplanted micro-encapsulated human islets 16 months after transplantation [20]. On the other
hand, Yang et al. [46] reported that chitosan-coating improved the biocompatibility of alginateencapsulated islets, enabling long-term function of intraperitoneally transplanted microencapsulated allogeneic islets [46]. Since EVOH has excellent biocompatibility, our EVOH bag
causes minimal foreign body reactions and EVOH-enveloped macro-encapsulated islets are
expected to exert their function for a long period of time.
Hypoxia is another critical issue that limits islet survival. Even though islets may survive under
low oxygen tension, oxygen availability influences islet function dramatically. In fact, Safley et al.
[47] intraperitoneally transplanted micro-encapsulated adult porcine islets into diabetic nonhuman primates. They found that plasma levels of porcine C-peptide decreased over time.
Histology of explanted islet capsules showed scant evidence of a host cellular response, and viable
islets could be found. Central necrosis was noticed in many of the encapsulated islets after graft
failure, and explanted islets expressed endogenous markers of hypoxia (HIF-1α, osteopontin, and
GLUT-1), suggesting a role for non-immunologic factors, likely hypoxia, in implant failure. They
concluded that new approaches to prevent hypoxic damage are necessary to achieve long-term
function of micro-encapsulated islets [47].
As for commercial products, macro-encapsulation devices are developed by TheraCyte™,
ViaCyte, and Cell Pouch™, and are currently undergoing clinical trials. The TheraCyte™ implant
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system is a polymeric chamber which is fabricated from dual-layer polytetrafluoroethylene (PTFE)
membranes with an outer layer of woven polyester mesh [48]. The inner PTFE membrane can
protect embedded allogenic islets from rejection by the recipient while the outer polyester mesh
can promote neovascularization when implanted subcutaneously. ViaCyte Encaptra, a similar
product to TheraCyte™, uses human embryonic stem cell-derived pancreatic precursor cells as a
cell source. However, the second generation Encaptra, PEC-Direct™, is a non-immunoprotective
implant. In order to enhance the oxygen availability in macro-encapsulated islets, the Sernova Cell
Pouch System™, another subcutaneously implantable device, is specifically designed to be nonimmunoisolating to promote pre-vascularization [49]. Application of an immunosuppression
regimen on the recipient is required to avoid transplant rejection for the above devices and thus
shall compromise long-term function of the devices.
Regarding the scalability of the macroencapsulation device, an increasing volume of devices as
well as an increasing number of embedded islets may cause substantial differences in oxygennutrient gradients within the device. Likewise, an increase in device size can also cause
nonhomogeneous distribution of islets within the device. Therefore, implantation of multiple
small devices shall be superior to a single large device for clinical practice. In addition, it is known
that islets secrete paracrine signals to regulate insulin secretion to neighboring islets. Apparently,
the islet density is critical since this factor determines how many islets can be loaded within one
device and subsequently determines the number of devices needed for clinical application.
However, the optimal islet density varies with the design/materials of the device. As mentioned
above, pretreatment for neovascularization of the transplantation site is one possible approach. In
addition, engraftment may be improved by using some material to protect islet cells against
hypoxic conditions while the same or other material induces neovascularization to increase the
partial pressure of oxygen. We are now trying to realize this approach to avoid pretreatment and
simplify the transplantation procedure.
4. Conclusions
The importance of oxygen supply and biocompatibility of material for macro-encapsulated
islets was introduced and discussed based on our laboratory’s studies. With advances in
encapsulation technology, subcutaneous transplantation of macro-encapsulated islets may be an
option for the treatment of type 1 diabetes with unstable glycemic control in the near future.
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Abstract
Background: Infants and children undergoing liver transplant require ongoing nutritional
evaluation throughout the pre and post-transplant period. The pathophysiologic causes of
chronic liver disease and acute liver failure are varied, and each present different and unique
nutritional challenges.
Methods: A review of the literature and Seattle Children's established guidelines for
nutritional management of pediatric liver transplant patients was conducted.
Results: We present guidelines of care to optimize nutrition status of infants and children in
the pre and post-transplant phases.
Conclusion: While malnutrition is common in the child with liver failure, it is also treatable
when approached with a multidisciplinary focus on identification of clinical symptoms.
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1. Introduction
Liver disease in the infant or child involves irreversible changes in the hepatic structure leading
to symptoms including, but not limited to, liver cirrhosis, cholestasis and jaundice,
hepatosplenomegaly and ascites, pruritus with disruptions of sleep leading to decreased quality of
life, and malnutrition [1]. The degree of malnutrition in the infant or child with liver disease plays a
significant role in their health and stability pre-transplant, ability to heal and recover immediately
post-transplant, and thrive in the months and years after liver transplant. Malnutrition in chronic
liver disease leads to decreased neurocognitive development and growth, and is a predictor of
suboptimal outcomes post-transplant, leading to increased morbidity and mortality [2].
A multidisciplinary approach is required to manage the prevention and treatment of
malnutrition in the pediatric patient with liver disease requiring transplantation. Optimizing
growth and nutrition status before transplant helps to minimize post-transplant complications
such as stunting, delayed healing, laboratory abnormalities and disordered eating [1].The causes
of liver disease in pediatrics and indications for transplant, nutritional care in the pre and posttransplant settings, and long-term management to avoid complications of poor growth and
malnutrition is described here. This article serves as a concise reference for liver transplant teams.
We reviewed up to date literature that focused on pre-transplant nutrition and/or post-transplant
nutrition.
2. Indications for Liver Transplant in Childhood
The indications for referring and ultimately listing a child for liver transplantation can be
condensed to four basic groups, namely acute liver failure, chronic liver failure, unresectable
tumor in the liver and liver-based inborn errors of metabolism. In these metabolic conditions, the
enzyme defect results in injury to other organs away from the liver. Further injury can be
prevented by liver transplantation because the deficient metabolic pathway is located within the
liver.
Acute liver failure is defined as loss of liver functions over a period of days to a few weeks,
having previously had no evidence of liver disease. This loss of function may manifest clinically as
jaundice, bleeding and encephalopathy. Causes include toxicity from medications (most commonly
acetaminophen overdose), herbals and other environmental chemicals, viral infections,
autoimmune liver disease and, particularly in children, liver failure of unknown cause [3].
Chronic liver disease results from a wide range of congenital and acquired conditions that
gradually erode the function of the liver, most often due to progressive fibrosis resulting
eventually in cirrhosis. At this stage, portal hypertension with all the potential complications such
as encephalopathy, variceal hemorrhage and ascites may occur. Additionally, synthetic function of
the liver may fail with worsening jaundice and coagulopathy. Therefore, there are two basic
indications for liver transplantation in children with chronic liver disease: i) liver failure, where the
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function of the liver deteriorates to a point where death will occur if the liver is not transplanted,
and ii) where complications of the disease make the quality of life unacceptable such as growth
impairment, gastrointestinal bleeding or severe and uncontrollable itching.
In children, the most common cause of chronic liver failure is biliary atresia, a condition that
affects infants in the first two months of life and results in complete obliteration of the biliary
system [4, 5]. The precise cause or causes of biliary atresia are not known. An operation originally
described by the Japanese surgeon Morio Kasai, a hepatoportoenterostomy, can, if done early
enough and by the appropriately skilled team, alleviate or prevent progression of the fibrosis.
However, in many infants the operation does not result in good bile flow and cirrhosis ensues.
Other causes of chronic liver disease in children include genetic defects such as Alagille syndrome
and the various types of progressive familial cholestasis. Autoimmune diseases such as
autoimmune hepatitis and primary sclerosing cholangitis primarily affect older children and
adolescents. Although liver tumors are far less common than in adults, both malignant and benign
tumors of the liver may necessitate transplantations. Unlike in adults where hepatocellular
carcinoma associated with chronic liver fibrosis accounts for the majority of malignant tumors
going to liver transplant, in children hepatoblastoma is by far the most common indication. Many
hepatoblastomas are able to be fully removed with liver resection but a proportion involve too
much of the liver to allow for anything other than total hepatectomy and transplant. It is
imperative when considering transplantation that there is no extrahepatic metastatic spread or
complete clearance of metastases prior to transplantation. There are a variety of other rare
tumors that can be managed with transplantation of the liver but detailed discussion is beyond
the scope of this chapter.
Lastly, there is a group of conditions where single metabolic pathways in the liver are defective
due to genetic mutations [6]. Some result in direct liver injury, such as alpha-1 antitrypsin
deficiency and Wilson disease, and evaluation of these patients is based on the considerations for
acute or chronic liver disease described above. Other liver-based metabolic defects, however, do
not directly damage the liver but lead to injury to other tissues and organs. Liver transplantation
has been shown to prevent further injury, although it will not reverse damage already established.
For example, neurological injury can occur in urea cycle disorders due to accumulation of
ammonia, in organic acidemias, in Maple Syrup Urine Disease (MSUD) because of acidosis and
metabolic decompensation and in Crigler-Najjar because of bilirubin encephalopathy. See Table 1
for examples of metabolic liver diseases.
The nutritional assessment and interventions will clearly vary depending on the primary
diagnosis and careful monitoring is needed for all infants and children considered for liver
transplantation. In addition, both dietitians and medical teams should have the knowledge and
expertise to manage such patients optimally, recognizing the importance of nutrition to transplant
outcomes.
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Table 1 Examples of metabolic liver diseases in children [6].
Liver Organ Damage

Other Organ Damage

Alpha 1 Antitrypsin Deficiency

Familial Hypercholesterolemia

Cystic Fibrosis

Maple Syrup Urine Disease

Erythropoietic protoporphyria

Methylmalonic and Propionic Acidemia

Glycogen Storage Disease

Primary Hyperoxaluria type 1

Progressive Familial Intrahepatic Cholestasis

Urea Cycle Disorders

Tyrosinemia

Crigler-Najjar type 1

Wilson Disease

—

3. Pre-Transplant Nutrition Care: Preventing and Resolving Malnutrition in a Multidisciplinary
Model
Infants, children and adolescents with end stage chronic liver disease are the patients at
greatest risk of malnutrition. The cause is multifactorial, including poor liver synthetic function,
decreased appetite, portal hypertensive enteropathy leading to malabsorption, increased
metabolic demands, encephalopathy and GI bleeding. Malnutrition is a particular risk to the
youngest patients (age less than 2 years), those with cholestasis, and those with significant
sequelae of hepatic dysfunction such as ascites and varices (Figure 1A). Malnutrition is associated
with poor post-operative outcomes after transplantation, including increased mortality [7] and
increased hospital length of stay [8]. Earlier papers focused on pre- & post-transplant survival, but
as progress is made in caring for these patients, current research now describes increased
morbidity associated with malnutrition and not just mortality [2]. It is important for early
identification of malnutrition in infants and children to provide timely intervention, thus
optimizing outcomes. Transplant teams are encouraged to optimize linear growth in children pre
transplant as evidence indicates this is predictive of post-transplant catch up within the first 2
years [9]. Each patient undergoes a multidisciplinary evaluation, including hepatologist, surgeon,
nurse coordinator, pharmacist, social worker, and dietitian; all are stakeholders in optimizing
transplant outcomes.
While understanding the disease progression for each diagnosis is important, ultimately
nutrition screening by the team transplant dietitian contains the following same principles [1].
Nutritional status is determined with nutrition focused physical assessments, including
anthropometrics such as mid-upper arm circumference (MUAC) and triceps skinfold (TSF), as well
as biochemical indices. The dietitian has the most comprehensive knowledge of dietary
interventions, dietary products available to facilitate the interventions, feeding methods and
ongoing monitoring of responses to nutritional intervention. The transplant dietitian leads the
nutrition plan of care to preserve or improve growth potential and minimize post-transplant
complications regardless of the cause for ESLD.
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3.1 Guidelines for Nutrition Support
Maintaining adequate nutrition orally may be challenging for infants and children with
organomegaly, ascites, fatigue and malabsorption with progressive liver disease. Enteral nutrition
infused continuously via nasogastric (NG) tube is beneficial if recurrent emesis is related to
hepatosplenomegaly resulting in decreased ability for the stomach to expand to hold a bolus. For
infants, breast milk is preferred if available for all the documented benefits [10]. Formula or
fortified breast milk is concentrated to meet calorie goals to a maximum of 30 kcal/oz. A formula
high in medium chain triglyceride (MCT) content is preferred (30-70% fat kcal as MCT) in infants
and children with cholestasis as short to medium chain fats are less dependent on bile acids for
absorption. Please see Table 2 for energy and protein recommendations. At Seattle Children's, our
standard is to start at 120kcal/kg. Some malnourished infants need >140-150 kcal/kg [2, 8]. Calorie
provision is increased as indicated by growth parameters and anthropometrics. If feeding via a
nasogastric tube, providing opportunities for oral stimulation to maintain skills and prevent oral
aversion is essential in preparation for post-transplant transition back to oral autonomy.
Table 2 Estimated enteral energy and protein needs in the setting of cholestatic liver
disease (general starting guidelines per our institution, with evidence indicating at
least 1.3-1.5 x RDA for energy needs) [1, 8].
Age

Energy-Nourished

Protein

120-140 kcal/kg

EnergyMalnourished
>140 kcal/kg

0-6 months
6-12 months

100-120 kcal/kg

120-140 kcal/kg

3-3.5 g/kg

1-2 years

80-100 kcal/kg

100-120 kcal/kg

2.5-3 g/kg

Older children/ teens

BMR x 1.2-1.5

BMR x 1.5-2

2-2.5 g/kg

3-4 g/kg

RDA = Recommended dietary allowance; Kcal/kg = kilocalories per kilogram; g/kg = grams per
kilogram; BMR = Basal metabolic rate

Parenteral nutrition (PN) is effective for improving nutrition status while on the transplant
waiting list, and even in resolving malnutrition in some patients prior transplant [2, 11, 12]. PN is
not favored as a treatment approach at all transplant centers for multiple reasons, such as the
cost versus enteral feeds, risk of complications from central line access, complexity of PN orders
resulting in opportunity for prescription errors, and PN component shortages requiring rationing
or suboptimal substitutions. However, PN has been utilized successfully by transplant centers
familiar with outpatient PN management, and this has been the experience at Seattle Children's
for infants and toddlers with severe malnutrition not thriving on optimized enteral feeds. Fewer
calories are required intravenously and fluids needed to meet goals are generally less than enteral
formulas [8]. Thus, parenteral nutrition can also be beneficial in the setting of fluid restriction for
ascites management. Refer to Table 3 below for energy, protein and fluid recommendations for
this cohort to meet 100% estimated nutrition needs. If a patient requires parenteral nutrition, NG
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feeds are discontinued while the NG tube may remain in place for medication administration, but
feeds are still offered by mouth to maintain oral skills as discussed above. PN is often maximally
concentrated, providing goal energy and protein without compromising fluid status. When at full
maintenance, TPN typically provides a glucose infusion rate of 12-14 mg/kg/min over 24 hours,
2.5-3 g/kg protein, and 1 g/kg standard soy based lipid emulsion. Some programs are beginning to
use SMOFlipid, containing soy, MCT, olive oil and fish oil, if additional lipid calories are desired, but
currently this preparation is not licensed for Pediatric use in the United States.
In older children and teens, we start with the lower range of estimated enteral energy needs
since metabolic demand for linear growth decreases with age. Patients with acute liver failure
with encephalopathy may be intubated and sedated, altering metabolic demands. Indirect
calorimetry studies may be useful if there is concern for under or over-feeding. Protein needs are
also individualized in the context of impaired renal function and/or encephalopathy. Caution is
advised in under dosing protein to prevent or treat hyperammonemia as this could contribute to
catabolism and an overall rise in ammonia from endogenous protein catabolism. We recommend
no less than 1.5-2 g/kg for infants and young children and 1 g/kg for older children and teens.
Table 3 Parenteral nutrition energy, protein and fluid goals for malnourished infants
with ESLD (General guidelines per our institution).
Age

Energy

Protein

Fluid

0-6 months

90-100 kcal/kg

3-4 g/kg

75-90 mL/kg

6-12 months

75-90 kcal/kg

3-3.5 g/kg

65-75 mL/kg

1-2 years

75 kcal/kg

2-3 g/kg

65-75 mL/kg

3.2 Micronutrients
In patients with cholestasis, fat-soluble vitamin and zinc deficiencies are common. Vitamin E
deficiency, which may lead to irreversible neuropathy, stunting, and neurodevelopmental
disabilities, necessitates aggressive supplementation with appropriate doses of a water-miscible
(Tocopherol polyethylene glycol succinate – TPGS) preparation. Standard vitamin E preparations
are so poorly absorbed in the absence of bile flow, that this may be a difficult issue to manage
given that many insurance providers refuse to pay for these special forms of vitamin E despite
their therapeutic necessity. Trace elements are individually dosed in parenteral nutrition solutions
to prevent copper and manganese toxicity. Heavy metals are usually excreted in the bile, and
without bile flow accumulate and may be deposited in the basal ganglia resulting in movement
disorders [2]. Routine supplementation of chromium is avoided at Seattle Children's given lack of
evidence for deficiency with supportive evidence for toxicity in pediatric patients on long term PN
[13]. Sodium is not limited in enteral nutrition for infants to ensure adequate nutrition for brain
development anticipating losses from potential causes such as emesis or diuretics. However,
restriction may be required for children and teens to decrease fluid retention. Potassium
restriction may be required pre-transplant if treating ascites with a potassium sparing diuretic,
such as spironolactone. However, if a potassium wasting diuretic (loop diuretic or thiazide) is also
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being given, serum potassium levels tend to normalize. General recommendations for
supplements are outlined in Table 4.
Table 4 Micronutrient recommendations for infants and children with ESLD (general
starting guidelines per our institution [1, 2, 13].
Fat soluble vitamins with minerals (MVW, Provide 0.5 mL/day, up to 1 mL BID
AquADEKs)
Limit due to risk of Vitamin A toxicity and
individually dose other vitamins as needed
Cholecalciferol
Cholecalciferol 5000-10,000 units/day (may
increase to 10,000 units BID).
Individual dosing of Vitamin D in parenteral
nutrition is not available in the US.
Vitamin E using a water miscible preparation 100 units/day, may increase to 100 units BID
(TPGS)
Vitamin K (Phytonadione, Menadione):
Enteral: 5 mg/day (may increase to 10
mg/day), IV dosing: <1 year 1 mg, >1 year 1
mg x age in years to max of 10 mg
Trace elements for parenteral nutrition
Individually dose trace elements:
Zinc and Selenium start at standard doses
Half dose copper and remove manganese
Omit chromium
Sodium
Enteral or oral feeds: Not limited for infants.
For older children and teens a sodium limit
of 2 g/day may be needed.
Parenteral nutrition: Limit to 2 mEq/kg
Potassium
Limit or supplement depending on type of
diuretic and serum potassium levels.
mL/kg = milliliters per kilogram; mg/day = milligrams per day; mEq/day = milliequivalents per day

4. Post-Transplant Nutrition Support
Nutritional management of infants and children following liver transplant remains critical, with
the ultimate goal of resolving or preventing malnutrition to promote wound healing, decrease
infection risk, and decrease hospital length of stay. The nutrition plan varies in intensity depending
on the phase: immediate post-operatively to time of initial discharge, then stable state for long
term follow up.
4.1 Immediate Post-Operative Period
Several factors influence the chosen modality for nutrition support. Chiefly, nutrition status at
time of transplant is paramount in estimating nutrition needs. Oral or enteral fed patients
nourished at time of transplant may go without nutrition support up to 5 days post operatively.
Older children and adolescents often resume adequate oral intake without nutrition support in
the peri-operative period as opposed to infants and toddlers who may have developed oral
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aversion. Patients on parenteral nutrition pre-transplant will resume parenteral nutrition posttransplant (typically post-op-day 1 when hemodynamically stable), regardless of nutrition status
until enteral feeding tolerance is established. Moderate to severely malnourished patients,
regardless of nutrition support pre-transplant, will receive parenteral nutrition until enteral
feeding tolerance is established. The type of biliary reconstruction is a predictor of timing for
initiation of oral or enteral feeds [14]. This is helpful in estimating need and duration for
parenteral nutrition (see Table 5)
Table 5 Anticipated days NPO for infants and children status post liver transplant by
anastomosis type (our institutional experience, adapted from Texas Children’s Hospital
Post Liver Transplant Nutrition Guidelines).
Duct to Duct

~2-3 days

Existing Roux-en-Y

~3-5 days

New Roux-en-Y

~5-7 days

Surgical and medical interventions guide nutrition interventions. Frequent need for NPO status
(e.g. return to operating room, radiology and ultrasound scans, extubation readiness trials)
resulting in <80% of goal nutrition is an indication to extend parenteral nutrition support. Wound
issues such as presence of wound vacuum, non-healing wounds or infection, require nutrition
assessment every 5-7 days to determine adequacy of nutrition support. It is important to provide
additional protein at 1.5-2 x RDA with liberal calorie provision using the upper range of estimated
energy needs [15]. Acute kidney injury may occur post liver transplant [16], requiring fluid
restriction and influencing ability to meet nutrition goals, especially with feeding intolerance of
concentrated formula. Patients requiring continuous renal replacement therapy while awaiting for
return of renal function tolerate higher volumes as the circuit can remove fluid to the desired
balance. Typically patients will require 0.2 g/kg extra protein. Additional B vitamins are
recommended when on renal replacement therapies when unable to take enteral supplements.
For parenteral nutrition, vitamins are dosed according to recommendations in Table 6.
Table 6 Parenteral nutrition vitamins for patients on continuous renal replacement
therapy post liver transplant [15].
Infants < 6 months Full dose MVI, additional ascorbic acid 50 mg/day and thiamine 5 mg/day
Infants >6 months
1-11 year old
>11 year old

Half dose MVI, additional ascorbic acid 50 mg/day, folic acid 0.5 mg/day
and thiamine 5 mg/day
Half dose MVI, additional ascorbic acid 50 mg/day, folic acid 0.5 mg/day
and thiamine 10 mg/day
Half dose MVI, additional ascorbic acid 50 mg/day, folic acid 1 mg/day and
thiamine 10 mg/day
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4.2 Parenteral Nutrition
Parenteral nutrition is initiated when patients are hemodynamically stable, typically post op
day 1 or 2. The initial goal is to prevent catabolism and provide a source of substrates for liver
recovery, including glucose, protein and phosphorus [14]. Start with typical day one parenteral
nutrition order, as the transplanted liver is new to the patient, and progress per standard
advancements to goal. See Table 7 for macronutrient goal guidelines.
Table 7 Parenteral nutrition guidelines post liver transplant (per our institutional
guidelines, adapted from ASPEN Table 29-3 p342) [14].
Energyuse
lower
range
for
intubated/sedated patients, consider
higher range for surgical complications,
infection, etc
Protein- upper range for dialysis or
surgical complications
Lipid

Infants: 75-90 kcal/kg
Older children BMR x 1.2-1.4

Vitamins/Minerals/Trace Elements

Standard TPN MVI for age unless on dialysis- see above
Continue with half dose copper and delete manganese
even if conjugated bilirubin normalizes, as total body
levels may remain elevated.
Add additional ascorbic acid and increase zinc if has
additional wound healing issues
Volume allotted for parenteral nutrition typically
provides ~60-80% maintenance initially as drips and
medication volumes are included in total fluids.

Fluid

Infants and toddlers 2.5-3.5 g/kg
Older children 1.5-2.5
Limit to 1 g/kg standard lipids or 2 g/kg for SMOFlipid

4.3 Enteral Nutrition
Patients transition to an age/developmentally appropriate diet when ready. Well nourished
children not receiving nutrition support pre-transplant often resume a regular diet for age within a
few days post-transplant, without need for tube feeding or parenteral nutrition. If tube feeding is
needed, a standard formula preparation for age is appropriate for initiation of feeds with
appropriate graft function. If graft function is delayed resulting in continued cholestasis, consider
resuming pre-transplant formula for the high MCT content. Formula may be concentrated up to 30
kcal/oz for infants if needed for fluid restriction. Infants commonly have hyperkalemia due to
Tacrolimus, therefor may require a low potassium formula until serum potassium stabilizes. Breast
milk is preferred if available as potassium content is low. Children often receive 30 kcal/oz ready
to feed formula. Teenagers tolerate higher calorie concentrations as needed, such as 45 kcal/oz.
See Table 8 below for additional enteral recommendations. Bedside swallow evaluations are
completed for infants and children at Seattle Children's that appear unsafe for oral feeds or have
developed oral aversion. The goal is for all patients to transition off nutrition support post liver
transplant.
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Table 8 Enteral nutrition recommendations post liver transplant (guidelines per our
institution).
Energy- use lower range for well- Infants: 100-110 kcal/kg, 110-120 kcal/kg if
nourished at time of transplant, upper malnourished.
range to resolve malnutrition
Older children BMR x 1.5-1.8
Protein
Same for enteral or parenteral
Cholecalciferol

Give standard dose for age post-transplant

Multivitamin

Not indicated if well nourished and receiving
goal feeds.
Loss of zinc, copper, and sodium bicarbonate
via
biliary
fluids
may
require
supplementation. Consider adding a
multivitamin containing zinc and copper, and
supplementing sodium bicarbonate.

Special consideration: Biliary drain

4.4 Long-Term Nutrition Management
Infants and children are exposed to several potential complications post-liver transplant. The
following is a list of nutritionally relevant issues and strategies to address them.
 Food Safety: Families are educated on preventing food borne illness, including proper
formula mixing and/or breast milk storage, food preparation and storage, and foods to
avoid due to high risk for infection [14]. Patients are advised to avoid grapefruit and
grapefruit containing beverages due to drug nutrient interaction with immunosuppressant
impairing drug metabolism and leads to high drug levels.
 Hyperglycemia/Post-Transplant diabetes: Most common in older adolescents and patients
with Cystic Fibrosis. If blood sugars are consistently elevated, instruct on a ‘no concentrated
sweets’ (i.e. no added sugar, avoidance of candy, desserts, syrups, regular soda, etc) diet.
Advance to carbohydrate controlled meal plans and insulin therapy if necessary.
 Hyperkalemia: commonly seen with use of calcineurin inhibitors such as Tacrolimus.
Restrict potassium in the diet if serum levels consistently exceed 5-5.5 mEq/L. A potassium
lowering medication may be needed, especially if dietary restriction is preventing adequate
nutrition intake for weight gain and growth.
 Hypomagnesemia: again related to the immunosuppressive medications. Magnesium
supplementation is typically required to maintain serum levels, however oral magnesium is
poorly absorbed and may cause loose stools. Allowing less than optimal magnesium levels
may be appropriate if patients are experiencing uncomfortable side effects of magnesium
supplementation.
 Hyperlipidemia: Steroids and immunosuppressants, particularly mTOR inhibitors (Sirolimus,
Everolimus) may increase cholesterol low density lipoprotein (LDL) and high density
lipoprotein (HDL). Little is known of the relevance of hyperlipidemia in adolescents and
young adults who are long-term survivors of solid organ transplants [17]. Atherosclerosis is
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a concern in adult transplant recipients, therefore long-term consequences in pediatrics
warrant concern. Test Total cholesterol, Triglycerides, HDL and LDL levels annually.
Rejection: During periods of acute rejection, high doses of corticosteroids are frequently
used. A low sodium and/or carbohydrate-counted diet may be indicated. High dose steroids
increase protein catabolism, therefore ensure adequate protein intake during treatment of
rejection.
Bone disorders: Bone mass may be reduced pre-transplant due to vitamin D deficiency and
immobility or inactivity. High dose steroids in the post-transplant period may decrease bone
formation, reduce bone strength, and predispose to pathologic fractures. Ensure adequate
calcium, vitamin D and phosphorus. Supplementation may be indicated to achieve these
goals and to maintain serum levels [14].
Food Allergies: immunosuppressive medications are associated with de novo food allergies,
which is estimated to occur in 10-17% of young children [18]. Clinical signs/symptoms
include rash and diarrhea. Radioallergosorbent (RAST) testing and eosinophilic infiltration
on GI biopsy are both quite sensitive to determining presence of allergies, but neither are
specific to type. The Registered Dietitian educates family on appropriate diet modifications
once an allergen has been identified.
Overweight/Obesity: Dyslipidemia and impaired glucose tolerance are risks associated with
overweight and obesity in pediatric patients. Catch up weight gain and accelerated weight
velocity is expected post-liver transplant, however linear growth lags behind in trajectory,
thus these patients are prone to overweight/obesity [19]. Complicating matters is the use of
corticosteroids to treat rejection, leading to insulin resistance and metabolic syndrome like
symptoms. Weight trajectory may normalize about 1 year post transplant, but not for all
patients. Timely nutrition intervention should be provided by the dietitian and reiterated by
team members, including education on healthy food choices, limiting sugary beverages, and
ensuring structured meal and snack times.
Transplant for metabolic conditions: Protein metabolism may not normalize immediately
post-transplant. Monitoring of amino acid levels may be relevant and require carnitine and
arginine supplementation to help normalize the amino acid profile as the graft becomes
fully functional.

4.5 Monitoring Over Time
Immediately post discharge, patients are seen twice weekly in Transplant clinic. Depending on
complexity of care, the RD will see post-discharge patients at least once, if not twice weekly at the
Transplant clinic appointments at this stage. Parenteral nutrition is discontinued before discharge
with the exception of those receiving an isolated liver transplant for parenteral nutrition associate
liver disease secondary to short gut syndrome. Weekly to monthly appointments continue as
needed for patients receiving enteral nutrition support or on specialty formula (i.e. low potassium).
Once on normal diet and growing appropriately, the dietitian will remain available to see the
patient as needed, or upon request from the family or transplant team, for growth and feeding
concerns as they arise (Figure 1B).
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Figure 1 Pre and Post liver transplant pictures of a patient with diagnosis of Alpha-1
Antitrypsin Deficiency. A. Age 6 months prior to liver transplant. Note that a central
line in place for parenteral nutrition initiated due to severe malnutrition. B. Aged 2
years a developmentally appropriate, well-nourished toddler. (Images supplied by
parents and with full permission to publish).
5. Conclusions
The pathophysiologic causes of chronic liver disease and acute liver failure are varied, and each
present different and unique nutritional challenges in both the pre and post-transplant period.
While malnutrition is common in the child with liver failure, it is also treatable when approached
with a multidisciplinary focus on identification of clinical symptoms. With aggressive efforts to
correct nutritional deficiencies pre-transplant, patients are afforded a more favorable healing
period, followed by improved post-transplant nutrition allowing for continued linear growth and
improved quality of life.
Author Contributions
Melissa Mortensen – paper conception, writing and editing text; Christine Lundberg – paper
conception and editing text; Simon Horslen - paper conception, writing and editing text.
Competing Interests
The authors have declared that no competing interests exist.
References
1.

Young S, Kwarta E, Azzam R, Sentongo T. Nutrition assessment and support in children with
end-stage liver disease. Nutr Clin Pract. 2013; 28: 317-329.
Page 269/305

OBM Transplantation 2019; 3(3), doi:10.21926/obm.transplant.1903073

2.
3.
4.

5.
6.
7.
8.
9.

10.
11.
12.

13.
14.

15.

16.
17.

18.
19.

Yang CH, Perumpail BJ, Yoo ER, Ahmed A, Kerner JA, Jr. Nutritional needs and support for
children with chronic liver disease. Nutrients. 2017; 9: nu9101127.
Squires JE, McKiernan P, Squires RH. Acute liver failure: An update. Clin Liver Dis. 2018; 22:
773-805.
DeRusso PA, Ye W, Shepherd R, Haber BA, Shneider BL, Whitington PF, et al. Growth failure
and outcomes in infants with biliary atresia: A report from the Biliary Atresia Research
Consortium. Hepatology. 2007; 46: 1632-1638.
Venick RS, Farmer DG, Soto JR, Vargas J, Yersiz H, Kaldas FM, et al. One thousand pediatric
liver transplants during thirty years: Lessons learned. J Am Coll Surg. 2018; 226: 355-366.
Hansen K, Horslen S. Metabolic liver disease in children. Liver Transpl. 2008; 14: 713-733.
Shepherd RW. Pre- and postoperative nutritional care in liver transplantation in children. J
Gastroenterol Hepatol. 1996; 11: S7-S10.
Campos AC, Matias JE, Coelho JC. Nutritional aspects of liver transplantation. Curr Opin Clin
Nutr Metab Care. 2002; 5: 297-307.
Loeb N, Owens JS, Strom M, Farassati F, Van Roestel K, Chambers K, et al. Long-term followup after pediatric liver transplantation: Predictors of growth. J Pediatr Gastroenterol Nutr.
2018; 66: 670-675.
Eidelman AI, Schanler RJ. Breastfeeding and the use of human milk. Pediatrics. 2012; 129:
e827-e841.
Sullivan JS, Sundaram SS, Pan Z, Sokol RJ. Parenteral nutrition supplementation in biliary
atresia patients listed for liver transplantation. Liver Transpl. 2012; 18: 120-128.
Wendel D, Mortensen M, Harmeson A, Shaffer ML, Hsu E, Horslen S. Resolving malnutrition
with parenteral nutrition before liver transplant in biliary atresia. J Pediatr Gastroenterol Nutr.
2018; 66: 212-217.
Zemrani B, McCallum Z, Bines JE. Trace element provision in parenteral nutrition in children:
One size does not fit all. Nutrients. 2018; 10: nu10111819.
Nucci AS, S. Katyal, N. Lytle, B. Organ transplantation. In: Corkins MR, Balint, J., Bobo E.,
Plogsted, S., Yaworski, J.A., editor. The ASPEN pediatric nutrition support core. Silver spring,
MD.: American society of parenteral and enteral nutrition. 2010: 337-348.
Thompson KL, Leu MG, Drummond KL, Popalisky J, Spencer SM, Lenssen PM. Nutrition
interventions to optimize pediatric wound healing: An evidence-based clinical pathway. Nutr
Clin Pract. 2014; 29: 473-482.
Deep A, Saxena R, Jose B. Acute kidney injury in children with chronic liver disease. Pediatr
Nephrol. 2019; 34: 45-59.
Perito ER, Phelps A, Vase T, Feldstein VA, Lustig RH, Rosenthal P. Subclinical atherosclerosis in
pediatric liver transplant recipients: Carotid and aorta intima-media thickness and their
predictors. J Pediatr. 2018; 193: 119-127.
Hsu E, Horslen S. The emergence of eosinophilic disorders in pediatric transplant recipients.
Pediatr Transplant. 2013; 17: 713-715.
Swenson SM, Perito ER. Weight gain trajectory predicts long-term overweight and obesity
after pediatric liver transplant. J Pediatr Gastroenterol Nutr. 2019; 68: 89-95.

Page 270/305

OBM Transplantation 2019; 3(3), doi:10.21926/obm.transplant.1903073

Enjoy OBM Transplantation by:
1.
2.
3.
4.

OBM Transplantation

Submitting a manuscript
Joining in volunteer reviewer bank
Joining Editorial Board
Guest editing a special issue

For more details, please visit:
http://www.lidsen.com/journals/transplantation

Page 271/305

OBM Transplantation 2019; 3(3), doi:10.21926/obm.transplant.1903071

Open Access

OBM Transplantation

Review

Single Cell Transcriptomic Analysis of Pancreatic β Cell Development and
Differentiation from Pluripotent Stem Cells
Chunhui Xie, Lillian Ye, Yeh-Chuin Poh, George Harb *
Semma Therapeutics, Inc. 100 Technology Square, Floor 3 Cambridge, MA 02139 USA; E-Mails:
c.xie@semma-tx.com; l.ye@semma-tx.com; poh.yehchuin@gmail.com; g.harb@semma-tx.com
* Correspondence: George Harb; E-Mail: g.harb@semma-tx.com
Academic Editor: Tatsuya Kin
Special Issue: Human Islets for Diabetes Research and Transplantation
OBM Transplantation
2019, volume 3, issue 3
doi:10.21926/obm.transplant.1903072

Received: May 06, 2019
Accepted: July 08, 2019
Published: July 17, 2019

Abstract
Single cell genomics is a powerful tool to study cellular heterogeneity and discover novel cell
types. Recent studies used single cell RNA sequencing (scRNA-seq) to analyze the
transcriptomes of individual pancreatic islet cells. Islets are a complex mixture of endocrine
cells and therefore represent an ideal tissue type for single cell transcriptomic analysis. Adult
human islets consist of five known endocrine cell types (α, β, δ, γ, ε) and multiple less welldefined non-endocrine cells. In this review, we discuss the scRNA-seq studies performed on
human fetal, adult, diseased and pluripotent stem cell-derived islets in recent years. Since
2015, ~30,000 adult human islet cells have been analyzed using several scRNA-seq
technologies. Studies provide a complete catalogue of all islet cell types and subtypes found
throughout human development from fetus to adulthood. Islets from patients with Type 2
diabetes have also been analyzed with scRNA-seq unraveling multiple mechanisms of islet
dysfunction. Advances in stem cell differentiation protocols and cell therapy manufacturing
are bringing stem cell-derived islets (SC-Islets) closer to clinical trials. In 2018, more than
60,000 SC-Islet cells were analyzed using scRNA-seq technologies. Lessons learned include
SC-Islet cell populations, lineage trajectories and comparative analyses to adult human islet
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cell transcriptomes. Studies have also identified and characterized the non-islet, off-target
cell populations revealing potential strategies for their elimination.
Keywords
Islets, β cell; single cell RNA sequencing (scRNA-seq); transcriptome; differentiation;
pluripotent stem cells; hPSCs

1. Introduction
The global number of patients with diabetes has risen to over 400 million [1]. Alternatives to
insulin therapy and anti-hyperglycemic medications are urgently needed. Cadaveric donor derived
islet cell therapies have demonstrated impressive proof-of-concept outcomes in clinical trials with
brittle Type 1 diabetes patients that are C-peptide negative and immunosuppressed. However,
with a lack of sufficient allogeneic islets available, the number of islet transplants available for
patients remains limited. The successful development and delivery of novel β cell replacement
therapies produced from human pluripotent stem cells (hPSCs) could provide an unlimited
therapeutic supply of β cells for diabetic patients. Clinical trials are now underway to evaluate first
generation β cell progenitor therapies [2]. Early implementation of scRNA-seq analysis in the
development of hPSC-derived β cells could aid in improving the composition of manufactured β
cell therapies by identifying surface marker-enabling selection of cell populations.
Recently developed single cell genomic tools that are high throughput at large cell numbers,
with unsupervised cell clustering have been used to study pancreatic islet β cell transcriptomes at
single cell resolution. Commercially available, bench top single cell technologies can process tens
to hundreds of thousands of individual cells simultaneously to define their transcriptional profiles.
The Human Cell Atlas Project has initiated an effort to apply single cell genomics technologies to
every tissue in the human body to create a comprehensive reference map of all 2x10 13 nucleated
human cells [3]. The cell atlas will collect multiple data sets including DNA, RNA, epigenome and
protein. High dimensional single cell genomics is a powerful tool that enables comprehensive
characterization of all cell types and subtypes within human tissues. Single-cell RNA sequencing
(scRNA-seq) is now routinely used to measure the genome-wide expression profile of individual
cells. scRNA-seq differs from bulk, whole transcriptome RNA-seq, which is a gene expression
average of all cells. From each cell, mRNA is isolated, and reverse transcribed to cDNA for highthroughput sequencing [4]. Separation and unique bar coding of individual cells can be
accomplished using flow cytometry or microfluidics-based platforms such as Fluidigm C1 [5] and
droplet-based technologies such as inDrops or 10X Genomics [6, 7]. scRNA-seq can reveal the
expression profile of each individual cell in response to various phenomena such as differentiation,
disease progression and cell fate reprogramming.
Single cell RNA sequencing technologies first emerged in 2009 [8, 9] and was later used to study
the adult human pancreatic islet transcriptome in 2015 (reviewed by [10]). This review will discuss
the application of scRNA-seq technologies in studying islet cell subtypes in healthy and diabetic
donors, development and islet derivation from pluripotent stem cells. Single cell expression
profiling of islet transcriptomes relies on a method of single cell isolation: Either fluorescence
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activated cell sorting or commercially available emulsion droplet-based platforms (Fluidigm C1,
inDrops, 10X Genomics), cDNA library synthesis (CEL-Seq2 or SMART-Seq2) and sequencing (Figure
1) [9]. Single-cell RNA sequencing generates high-dimensional, high-throughput single-cell data
which requires complex computational, modeling and visualization techniques. Data set analysis
workflow typically includes genome alignment, quality control, variant calling, dimensionality
reduction and pseudotime analysis. Dimensionality reduction techniques such as principal
component analysis and t-distributed stochastic neighbor embedding (tSNE), are used to resolve
cell type populations in islets. Other computational tools such as spatial transcriptomics [11] and
Seurat [7] have been developed to link subpopulations and spatial positioning. Pseudotime
analysis has been used to infer trajectories of cellular events, such as proliferation, differentiation,
stress, disease, and reprogrammed cell fate [12].

Number of studies

7
6
5
4
3
2
1
0
Cell-seq2

InDrops

Smart-Seq2

10X Genomics

Fluidigm C1

Figure 1 Single cell RNA sequencing platforms for studying islet cell transcriptomes
(2015 to 2018).
Despite the continual evolution of computational methods and the generation of ever larger
and complex data sets, challenges remain. Analysis of scRNA-seq data is complicated by excess
zero counts and high drop-off due to low abundance mRNAs sequenced within individual cells.
High dropout rates mean only up to 3-5% of the transcripts inside of cells are analyzed. The use of
standardized controls such as External RNA Control Consortium (ERCC) spike-in are not always
reported. Normalization is critical and challenging [13]. There are no established standards for
data pre-processing and noise removal, which can influence data interpretation. Methods to cope
with the inherent noise and the high dimensionality of single-cell data are still being evaluated and
proper application of these strategies is crucial to not only discern genuine gene expression from
technical artifacts but also to compare data across different laboratories and instruments.
Page 274/305

OBM Transplantation 2019; 3(3), doi:10.21926/obm.transplant.1903072

2. Adult Islets
Bulk transcriptomic studies have provided important insights into the gene expression profiles
of adult human islets [14, 15], but these analyses lack the resolution of single cell analysis. Human
islets are naturally heterogenous in cellular composition depending on the anatomic location of
the islets in the pancreas. The heterogeneity may also vary according to genetic variation, diet,
and other factors. Therefore, single cell genomic profiling is best suited to unravel islet cell
heterogeneity in detail. The variation that exists may help inform the upper and lower limits of
what is defined as normal healthy islet cell gene expression signatures and serve as a benchmark
to which diseased or in vitro generated islets can be compared. To define all the cell types within
human pancreatic islets, twelve studies have so far profiled islets donated from 71 individual adult
donors (Table 1) [16]. The donors ranged in age, ethnicity and health status (diabetic or nondiabetic). There were differences in islet cell sample preparation including the enzymatic isolation
process, culture media and incubation time (0-12 days). Despite these differences in processing
across the studies, there were no significant changes in gene expression profiles between islet cell
from across donors [17]. Sample preparation variability applies to all islet samples regardless of
donor source or in vitro production. Enzymatically dissociated single islet cells are then captured
for subsequent reverse transcription and cDNA synthesis [18, 19]. Using several commercially
available scRNA-seq platforms (Figure 1), academic and industry groups profiled the
transcriptomes of human islets from 52 non-diabetic (ND) donors between the ages of 17 and 68
(Figure 2) and identified multiple cell types. Islets from Type 2 diabetic adult donors (n=15) were
also studied (age range: 37 - 57 years) [17, 19-21]. Altogether, 33,271 human islet cells were
sequenced at depths of up to 13 million reads (Figure 3). Donors were from multiple ethnicities
including African American, Caucasian, Hispanic and Asian. In each study, islet batches from
between 1 and 18 adult islet donors were analyzed (Figure 4). Islet cell heterogeneity, enzyme and
surface marker expression, transcription factors and signaling receptors are described. All studies
analyzed islet cells without prior cryopreservation, although successful transcriptomic analyses
have been performed on previously cryopreserved cell lines and primary cells such as tumor cells,
PBMCs and human islet cells [22, 23].
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Table 1 Adult human islet single cell RNA-seq studies.
Single cell technology
(FACS, microfluidic)

Reference

1 Non-diabetic islets

FACS

*16+

2 Non-diabetic islets

InDrops

*24+

Fluidigm C1

*17+

4 Non-diabetic islets

FACS

*18+

5 Non-diabetic and T2 diabetic islets

FACS

*20+

6 T2 diabetic islets

Fluidigm C1

*21+

7 T2 diabetic islets

Fluidigm C1

*19+

8 Non-diabetic East-Asian islets

Fluidigm C1

*25+

9 ε cells (transcriptome)

10X Genomics

*26+

10 α cells (subtypes and transcriptome)

10X Genomics

*27+

11 β cells (subtypes and transcriptome)

10X Genomics

*28+

Fluidigm C1

*29+

Study

3 Child, adult non-diabetic, T1D, T2D islets

12 Non-diabetic islets

Human islet donor age distribution (n=71)

Human islet donor age

80
70
60
50
40
30
20
10
0
10-19 20-29 30-39 40-49 50-59 60-69

Age (decades)
Figure 2 Human islet donor ages analyzed by scRNA-seq. The majority of adult human
islets sequenced were from donors aged 50-59 (n=23).
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7
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5
Number of cells
(x 104)

4
3
2
1
0

# of studies: n=12

n=2

Number of human donors

Figure 3 Number of cadaveric versus stem cell-derived islet cells analyzed by scRNA-seq
(2015 to 2018).
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12
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T2D
T1D
ND

Figure 4 Breakdown of healthy non-diabetic (ND) versus diabetic (T1D, T2D) islets
analyzed by scRNA-seq from a total of 73 adult human donors.
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Adult human islets isolated using enzymatic digestion of the pancreas were found to contain
multiple cell types classified as either endocrine or non-endocrine. Endocrine cells comprise α (1167%), β (10-19%), δ (1-10%), γ (1-10%) and ε (0.4-1.4%) cells [20, 26]; the non-endocrine cells are
acinar (PRSS1), ductal (SPP1, KRT19), stellate cells (TIMP1, FN1), endothelial cells (PLVAP), immune
cells [macrophages (CD74, CD86), mast cells (TPSAB1, CD31), and antigen presenting cells (HLADPA1, HLADPB1, and HLA-DRA)] and unclassified cells. In other words, 9 non-endocrine cell types
are infused into patients in each intraportal allogeneic islet infusion. The impact of these cell types
on islet engraftment, glycemic control and long-term graft survival are currently unknown. In
addition to the variations in islet cell composition, subpopulations of islet cell types such as α and
β cells exist and are still under active investigation [16, 17, 20, 24, 27-30]. Some groups have
described β cell subtypes that exist in healthy adult humans [18, 20, 24], whereas others did not
find evidence for β cell subpopulations [19]; α and δ cell heterogeneity have also been reported
[17, 20].
Glucose responsive β cell function is controlled by genes associated with glucose uptake,
metabolism and insulin secretion. A key regulator of glucose metabolism is the glycolytic enzyme
6-Phosphofructo-2-Kinase/Fructose-2,6-Biphosphatase 2 (PFKFB2) [31]. This enzyme has been
identified in several scRNA-seq studies as uniquely expressed in β cells [18, 24, 25]. The inhibition
of PFKFB3 has recently been described as an experimental diabetes treatment mediated through
the inhibition of glycolysis and reduction in ER stress-induced β cell death [32]. Novel cell surface
markers have also been discovered for labeling of islet cell types. Antibody mediated enrichment
strategies have been used to purify islet cell populations such as based on surface marker
expression such as CD39L3 for β cells [33], CD24 for acinar cells, CD44 for duct cells and TM4SF4
for α cells [18]. Pharmacologically druggable GPCRs, ion channels, expressed by islet cells include
FFAR4/GPR120, GPR119, LEPR, GHSR, SLC6A4, CASR and GLP1R [18, 20, 24].
β Cell Heterogeneity. It has been known for three decades that functionally diverse β cell
subtypes with different glucose responsive thresholds for insulin release exist [34]. Single cell RNA
sequencing analysis can leverage gene expression variation within islet cell populations to reveal
underlying transitory states and heterogeneity. Evidence for β cell heterogeneity exists from both
functional and gene expression analyses [35]. For example, the surface markers ST8SIA1 and CD9
were recently identified to label four β cell subtypes in human islets [30]. Segerstolpe et al. found
five β cell subtypes based on varying RBP4, FFAR4/GPR120, ID1, ID2, and ID3 expression [20].
Across the five subtypes, insulin gene expression did not differ. However, Xin et al. reported that β
cell subtypes do segregate based on insulin gene expression as well as stress response [28].
Activation of the unfolded protein response (UPR) in β cells with low insulin expression is thought
to be a stress coping mechanism [28]. Four scRNA-seq studies have identified human β cell
subtypes with an active UPR signature and low insulin expression [18, 20, 24, 28]. Genes enriched
in this subtype express elevated DDIT3, FTL, FTH1, FTH1P3, HSPA5, SRXN1 and SQSTM1. Increased
expression of these UPR genes suggests activation of a stress response which is also associated
with lower β cell transcription factor expression (e.g. MAFA and SIX3) [28]. Antioxidant defense
programs driven by superoxide dismutase (SOD1 and SOD2), NRF2 and genes involved in
glutathione and thioredoxin metabolism, quinone detoxification and iron storage are also active as
is the high metabolic demand in these cells (e.g. glycolysis, TCA cycle, pentose phosphate
pathway). β cell subtypes with active UPR are more likely to be associated with elevated cell cycle
gene expression (e.g. ZNF143, CDKN1B, HES4) [28]. From a root state, pseudotime trajectory
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analysis revealed that β cells branch into either average INS or high INS β cell subtypes. The
fluctuations in the INS gene expression level and activation of UPR stress response pathways may
reflect the inherent responses of individual β cells to increased metabolic demand placed on the
cells.
α Cell Heterogeneity. In both non-diabetic and Type 1 diabetic human donors, a highly
proliferative α cell subtype has been identified [27, 36]. Although the majority of α cells display a
fully differentiated, non-proliferative phenotype (α1 and α2), a rare subpopulation (α3) present at
only 1-2% is marked by high levels of cell cycle genes such as Ki67, TOP2A, CDK1, and a variety of
cyclin genes (E2, A2, B1-B2) [27]. These cells also display increased FOXM1 expression, a
transcription factor shown previously to increase human islet cell proliferation [37]. The
mechanism of cell cycle control in the α3 subgroup is regulated by the PRC2 complex which
consists of EZH2, and other epigenetic components already implicated in β cell proliferation [38].
The proliferating α cells also express lower levels of the cell cycle inhibitors p21 (CDKN1A) and p57
(CDKN1C). Pseudotime analysis confirmed the proliferation trajectory of non-proliferative α1 and
α2 cells into proliferating α3 cells [27]. The importance of this proliferating α cell subtype in health
and diabetes remains unknown.
3. Diseased Islets: Type 2 Diabetes
In patients with Type 2 diabetes (T2D), hyperglycemia results from impaired islet cell function
and insulin insufficiency [39, 40]. Studies analyzing T2D islets revealed abnormalities in islet cell
proportions and gene expression patterns compared to non-diabetic islets [17, 19-21]. However,
as much as 30% of the genes affected by T2D have no known function [21]. In T2D patients, the
proportion of islet cells may be significantly altered [20] or not [19]. The proportion of insulinproducing β cells can be reduced by as much as 50% in Asian T2D patients with a mean disease
duration of only 5 years [40]. Between 2016 and 2017, four studies used scRNA-seq to analyze
islets from 15 T2D islet donors [17, 19-21]. The studies examined the expression patterns of insulin
and stress response pathways in β cells and how they may influence disease susceptibility. Other
groups have reported altered gene expression patterns in all islet cells and identified dysfunctional
gene expression profiles in α, δ, γ cells. Transcriptomic analyses have identified altered gene
expression patterns in multiple islet genes including INS, DLK1, FXYD2, SLC30A8, MTNR1B, TCF7L2,
and KCJN11 (Table 2).
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Table 2 Genes differentially expressed between single T2D and non-diabetic β cells.
Study

Upregulated genes in single T2D beta cells

*17+

ST6GAL1, USH2A, PLEKHO2, STS, NLE1, LOC441666, CFB, PRKD1, LAD1, DNAJB7,
SLC4A4, AHNAK, NHSL2, IGSF5, HSP90AB4P, HLA-G, GPSM3, CCDC64, ZNF493, EPPK1,
RARRES2, HLA-J, LOC439949, TRPC4AP, LOC678655, BARD1, CDKN2B, HLA-L, ELFN2,
ID2B, JUNB, C9orf16, SNORD116-29, UBD, LPCAT1, TSPAN8, ZNF208, PIAS4, PRKCSH,
DUOX2, CSNK1A1L, PDXDC1, NACAP1, PYCARD, MZT2B, AES, MTRNR2L8, RPL30,
HSP90AB3P, B2M, HSP90AA1, ATP5EP2

*20+

GPD2, XPO7, ANXA2P2, NOL8, CCDC90B, LEPROTL1, FUCA1, NFE2L2, DZIP3, CMTM6,
MEIS1, TMEM167A, COPS8, SSBP2, CNTN1, DNAJC10, PNRC2, AZIN1,MMADHC,
SPAG16, VWA5A, TTC37, HSP90B1, ARL1, MEG3, SEPT2, HIF1A, RPL15, PREP, EIF4G2,
ITFG1, CD46, LAMTOR3, UBE2N, COPB1, GPBP1, UNC50, TUBA1A, SCOC, TSPAN13,
EIF4E, CAPZA2, TTC3, VDAC1, RAB10, YWHAZ, BTF3L4, DDX5, REEP5, NDFIP1, MAP1B,
TMOD1, EPCAM, TMEM59, ARPC3, TUBA1B, YWHAQ, PRKAR1A, LINC00657, APLP2,
ERO1LB, STXBP1, CAP1, ATP5B, HNRNPC, LOC644936, SKP1, DYNLL1, TMBIM6

*28+

LOC100873065, PAXBP1-AS1, APOL4, RPS3AP18, FXYD3, GLS2, FZD6, RN7SK, LAMC1,
TAB3, LINC00478, LINC00486, RPL34-AS1, LOC101927317, TAPT1-AS1,
LOC100128045, ANKRD36C, CD47, SUN1, RIN2, RPL7, SGSM2, FRG1B, SLC7A8, TTR,
SNHG5, TUBA1C, FTL, MTRNR2L1, RNF216, FXYD2, PSPHP1, MIR4458HG, PPP1R1A,
LOC100616530, SEC24C, DCAF16, DNPH1, NUP93, GLRA1, PVRL1, ATP5SL, MCOLN3,
COTL1, IGFBPL1, ZNF397, LAMB1, LOC100128906

*29+

SPP1, PSAT1, ST6GAL1, CCDC67, PRKAR2B, PCCB, CDH6, SMC4, EXOC2, KIF27, GSTT1,
PAK1, SCN9A

Gene list: T2D.vs.NonT2D.Beta logFC > 3 [29].

Variations in INS gene expression across individual β cells are known to be more heterogenous
than previously thought [19]. β cell expression of insulin can be modulated by the severity of the
stress response present [28]. In β cells with low stress, INS gene expression levels are similar to
non-diabetic control levels. But in β cells with high levels of ER- and oxidative stress, the median
value of INS gene expression per β cell is lower overall. The major stress response pathways
implicated in mediating β cell stress include death receptor TNFR1, mitochondrial BAX, the
cysteine proteases CAPN1- and CAPN2 and p53. There was also no evidence of de-differentiation
occurring in islets from T2D donors, as seen from the lack of change in expression levels of FOXO1,
NANOG, POU5F1, NEUROG3 and MYCL [19, 39].
Single cell genomics has been used to identify diabetes susceptibility genes in a specific Asian
population [25]. The scRNA-seq study examined a small set of East-Asian islet donors and could
identify susceptibility to islet cell death based on the gene expression profile of the β cells [25].
Significant upregulation of the protein ubiquitination pathway genes (OLMALINC, RNR2, SCD,
MAP1B, DNAJC3, SEC11C and UCHL1), was found in β cells of East-Asians despite normal HbA1c
(5.9%, 5.8%, and 5.1%). In non-Asian T2D patients however, the protein ubiquitination pathway

Page 280/305

OBM Transplantation 2019; 3(3), doi:10.21926/obm.transplant.1903072

was not elevated in β cells, despite an average HbA1c of 7.0±0.4% (n=6) [21]. This suggests EastAsian β cells may be inherently vulnerable to protein misfolding and ER stress [41, 42]. Increased
susceptibility to cell death may be why East-Asians develop T2D at a younger age and at lower BMI
levels compared to Europeans.
4. Fetal and Juvenile Islets
The human pancreas first emerges when the foregut evaginates into dorsal and ventral buds at
4 weeks of development (WD). Pancreatic buds contain multipotent progenitors expressing PDX1,
NKX6.1 and SOX9 which proliferate and differentiate into all pancreatic lineages (acinar, ductal
and endocrine) [43]. Endocrine cell differentiation starts at 8 WD beginning with the expression of
neurogenin 3 (NEUROG3) and the coincident expression of insulin and glucagon. At 10 WD, insulinpositive cells begin to form clusters. Islet-like clusters become penetrated by vasculature and
other endocrine cell types including glucagon-, somatostatin-, and pancreatic polypeptide-positive
cells by week 12. The understanding of human pancreas development has relied primarily on
immunohistochemistry and bulk gene expression analyses. Ramond et al. recently studied
endocrine cell induction during fetal development using 9-week-old human pancreases from three
individual donors [44]. Distinct progenitors with subpopulations of intermediates were identified
in the human fetal pancreas and designated Populations A, B, C and D [44, 45]. The 9 WD
timepoint was chosen for a comparative analysis of human endocrine induction and in vitro
pluripotent stem cell-derived endocrine induction. Comparing the transcriptomes of in vitro
derived progenitors with their human fetal pancreatic counterparts helps to pinpoint where in
vitro progenitors deviate and how differentiation can be improved. Access to human fetal samples
are necessary for this type of transcriptomic profiling analysis given the differences that exist
between rodent and human endocrine specification and overall pancreas development.
Four populations of epithelial progenitor cells (EPCAM+) in 9 WD pancreases were designated:
multipotent pancreatic progenitors (A), early endocrine pancreatic progenitors (B), NEUROG3positive endocrine progenitors (C) and early endocrine cells (D) based on the expression pattern of
three surface markers (ECAD, CD142 and SUSD2). Population surface marker expression patterns:
A: ECAD+CD142+, B: ECAD+CD142−, C: ECADlowCD142−SUSD2+, D: ECADlowCD142−SUSD2−.
Expression of SUSD2 in population C correlated with peak NEUROG3 expression and is the
population in which INS is first detected followed by a 13-fold increase in expression in Population
D by 10 WD. Populations A and B cluster together as pancreatic progenitors (PDX1, SOX9,
ONECUT1), whereas Population C contains endocrine progenitors (NEUROG3, FEV) and Population
D contains more mature endocrine cells (Table 3). The pancreatic progenitors in Population B are
predominantly duct-like progenitors (CD133+, CFTR+) but also contain a smaller population of
endocrine restricted NEUROG3+ progenitors. Most of the endocrine progenitors in Population C
express NEUROG3 and Population D cells become committed endocrine cells expressing genes
involved in hormone regulation and secretion such as ISL1, CHGA, MAFB, PAX6, PCSK1, GCG, SST,
GHRL and INS [45]. PAX4 was present only in population C and was absent from D. The β cell
specific genes such as MAFA, PCSK1, IAPP, G6PC2, FFAR1, SLC30A8 are more enriched in
population D than in C. Pseudotime construction of the developmental trajectories within the nonductal portion of Population B (CD133-negative) revealed three branch points for determining cell
fate choice. The first branch point represents polyhormonal endocrine cells (INS, GCG, PPY), the
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second branch diverges into endocrine progenitors (NEUROG3, ARX) and the third branch diverges
into two endocrine populations (β and δ cells). The INS+ cells in Population D express mature β cell
markers including DLK1, MAFA and HADH.
Table 3 Genes differentially expressed between Populations A to D *44+.
A
SPINK1
AMBP
SERPINA1
TM4SF1
CLU
RBPJ
IGF2
ELF5
HNMT
CLDN6
PHGDH
ERP27
CPA2
DLK1
EFEMP1
GABRB2
GATM
PDPN
ATP1B1
UGT2A3
KRT18
SOX9

B

C

D

SLC4A4
GCG
MAP1B
BICC1
NNAT
CPE
DCDC2
TUBA1A
MFAP4
HMGA2
GHRL
QPCT
CFTR
SCGN
SLC7A8
ID2
MLLT11
TTR
ANXA4
UCHL1
APLP1
AKAP7
TAGLN2
MYT1L
TGIF1
TUBA4A RP11-521D12.5
FXYD2
IGFBP5
PIPOX
ANXA2
CACNB2
SCG5
VEPH1
SCG3
FAM92B
C14orf105
RAB3B
GRIA2
ATP10B
KIF1A
KIAA1644
UPK1B
A1CF
HADH
SDC4
ABCA5
ABCC8
FRAS1
LINC00643
CDH8
FREM1
PDE4DIP
PAX6
HKDC1
UCP2
GNAS
RP11-834C11.4
ASNS
JAKMIP2
S100A10
MAP2
MIAT
ONECUT1
NEUROG3
INS

After birth, islets undergo changes in proliferation rates, nutrient metabolism and maturation
[46, 47]. Expression patterns of MAFA during the first decade of life increase significantly but
remain heterogenous in adults [48]. Wang et al. profiled juvenile islets from a 19-month-old
female and a 2 year old male using the Fluidigm C1 microfluidic system and found a partially
completed differentiation program in both sets of juvenile islets [17]. Two significant gene
expression patterns were observed, a reduced adult endocrine gene signature and a misexpression of adult α and β cell gene signatures in juvenile β and α cells, respectively. In addition,
genes expressed by juvenile cells resembled those expressed by diseased islets from Type 2
diabetes patients.
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5. Human Pluripotent Stem Cell (hPSC)-Derived Islets
Multiple stem cell-derived tissue cell types have been characterized by scRNA-seq including
endothelial cells [49], neurons [50], retinal cells [51] and cerebral [52] and kidney organoids [53].
Major SC-Islet differentiation protocols, published in 2014, have now reached efficiencies ready
for clinical translation [2]. Implementation of scRNA-seq analysis can improve differentiation
efficiencies, define cell therapy composition both pre- and post-transplant and ultimately improve
clinical efficacy. In clinical allogeneic islet transplantation, flow cytometric and
immunocytochemical staining and quantification analyses have been used to determine pretransplant islet composition. These protein detection methods rely on a predetermined
knowledge of cell markers. Islets derived from stem cells are less defined and vary based on the
differentiation protocol used and the starting pluripotent stem cell line [54]. Based on this,
unbiased cell type identification and discovery is best suited for scRNA-seq-based transcriptomic
analyses.
The various differentiation protocols for converting pluripotent stem cells into SC-Islets have
been previously reviewed by Harb et al. [55] and Millman et al. [56]. Islets can be produced from
hPSCs with six stage [57] or seven stage [58] differentiation protocols or through a combination of
both protocols [59, 60]. Protocols range between 21 and 35 days and generate between 30% and
60% SC-β cells. Off-target cells include non-islet cells that are either endocrine or non-endocrine
cell types [54]. Four studies have sequenced stem cell derived islets from both embryonic and
induced pluripotent stem cells across various stages of differentiation (Stage 3 to Stage 7 –
pancreatic progenitor to islet cells) [45, 54, 59, 61]. Previous studies have sequenced cells prior to
Stage 3 pancreatic progenitors, including pluripotent stem cells (Stage 0) [62, 63] and definitive
endoderm stage cells (Stage 1) [64, 65]. This section will discuss the analyses performed on Stage 6
or Stage 7 cells generated from the three studies that have sequenced hPSC-derived islets or islet
progenitors [54, 59, 61].
Functional analysis of stem cell-derived β cells revealed a stable phenotype in culture based on
in vitro glucose-triggered insulin release assays [54, 57, 58, 66-68]. Unlike what has been observed
with adult human islets, there were no signs of β cell loss or conversion into other islet cell types
with prolonged time in culture [54, 69, 70]. In vitro derived β cell gene expression profiles are
similar overall to human β cells [68], but can vary in gene expression levels, e.g. HADH [44, 54, 68].
In Krentz, et al. 4,462 Stage 6 day 1 (S6d1) cells, generated from the hES cell line CyT49 (Rezania
protocol) passed QC for scRNA-seq analysis [61]. The S6d1 cells sequenced by Krentz formed 9
clusters that were classified into 5 cell types: endocrine (Endo), endocrine progenitors (EP) and
off-targets including duct, liver, and an unknown cell type. The unknown cell population is
enriched in genes such as CXCL14, CA3, CRABP2, S100A11, ARHGAP29, NR2F2, TFAP2B, PDGFC, etc.
[61]. Endocrine cells, which made up 74.3% of the total population, expressed INS, GCG or SST,
while some EP cells also expressed INS. Endocrine progenitors clustered into 3 groups (EP1, EP2
and EP3) and do not all give rise to islet cells. The EP1 cluster is the largest cluster and expresses
NEUROG3. The EP2 cluster contains cells that express genes associated with serotonin production
(FEV, DDC and TPH1) which Veres et al. ultimately found give rise to enterochromaffin-like (EC)
cells. In the Ramond et al. study hPSC-derived progenitors, equivalent of Population B, were
discovered to mis-expresses both RFX6 and CDX2 [44]. Expression of CDX2 indicates a mixed
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pancreas-duodenum fate which could later give rise to intestinal cells [71]. The EP3 population of
cells express genes such as GAST, NKX6-3, ONECUT3, PCSK1, DDC, etc.
In Balboa et al., 2,171 Stage 7 cells were sequenced using inDrops and passed quality control
for subsequent analyses [59]. Cells were differentiated from hiPSCs derived from patients with a
monogenic form of diabetes (INS gene mutations C96R and C109Y). These mutations impair β cell
development and result in neonatal diabetes. Balboa et al. used scRNA-seq to study the
transcriptomes of cells differentiated from C96R mutant and CRISPR/Cas9-corrected hiPSCs.
Transcriptomic analysis unveiled activation of stress response pathways reported in β cells by
other scRNA-seq studies [24]. The β cells harboring the INS C96R mutation suffered from increased
ER-stress and impaired cellular proliferation which was also present in the mutant progenitors.
Compared to corrected cells, mutant cells displayed upregulated UPR-related genes: MANF,
HSPA5, HSPA8, HSP90B1, PDIA6, and ER associated degradation pathway components (HM13,
HERPUD1, SEC61B, and SDF2L1). Downregulated genes included mitochondrial respiratory chain
subunits (MT-CO1, MT-CO2), PAX6, RFX6, and the mTOR regulator LAMTOR5. Stage 7
differentiated cells clustered into four different cell populations, expressing markers of β cells,
endocrine progenitor cells, α cells, and proliferating α cells (Table 4). The progenitor cell
population express enterochromaffin cell markers including DDC, FEV, TPH1, LMX1A.
Table 4 Top genes differentially expressed between by SC-Islets in Balboa et al [59].
β cells Progenitor cells α cells Proliferating
NEFM
DLK1
ERO1B
PCSK1
SCD
PLXNA2
NEFL
IGDCC3
SPEG
ENTPD3
PDX1
CCBE1
PRUNE2
KIF5C
BASP1
CALB2
SVIP
TUBA1A
C1QL1
CADM1
MAP1B
CHRNA3

DDC
FEV
TPH1
CBLN1
DNAJC12
RETREG1
COL5A2
IGFBP5
S100A11
ANKS1B
SYT13
PRPS2
ZNF703
GOLM1
STC1
MME
RAB3B
NKX6-1
LMX1A
EVL
CCNY
NEUROD1

CLU
RRM2
ARFGEF3
TOP2A
SERPINI1
CENPF
SERPINA1
PRC1
ARX
TUBA1B
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In Veres et al., >100,000 individual cells were sampled throughout the course of differentiation,
of which 57,782 were Stage 6 cells (S6d1-S6d36). Cells derived from both hiPSCs and the HUES8
hES cell line using the Pagliuca et al. protocol were sequenced using inDrops. Roughly twice as
many Stage 6 SC-Islet cells (57,782) from 11 differentiation batches were sequenced in this study
alone, in comparison to the 33,271 cells sequenced from 73 cadaveric human donor derived islets
over 4 years (2015-2019). Unlike less common cadaveric islet sources, SC-Islets can be produced in
an unlimited supply. Non-endocrine cells consist of several cell types including duct-like cells (CFTR,
MUC1, CDX2), acinar-like cells (CPA1), and mesenchymal-like cells (VIM, SPARC). The Hippo
pathway and parts of the WNT, EGF, Notch, and Hedgehog signaling pathways remain active in
several of these populations. Proper suppression of the Hippo pathway is necessary for endocrine
induction as shown recently in embryonic explants and Stage 5 hPSC-derived progenitor cells [72].
An off-target cell population identified by all groups is marked by the serotonin-producing
machinery and resembles intestinal enterochromaffin (EC) cells [54, 59, 61]. The emergence of this
off-target cell population is observed across the 3 differentiation protocols and is marked by FEV
and TPH1 expression. Tryptophan hydroxylase (TPH1) is an essential enzyme for serotonin
synthesis [73] and the serotonergic transcription factor, FEV has been implicated in both mouse
[74] and human [44] β cell development. Several fate specifying transcription factors are shared
between enteroendocrine and β cell development such as FEV, ARX, NKX2.2 and PAX4 [75-77].
Improper expression and timing of these factors in hPSC-islet differentiation protocols, leads to
the emergence of a mixed islet endocrine and enteroendocrine cell population [54, 78]. The
Balboa study identified progenitor cells that express EC cell markers such as FEV and MNX1 [59]. In
both the Veres and Krentz studies, the serotonin-producing EC cells express TPH1, DDC, FEV,
CXCL12, CXCL14 and PTHLH. The role of these cells or their secreted products on SC-β cell function
or survival are unknown. Interestingly, in adult human islets, the pancreatic polypeptide-producing
γ cells also express FEV, TPH1, and SLC6A4, a serotonin reuptake transporter [19].
Removal of non-endocrine progenitor cells from the CHGA+ endocrine fraction is possible by reaggregation or FACS-based enrichment of β cells [54, 67, 68, 79]. Enrichment of stem cell-derived
β cells can lead to improved in vitro function [68]. Recent bulk RNA-seq analysis of FACS purified
hPSC-derived β cells identified functional and maturation relevant markers which increased
relative to pre-enrichment, mixed cell population levels [68]. Gene sets representative of oxidative
phosphorylation, protein secretion, ribosomal constituents and various metabolic pathways such
as the TCA cycle were also up-regulated [68]. In Veres et al., single cell analysis of stem cellderived islets identified a surface marker, also expressed by human β cells [80], that could be used
for immunomagnetic microbead-based enrichment of β cells. The laminin-binding integrin alpha 1
(ITGA1, also called CD49A) is expressed mainly by SC-β cells, less so by SC-EC cells, and could be
used to produce purified SC-β cell aggregates with enhanced in vitro function [54, 81].
6. Summary and Outlook
Single cell RNA sequencing technology has been applied to study developmental trajectories in
myogenesis, hematopoiesis, neurogenesis and now islet development. Transcriptomic data
obtained from adult human islets has produced a comprehensive catalog of islet cell types,
subtypes, functionally stressed and ultimately diseased cell states [17-21, 24, 25]. Activation of
stress response pathways in β cells can impact insulin production, proliferative capacity and
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disease predisposition [28]. Single cell analyses have also been used to study islet development in
utero and in vitro from pluripotent stem cells [44, 54, 59, 61]. Transcriptomic comparisons of the
endocrine specification process in human fetal pancreas at 9 weeks of development with in vitro
pluripotent stem cells have revealed several similarities and differences [44]. A key difference is
the mis-expression of CDX2 in stem cell-derived islet differentiation protocols which is absent from
human pancreas development. Transcriptomic characterization of human islets and SC-Islets has
revealed surface markers useful for elimination of unwanted off-target cells such as
enterochromaffin-like cells and enrichment of CD49A-positive β cells [54]. Additional information
generated from single cell technologies include spatial information, epigenetic and proteomic data
sets. Combining these with transcriptomic data will lead to a better understanding of islet cell
functional states and pave the way for efficient in vitro production of β cells from stem cells.
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Abstract
Background: The existing non-human primate diabetic models, particularly those induced by
total pancreatectomy or streptozotocin (STZ) injection, have several disadvantages, including
a lengthy surgical procedure, the need for continual supplementation of digestive enzymes,
© 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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and delayed oral intake after total pancreatectomy, and severe hypoglycemia and
hepatic/renal toxicity following injection of high-dose STZ. This study aimed to develop and
optimize a non-human primate diabetic model that would avoid the disadvantages of the
current approaches, and compared it with the STZ model.
Methods: Diabetes was induced in male Cynomolgus monkeys (n=4) by performing sub-total
pancreatectomy followed by low-dose STZ injection (30 [n=1], 45 [n=2], and 60 [n=1] mg/kg).
This model was compared to the STZ injection-only (60 [n=1] and 100 [n=9] mg/kg) model,
regarding parameters such as the development of diabetes (measuring serum C-peptide and
pancreatic anti-insulin staining), functions of liver (glutamine-ornithine-transaminase and
glutamine-pyruvate-transaminase levels) and kidney (BUN and creatinine levels), and the
general condition (weight loss, food intake, and activity).
Results: The levels of serum C-peptide after glucose challenge in the present model (0 ng/mL)
were comparable to those with the model given 100 mg/kg STZ. The absence of pancreatic
insulin staining was observed with the use of 60 mg/kg STZ with sub-total pancreatectomy,
as with 100 mg/kg STZ injection only. Animals in the present model did not suffer from
hypoglycemic episodes and showed better activity and oral intake than those in the STZ-only
model. The levels of liver enzymes were markedly lower in the new model, while those of
BUN and creatinine were higher than the STZ-alone model.
Conclusions: Diabetes was successfully induced using the combined technique without the
need for a lengthy operation or continual supplementation of digestive enzymes.
Furthermore, the reduction in the pancreatic volume allowed for lower utilization of STZ,
which led to reduced hepatic toxicity and the absence of hypoglycemic episodes. However,
adequate fluid administration may be required to guard against potential renal STZ toxicity.
Keywords
Cynomolgus monkeys; streptozotocin; sub-total pancreatectomy; insulin-dependent
diabetes; diabetic model

1. Introduction
Non-human primate (NHP) diabetic models are essential for studies on preclinical pancreatic
islet transplantation and development of anti-diabetic medication. Presently, the total
pancreatectomy (TP) and streptozotocin (STZ) injection models are the most commonly used for
this objective. STZ is a toxin that is largely taken up by pancreatic β cells, as it depends on the
glucose transporter-2 (GLUT-2) for internalization [1]. However, due to the presence of GLUT–2 in
other cells including hepatic and renal tissues, the use of high doses of STZ, although simple, is
associated with hepatic and renal toxicity, and negatively influences the general condition during
the post-induction period [2]. Furthermore, the sudden destruction of a large number of β-cells
results in hypoglycemic episodes, further complicating the post-induction management.
On the other hand, although the TP model is effective, it is associated with a lengthy procedure
which mandates the meticulous dissection and preservation of the duodenal vascular arcade [3].
Therefore, this procedure is associated with a high morbidity rate. Complete removal of the
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exocrine pancreatic tissues also requires the continual supplementation of digestive enzymes
during the postoperative period [3].
Therefore, we attempted to address the major shortcomings of both models by performing
sub-total pancreatectomy (STP) followed by the injection of low-dose STZ (LD-STZ). Hypothetically,
the pancreas that remains after a much simpler and less time-consuming procedure than TP
should be able to supply the necessary digestive enzymes. Decreasing the amount of pancreatic
tissues, and therefore the β-cell mass allows for a reduction in the STZ dose, which in turn can
decrease the toxic effects. The destruction of a relatively small mass of β-cells may also help in
avoiding hypoglycemic episodes.
In the present study, we compared the STP/LD-STZ model with the STZ injection-only model. To
determine the optimum STZ dose, defined as the lowest dose capable of efficiently inducing
insulin-dependent diabetes mellitus (IDDM) after STP, we tested several doses of STZ (30, 45, and
60 mg/kg).
2. Methods
2.1 Study Animals
Fourteen male cynomolgus monkeys (Macaca fascicularis, aged 4.5 ±0.8 years old, mean
weight = 3.88 Kg) were used in this study. The monkeys were supplied by Shin Nippon Biomedical
Laboratories, Ltd. (Tokyo, Japan). All the monkeys were tested negative for B virus (cercopithecine
herpesvirus 1), Simian Retrovirus, Simian Varicella Virus, and Tuberculin test. The monkeys were
housed with matching gender in separate cages with free access to water, and an NHP diet (CLEA
old-world-monkey diet “CMK–2”; CLEA Japan, Inc., Tokyo, Japan) was given twice a day.
All the animals that were used in this study were handled according to the Guide for the Care
and Use of Laboratory Animals, published by the National Institute of Health [4]. The animal
studies were approved by the Animal Care and Use Committee of the Tohoku University
(approved protocol ID: 2015 NICHe-Animal–006). All efforts were made to minimize any pain and
suffering to the animals.
2.2 Induction of Diabetes
2.2.1 STZ Injection-Only Model
Anesthesia was induced by intramuscular administration of an MMP cocktail containing 0.2
mg/kg Midazolam (Dormicum Astellas Pharma Inc., Tokyo, Japan), 0.03 mg/kg Medetomidine
hydrochloride (Domitor, Nippon Zenyaku Kogyo Co., Ltd., Fukushima, Japan), and 0.3 mg/kg
Butorphanol tartrate (Vetrophale, Meiji Seika Pharma Co., Ltd., Tokyo, Japan). Inhalational
anesthesia (1%–4% isoflurane) was administered through an endotracheal tube (ETT; Entraprime,
Intermed Inc., Osaka, Japan) having an internal diameter of 3 mm. An 18- to 20-gauge central
venous line (Argyle LCV-UK; Medtronic Co., Ltd., Tokyo, Japan) was passed through the internal
jugular vein, through which STZ (Zanosar; Teva Parenteral Medicines, Inc., CA, US) at 60 (n=1) or
100 (n=9) mg/kg, diluted with isotonic saline to a final volume of 10 mL, was administered using a
syringe pump (1 mL/min). The animals were continuously hydrated using an electrolyte infusion
with 1% glucose; Physio140 (OTSUKA Pharmaceutical Co. Ltd., Tokyo, Japan). Atipamezole
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hydrochloride (Antisedan; Nippon Zenyaku Kogyo Co. Ltd.) at 0.1 mg/kg was used to quicken
recovery. Intravenous hydration was continued until day 2 using a glucose-electrolyte solution;
SOLDEM 3A (TERUMO CO., Tokyo, Japan). On day 0, after 12 h of STZ injection, 50% glucose was
administered using a syringe pump (1 mL/h) for another 12 h, with the dose calculated according
to the levels of blood glucose after 6 h of infusion. A primate jacket (Lomir biomedical, Quebec,
Canada) was used to protect the central venous line during the post-operative period, without
restricting the animals’ movement.
2.2.2 STP Combined with Low-Dose STZ
Anesthesia was performed using the same medications as for the STZ model, with the use of a
face mask instead of ETT. A peripheral line was placed through the lateral or dorsal leg veins and
secured in place. The body temperature was monitored using a rectal probe, the core body
temperature was maintained between 36–37.5 °C to prevent hypothermia. Before skin incision,
0.5 g Cefotiam (Nipro Pharma Co., Osaka, Japan) was administered. After disinfecting the
abdomen using 10% Betadine solution, an upper midline laparotomy was performed. The short
gastric vessels were ligated, following which the pancreas was dissected from the splenic side
toward the pancreatic neck region. A tunnel was made behind the pancreatic neck and in front of
the portal vein. The splenic artery and vein were ligated and divided. After ligation, pancreatic
tissue was transected at the level of the portal vein (around 2/3 of the pancreatic tissue was
removed) using 2–0 silk (Figure 1). Immediately after resection, the pancreatic duct was
cannulated using a 22-gauge cannula, and 1 mL/g ET-K solution (OTSUKA Pharmaceutical Co. Ltd.)
was infused to distend the pancreatic tissues. The pancreas was preserved in an ET-K solution and
transferred for isolation of islets. After hemostasis was ensured, mass closure of the linea alba was
performed using 2–0 PDS-II (Ethicon, Tokyo, Japan), followed by skin closure using interrupted
sutures. Immediately after pancreatic transection, an STZ dose of 30 (n=1), 45 (n=2), or 60 (n=1)
mg/kg was administered (total volume = 10 mL) through the peripheral line using a syringe pump.
Reverse anesthesia (0.1 mg/kg atipamezole hydrochloride; Nippon Zenyaku Kogyo Co., Ltd.) was
administered and the monkeys were returned to their cages. A dose of 0.05 mL/kg butorphanol
(Vetrophale; Meiji Seika, Tokyo, Japan; 5 mg/10 mL) was given as an analgesic on the day of the
operation and during the follow-up period, if necessary. A custom-made holder was used to
secure the leg containing the peripheral line. Although no glucose solution was administered
during the postoperative period, hydration with fluids containing 5–10% glucose (Lactec D or
Physiosol No. 3, Otsuka Pharmaceutical Co. Ltd., Tokyo, Japan) was performed on day 0, while
SOLDEM 3A (TERUMO Co. Tokyo, Japan) was administered on day 1 and Solita-T4 (Aypharma Co.
Tokyo, Japan) was administered on day 2. Oral fluids were allowed on day 2, and normal feeding
was gradually resumed from day 6. Prophylactic antimicrobials were administered for three days
(Cefotiam 0.5 g; Nipro Pharma Co.).
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Figure 1 Subtotal pancreatectomy in cynomolgus monkeys. Dissected pancreas and
spleen (a); cannulation of the excised pancreas for islet isolation (b).
2.3 Intravenous Glucose Tolerance Test (IVGTT)
Blood sugar levels were measured using a Freestyle Precision Neo portable glucometer (Abbott
Diabetes Care Ltd., Oxon, UK) daily before breakfast (around 10 am), and insulin was given
accordingly. During parenteral infusion, acting-type insulin (Humulin R, Eli Lilly, Japan) was
administered through a syringe pump, followed by the subcutaneous injection of neural
protamine Hagedorn insulin (Novolin N FlexPen, Novo Nordisk Pharma Ltd). If the maintenance of
blood glucose was desired for a longer, the protocol was modified to incorporate the use of longacting insulin (TRESIBA FlexTouch, Novo Nordisk Pharma Ltd). Table 1 presents the formula for the
calculation of insulin dose. On days 6 to 9, IVGTT was performed after a 17-h fast. Briefly, 1 mL/kg
of 50% glucose was injected intravenously, and blood samples at 0 (basal fasting level), 5, 10, 15,
30, and 60 min were collected in BD Microtainer® tubes (ref: 365967; Becton & Dickinson Co.,
New-Jersey, USA) for determining the levels of C-peptide. Samples were centrifuged at 15,000 g
for 1.5 min at 4 °C, and the serum was stored at –80 °C. The C-peptide levels were measured using
an ultrasensitive human C-peptide ELISA kit (cat#10–1141–01; Mercodia, Uppsala, Sweden),
according to the manufacturer’s instructions. The absence of fasting and stimulated C-peptide
response during IVGTT indicated the development of experimentally-induced IDDM.
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Table 1 Protocol for insulin dosage calculation.
Blood glucose level (mg/dL)
<70
71–100
101–250
251–400
401–600
>600

Insulin dosage
Administration discontinued
Previous value × 0.5
Previous value
Previous value × 1.2
Previous value × 1.5
Previous value × 1.8

* Rounded to 0.5 unit increments.
* Initial Insulin dosage is 0.8 U/kg which is initiated when the blood sugar level is 200 mg/dL or more.
* The upper limit of insulin dose is 3 U/kg.

2.4 Follow-Up and Assessment
The general condition, feeding habits, and activities of the monkeys were monitored during
glucose measurement and meal administration throughout the study period. A visual score (Table
2) was used for evaluation of the activity. The weights were measured before induction and during
post-induction on days 8–15. Since our protocol for the calculation of insulin dose had not been
standardized for the first three monkeys in the STZ-only model, it was decided to omit their
follow-up data on general condition, activity, and weight loss, from the comparison. Butorphanol
(Vetrophale; Meiji Seika, Tokyo, Japan; 0.05 mL/kg) was administered as an analgesic if pain was
noted during follow-up.
Table 2 Activity score used in the present study.
Score
1
2
3
4
5

Visual finding
Lying down and no response to stimulation
Difficult to keep posture, reacts to stimulation
Maintain sitting but head down
Hanging on the front of the cage and runs away with stimulation
Actively moving around in the cage as usual

* Evaluation was performed at the same time of the day for all animals by three alternating observers.
* All animals scored 5 at the beginning of the study (before induction).

The levels of hepatic enzymes, including glutamine-ornithine-transaminase (GOT) and
glutamine-pyruvate-transaminase (GPT), and parameters of renal function, including blood urea
nitrogen (BUN) and creatinine levels, were evaluated before induction (baseline) and on days 6 to
9, using SPOTCHEM EZ sp–4430 (ARKRAY, Inc. Tokyo, Japan). If considerable hepatotoxicity was
encountered, hepatoprotective medications including potent neo-minophagen C and glycyrrhizic
acid (Griffergen Electrostatic note 20 mL; Nichi-Iko Pharmaceutical Company, Ltd., Toyama, Japan),
were administered. Hepatotoxicity and nephrotoxicity were scored with reference to the baseline
value (hepatotoxicity score 0: ≤1x; 1: 1–2.5x; 2: 2.5–5x; 3: ≥5x/nephrotoxicity score 0: ≤1x; 1: 1–
1.5x; 2: 1.5–3x; 3: ≥3x), similarly as a previously-described scoring system [5].
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2.5 Immunohistochemical Assessment
After the completion of the study period (variable depending on the experimentation plan), the
pancreata were surgically collected under anesthesia, followed by euthanizing the monkey. The
pancreata were fixed in 4% paraformaldehyde for 24 h and embedded in paraffin. Sections of 4µm thickness were stained using anti-insulin antibodies (#A0564, Polyclonal Guinea Pig Anti-Swine
Insulin; DAKO Inc., CA, US). Briefly, the sections were deparaffinized, washed in phosphatebuffered saline (PBS), incubated with 3% H2O2/PBS for 3 min for retrieval of antigens, and
permeabilized using 0.5% Tween (in PBS) for 5 min (x2). The sections were then incubated with
primary antibodies for 30 min at 37 °C, followed by three washes with 0.5% Tween buffer (5 min
each) and incubation with secondary antibodies (#K4002, EnVision System, Labeled Polymer AntiRabbit; DAKO Inc.) for 30 min at room temperature. This was followed by three washes with 0.5%
Tween, incubation with perioxidase solution (for 6 min), washing with PBS and distilled water,
hematoxylin staining, dehydration with increasing concentrations of ethanol followed by xylene,
and mounting.
3. Results
3.1 Induction of Diabetes and IVGTT
The complete disappearance of fasting C-peptide and complete/nearly complete absence of
stimulated C-peptide levels were achieved with a 100-mg/kg dose in the STZ-only model and all
the doses tested in the STP/LD-STZ model, confirming the efficient induction of IDDM.
Furthermore, although the 60-mg/kg dose in the STZ-only model considerably reduced the
stimulated C-peptide response, the levels were still within the detectable range (Table 3).
Table 3 IVGTT results (C-peptide in ng/mL).
Time (min)

Diabetes
Induction

STZ
N
(mg/kg)

0

5

10

15

30

60

STZ

60
100

1
4

0.06
0.00

0.05
0.00

0.06
0.00

0.05
0.00

0.05
0.12

0.03
0.00

STP + STZ

30
45
60

1
2
1

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.01
0.00

STP, sub-total pancreatectomy; STZ, Streptozotocin

3.2 Histology
Staining for insulin indicated the near-complete absence of insulin-positive cells within
pancreatic islets at the following doses: 100 mg/kg in the STZ-only model, and 45 and 60 mg/kg
doses in the STP/LD-STZ model (Figure 2). At the lower doses, more areas of insulin staining were
observed.
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Figure 2 Anti-insulin immunohistochemical staining of the pancreas obtained at
euthanasia. Arrows and dashed circles: islet regions. Bar: 200 µm. STP, subtotal
pancreatectomy; STZ, Streptozotocin.
3.3 General Condition and Postoperative Management
The extent of weight loss was comparable in both the models (Table 4). The activity scores
were relatively higher in the STP/LD-STZ model than in the STZ-only model. Furthermore, one
monkey from the STZ group required euthanasia due to weakness. The infusion of 50% glucose
was required to prevent the development of hypoglycemic episodes in the STZ-only model but
was unnecessary in the STP/LD-STZ model. In the STZ-only model, periocular edema was observed
in all the animals with disturbed feeding habits (despite an earlier start to oral feeding).
3.4 Toxicity
The baseline ranges for serum GOT, GPT, BUN, and creatinine in the present cohort were 10–71
IU/dL, 10–69 IU/dL, 13–34 mg/dL, and 0.2–0.8 mg/dL, respectively. After induction of diabetes,
evident hepatotoxicity was observed in the STZ-only animals that were given a dose of 100 mg/kg
STZ (n=3). Therefore, hepatoprotective medications were administered in the subsequent STZ-only
monkeys (Table 4). Thereafter, comparable hepatic functions were observed in the STZ-only and
STP/LD-STZ models, although hepatoprotective medications were not used in the latter. In
contrast, the renal functions were relatively better in the STZ-only model (Table 4).
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Table 4 Biochemical profile, weight changes, and activity score of the study monkeys.

Model type

STZ only
STZ only*
STZ only*
STZ only*
STZ only
STZ only
STZ only
STZ only
STZ only
STZ only
STZ + STP
STZ + STP
STZ + STP
STZ + STP

STZ
(mg/kg)

Age (Y)

60
100
100
100
100
100
100
100
100
100
30
45
45
60

3.7
4.4
5.0
4.7
4.5
4.7
3.6
3.2
3.6
3.7
6.1
4.9
4.9
5.4

Hepatoprotect.
Rx※
＋
＋
＋
＋
＋
＋
＋
-

Day 6–9 after induction
(Baseline between brackets)
GOT (IU/L)

GPT (IU/L)

BUN
(mg/dL)

Cre
(mg/dL)

11 (14)
629 (71)
223 (62)
480 (10)
36 (23)
52 (13)
213 (49)
10 (10)
12 (10)
13 (14)
172 (10)
19 (10)
13 (10)
25 (10)

71 (59)
554 (61)
289 (69)
287 (27)
121 (32)
123 (57)
137 (49)
18 (31)
67 (33)
66 (31)
93 (10)
17 (10)
43 (11)
93 (18)

19 (18)
54 (34)
25 (15)
26 (17)
25 (15)
14 (14)
29 (13)
14 (16)
18 (15)
19 (17)
59 (28)
32 (24)
36 (15)
44 (23)

0.4 (0.7)
0.8 (0.5)
0.2 (0.3)
0.4 (0.4)
0.7 (0.3)
0.4 (0.4)
0.6 (0.3)
0.3 (0.2)
0.7 (0.5)
0.7 (0.5)
0.7 (0.3)
1.3 (0.8)
1.3 (0.7)
0.3 (0.2)

Weight loss
Kg (%)***
0.25 (7.2)

0.44 (13.4)
0.36 (11.2)
0.36 (11.3)
0.22 (7.3)
0.52 (14.7)
0.47 (14.2)
0.35 (7.9)
0.81 (13.2)
1.04 (14.8)
0.15 (3.7)

Hepato
toxicity
Score

Nephro
toxicity
Score

1
3
2
3
2
2
2
0
1
1
3
1
2
3

1
2
2
2
2
0
2
1
1
1
2
2
2
2

Activity
score**
4.0

4.8
5.0
2.2 (E)
4.1
4.5
4.9
4.9
4.0
3.9
5.0

BUN, blood urea nitrogen; GOT, glutamine-ornithine-transaminase; GPT, glutamine-pyruvate-transaminase; STP, subtotal pancreatectomy; STZ, streptozotocin.
(E), Euthanasia on day 8 due to weakness.
※
Hepatoprotective medications: potent neo-minophagen C and glycyrrhizic acid
* Insulin administration protocol was not yet standardized; weight and activity omitted.
** Average activity score from day 1 to day 8.
*** Weight was measured before induction and at day 8–15 post-induction.
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4. Discussion
NHP diabetic models are essential for preclinical studies involving pancreatic islet
transplantation and anti-diabetic therapeutics. Therefore, the standardization of a simple,
reproducible, and efficient model is necessary for experimentation. NHP used for research on
diabetes include baboons and macaques. Macaques (rhesus and cynomolgus monkeys) have
advantages with regards to size, maintenance, physiology, immunology, and availability over
baboons [6, 7].
Diabetes in macaques can either be spontaneous [8, 9] or induced (surgically, chemically, or
through gene transfection). Transgenic diabetic models have not yet been developed despite
rigorous ongoing research [10]. Therefore, the existing standard methods involve TP and STZ
injection. TP is a straight-forward and efficient method for the induction of permanent IDDM but
requires meticulous surgery and close monitoring during the intra- and post-operative period. The
loss of the exocrine pancreas and all the islet-secreted hormones further complicates
management [7]. Nevertheless, the excised pancreas can be used for islet isolation. On the other
hand, STZ injection is a less-invasive method that is widely used for the induction of IDDM in NHP
[11]. However, the toxin is taken up by all the cells that express GLUT–2, apart from islet β cells. As
these cells include hepatocytes and renal tubular cells, the toxin induces hepatotoxicity and
nephrotoxicity, especially at higher doses. Although the optimal dose and dose-calculation
technique have been debated [12, 13], studies commonly use a higher dose (80–150 mg/kg body
weight) and associate it with frequent side-effects (vomiting and severe hypoglycemia), serious
complications, and mortality [1, 2, 14, 15]. In order to limit toxicity, several measures have been
recommended [5, 7, 16], such as (1) use of clinical-grade STZ (Zanosar© , in the range of 125–150
mg/kg) having higher purity and consistency, (2) continuous fluid administration, (3) intensive and
careful monitoring for adverse events, especially if cyclosporin is used as an immunosuppressant
[12], and (4) selecting monkeys with lower girth to height ratio. All these measures, except for the
last point (neglected for comparative purposes), were applied in the STZ-injection group of the
present study. An injection of STZ into the celiac artery after embolization of hepatic and gastric
arteries was also reported, which allowed for lowering the dose (50–70 mg/kg) and limited the
hepatotoxicity and nephrotoxicity [17].
The purpose of this approach was to overcome the major shortcomings of the existing diabetic
primate models, namely the TP and STZ injection models, and to simplify the necessary care
during induction and the follow-up period. The surgical procedure for the present model was
technically simple, well-tolerated, and unlike TP, was not time-consuming [3] or associated with a
high morbidity rate [2]. The high costs associated with obtaining and maintaining primate models
render this an important factor to consider. This approach also resolved several issues that could
complicate the post-induction period. For example, the remaining portion of the pancreas was
sufficient to supply the digestive enzymes in our new model, circumventing the requirement of
exogenous supplementation, which was in contrast to the TP model [3]. Furthermore, the absence
of hypoglycemic episodes and relatively better general condition compared to the STZ-only model,
as a result of reduced STZ dosage, facilitated smooth maintenance during the post-induction
period without the need for frequent interventions (e.g., prophylactic glucose infusion and
hepatoprotective medications). Although the refinement of the STZ injection protocol in a large
cohort revealed that a majority of biochemical hepatic and renal toxicities were mild, 20/53 and
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28/53 animals developed > score 2 nephrotoxicity and hepatotoxicity, respectively [5]. Although
some of these adverse events were reported to be reversible, [5] management of such events
required multiple interventions and sometimes intensive care [5]. Furthermore, although the
present study used pharmacological grade STZ and sufficient hydration through a central venous
line, it was necessary to administer hepatoprotective medications to prevent hepatotoxicity (Table
4). Another advantage of STP/LD-STZ over the STZ-only model was the availability of the excised
pancreas for islet isolation (data not shown) for either autologous or allogeneic transplantation,
thus reducing the number of monkeys required.
An STP/LD-STZ model was previously reported in rhesus monkeys [2, 18], and recently in
cynomolgus monkeys as well [19]. However, a comparison of different dosages of STZ in
cynomolgus monkeys with functional and morphological correlation was essential to minimize the
utilized dosage. To the best of our knowledge, this study is the first to perform such a comparison.
Jin et al. [2] demonstrated that combining STP with LD-STZ (15 mg/kg) was effective in inducing
IDDM in rhesus monkeys. This is in contrast to our findings, which indicated that 30 mg/kg STZ was
not completely effective in inducing IDDM in cynomolgus monkeys. Furthermore, our model was
compared to the refined STZ injection model.
Some of the major concerns regarding the present approach involve the possible development
of leakage leading to pancreatic fistula as a result of STP and the probability of regeneration of the
remaining pancreas over time. However, we did not encounter leakage in any of the studied
animals. On the other hand, regeneration can occur in two scenarios: 1) regeneration of
pancreatic islets after STZ injection and 2) pancreatic regeneration after STP. Regarding the first
scenario, a study on vervet monkeys showed no evidence of β-cell regeneration after STZ injection
[20]. A study on cynomolgus monkeys did show evidence of endogenous C-peptide and insulinpositive cells in 2/11 monkeys after 75 days [21], although this regeneration occurred after islet
transplantation that was followed by graft failure. Regarding the second scenario, in our
knowledge, relevant long-term data for cynomolgus monkeys are not available. Data from human
studies showed no increase in pancreatic volume after STP during a follow-up of 247 ±160 days, as
demonstrated by computerized tomography [22]. The study also reported no histological evidence
of β-cell proliferation, ruling out the possibility of regeneration in this setting [22]. It should also
be noted that if the present model is to be used for tolerance induction studies, performing the
procedure without splenectomy is worth considering.
The STP/LD-STZ model showed relatively higher renal toxicity than the STZ-only model, possibly
due to inadequate hydration as a result of using a peripheral line in the present model instead of a
central venous line, as in the STZ-only model. The objective behind using a peripheral line was to
further simplify the procedure for the maintenance of the STP/LD-STZ model. However, the
interruption of flow through the peripheral line may have resulted in dehydration and subsequent
adverse renal effects in our STP/LD-STZ monkeys. Therefore, we must highlight the importance of
proper hydration and patent venous access in the present model, although early oral fluid intake
may be considered as a possible alternative.
In conclusion, considering the limited number of animals per group, our findings showed that
the STP/LD-STZ model was technically simpler yet effective for the induction of diabetes in NHP
models, resulting in a smooth post-induction period and excellent general condition, without the
need for repeated interventions or intensive care. At the same time, the present model facilitated
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the utilization of the excised pancreas for isolation of islets. Both 60- and 45-mg/kg STZ doses
were found to be functionally and morphologically effective, although a lower dose was preferable
to minimize toxicity. A larger number of test monkeys and improvement in the hydration approach
are required to further standardize this model.
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