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Abstract
In recent years, the potential of hematopoietic stem cells, regulatory T-cells, and
mesenchymal stem cells have brought about a variety of clinical tolerance trials. Every
approach has yielded promising results; however, the riddle of transplant tolerance has not
been solved as of yet. The results of the ongoing trials in this field will provide additional
information regarding the risks and benefits of these therapy approaches.
Keywords
Clinical tolerance trials; renal transplantation; transplantation

1. Introduction
An allograft is recognized by the recipient’s immune system as something foreign and
potentially harmful. Depending on the immunogenicity (organ, HLA-mismatches, etc.) of the
transplant and the immune status of the recipient, the innate and adaptive immune system 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,
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turned on to re-establish physical integrity. The severity of rejection extends from a slow
“smoldering” process over years to a hyperacute reaction which destroys the organ within hours.
Pharmacological immunosuppression attenuates this process. Unfortunately, the continuous
immunosuppression comes at a price. Increased rates of infections and malignancy along with the
problems of pharmacotoxicity result in considerable morbidity and mortality rates over time [1].
Transplant tolerance has occupied generations of researchers. Chimerism [2, 3], anergy [4],
regulation [5], ignorance [6], exhaustion [7], clonal deletion [8], etc. have been described as
potential mechanisms. A variety of cells (Tregs, Bregs, DCregs, Mregs, MSCs, etc.) were found
responsible for transplant tolerance induction. A vast knowledge about the underlying processes
has been compiled; however, tolerance in human transplantation is still not easily achieved, due
to the complexity of the individuals’ immune system.
Many of these important experimental findings have been tested in clinical trials, which are
summarized in this article.
2. Hematopoietic Stem Cells (HSC)
One theory is that macrochimerism is required for a sustained transplant tolerance. Persistent
macrochimerism is challenging to achieve and it is believed that hematopoietic stem cell
transplantation (HSCTx) is mandatory for it. The concept of chimerism and tolerance goes back to
the work by Owen et al. and Billingham et. al. more than half a century ago [2, 3].
The first renal transplantations in combination with HSCTx from the same donor reach back
into the 80s. Three US centers had the pioneering role. Massachusetts General Hospital (MGH)
began its first clinical trial in 1998 [9, 10]. Stanford University followed in 2000 [11] and
Northwestern University in 2009 [12]. Thus, these regimens are also known as the “Massachusetts
General Hospital (MGH)-”, “Stanford-“, and “Northwestern-“ approaches.
2.1 Massachusetts General Hospital
Three modifications of the original conditioning regimen were used on n=10 patients receiving
HLA-haploidentical living related renal transplants [9]. The original regimen included pretransplant
cyclophosphamide, thymic irradiation, anti-CD2 mAB, and CsA-immunosuppression. Unprocessed
donor bone marrow was infused intravenously after the transplantation. After the first 3 patients,
the regimen was modified with the addition of rituximab and prednisone. Since the next two
patients still developed DSAs, the regimen was again modified with more doses of rituximab and a
prolonged course of prednisone. All patients developed transient multilineage mixed chimerism.
Only 2-3 weeks after the combined kidney and bone marrow transplantation (CKBMT), the
chimerism became undetectable again. Immunosuppression was withdrawn by month 14 after the
transplantation. According to the latest report, 4 of the 10 patients remained off
immunosuppression greater than 13 years. Another 3 patients were started again on
immunosuppression after 5, 7, and 8 years and immunosuppression could not be stopped in the
remaining three patients.
Unexpectedly, almost all of these patients (9/10) developed acute kidney injury. The
pathogenesis remains unclear. The authors observed hematopoietic cell recovery and rapid loss of
chimerism along with the AKI episodes. Consecutively, the regimen was changed again. Instead of
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the cyclophosphamide, a low-dose TBI was introduced. Two patients have been treated with this
regimen, and one was taken off of immunosuppression.
2.2 Stanford
This conditioning protocol consists of total lymphocyte irradiation (TLI), rabbit anti-thymocyte
globulin (rbATG), followed by an infusion of CD34+-enriched donor peripheral blood stem cells
[13]. The patients were started on a combination of Calcineurininhibitors (CNI)/mycophenolate
mofetil (MMF) and steroids until weaning was attempted several months later. Here, TLI implies
irradiation of the lymph nodes, spleen, and thymus with several small doses of irradiation. This has
been shown to create a regulatory milieu with an increased ratio towards Tregs, myeloid-derived
suppressor cells, and tolerogenic dendritic cells.
The total irradiation dose is much smaller compared to those doses used to treat cancer (2025%). Thus, tolerability is much better and there is no risk for graft versus host disease.
Two trials of the protocol exist, one for HLA-matched and the other for HLA-mismatched
patients. The HLA-matched trial included 29 patients of which 23 achieved multi-lineage, mixed
macrochimerism. Twenty-two of the 23 enjoyed rejection-free transplant kidney survival, up to
nine years off drugs. Macrochimerism could no longer be detected after the first year in 14
patients.
The HLA-mismatched trial began in 2000 and was stopped in 2003. In this period 6 patients
were treated by this regimen but only 2 developed mixed chimerism and were deemed
appropriate candidates for immunosuppression withdrawal. These two stayed off
immunosuppression for 3.5 and 5.5 months when they developed acute rejection. The current
version started in 2010 [11, 13]. Compared to the HLA-matched trial, patients received a more
powerful immunosuppression over a longer period post transplantation. Furthermore, TLI dosage
is higher and more CD3+ cells are added back. Since 2010, only haplotype matched pairs were
included. Macrochimerism can also be seen under this regimen. However, it is dependent on
continued immunosuppression. Consecutively, of the n=21 patients treated with this regimen,
only a few could be withdrawn off immunosuppressive drugs, and this only for a limited time.
2.3 Northwestern
For HLA-mismatched renal transplant patients, the tolerance induction regimen includes total
body irradiation (TBI; 200 cGy). The patients are preconditioned with fludarabine
cyclophosphamide. Also, a “facilitating cell (FC)” (CD8+/TCR-) is infused and patients receive
cylcophosphamide which deletes antihost T cells thus protecting against GVHD. The human FC
population is composed of two equally divided phenotypic subpopulations: CD56bright and
CD56dim FC [14]. Immunosuppression was stopped if patients showed chimerism, had stable
renal function with a normal protocol biopsy, and absence of donor specific antibodies 6 months
after the transplantation. Patients were weaned over 1 year. In 2009 a phase 2 trial was started to
induce tolerance in mismatched and unrelated recipients of living donor renal allografts. The
latest publication reported on 42 subjects which had been enrolled since then [15]. Of these, n=37
had been transplanted and n=31 had already reached one year follow-up. N=23 achieved durable
donor chimerism. The majority of them (20/23) showed full (> 95%) whole blood and T cell
chimerism and the remaining three demonstrated stable mixed donor chimerism.
Page 3/205

OBM Transplantation 2019; 3(2), doi:10.21926/obm.transplant.1902070

Immunosuppression was stopped in n=22 of the 23 durably chimeric patients for a duration
ranging from 8-81 months so far.
The regimen for HLA-matched kidney transplant recipients consists of alemtuzumab, donor
HSCs (DHSCs), TAC, and MMF. Four DHSC infusions are administered; on day 5, and month 3, 6
and 9 after the transplantation. TAC is converted to SRL at month 3 with an attempted drug
withdrawal at 24 months post transplantation with a weaning process over 1 year in case protocol
biopsies remained free from rejection. The latest update reported on 20 patients included in this
trial so far. Of these, n=6 remain off immunosuppression up to 6 yrs. None of the patients
maintained durable chimerism after 1 year [16].
3. Regulatory T-Cells (Tregs)
CD4+CD25+ T cells have been shown to have a regulatory property in self-tolerance and
autoimmune diseases [5]. The identification of the FOXP3 gene helped to characterize them and
to investigate their function [17]. FOXP3 knockout mice demonstrate a regulatory T cell (Treg)
deficit leading to autoimmune syndromes, and a FOXP3 mutation leads to an autoimmune
disorder in humans [18], while the addition of a FOXP3 transgene in immunodeficient mice can
restore the regulatory T cell compartment. Tregs are divided into two groups: naturally occurring
Tregs (nTregs) generated in the thymus and inducible Tregs (iTregs) produced upon antigen
stimulation in the periphery [19]. The mechanism of Treg function depends on the immune
environment, their activation state, and target cell type. Tregs suppress the immune responses by:
1.) modulation of dendritic cell function or maturation,
2.) release of inhibitory cytokines,
3.) cytolysis, and
4.) metabolic disruption.
In transplantation their suppressive capacity can depend on donor-specificity [20-22]. In animal
models, donor alloantigen-specific Tregs are 5-10 times more effective than polyclonal Tregs with
the efficacy corresponding to the frequency of donor-specific Tregs in the polyclonal pool [23].
They are capable of suppressing effector T cells of various specificities and Tregs can induce a
process that is called “infectious tolerance”. Tregs specific for alloantigen A can suppress effector
T cells against alloantigen B, if the graft expresses alloantigen A and B. Over time, alloantigenspecific A and B Tregs expand and persist much longer than the originally infused Tregs [24]. These
preclinial data suggest that adoptive transfer of Treg cells in transplantation might be an attractive
approach to induce operational tolerance. Treg numbers can be either increased by infusion of
iTregs or by promoting endogenous nTreg expansion. It was only logical that Tregs were used to
achieve transplant tolerance.
Until today only a few Treg studies have entered clinical trials due to costs, availability and
applicability of cells, and the need for GMP facilities. It is unclear which subsets and dosage of
Tregs are necessary for therapy and which time point is optimal for infusion in terms of function
and stability. The isolation of suppressive Treg cell populations is complicated. FOXP3 is an
intracellular marker and thus cannot be used for isolation. CD25 is not only expressed on Tregs but
also on activated effector T cells. Therefore, contamination with non-Tregs, such as effector cells,
is possible, when using Treg isolation for clinical cell therapy. Other markers are needed, such as
CD127, the α-chain of the IL-17 receptor, which has been described to deliver a highly suppressive
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Treg population when used together with CD4 and CD25 [25-29]. Other problems are durable
stability and that Tregs can lose their suppressive function and even differentiate into effector T
cells.
Adoptive transfer of ex vivo generated anti-donor iTregs allowed long-term graft survival after
renal transplantation in non-human primates [30]. nTregs were already used with varying success
in graft-versus-host disease (GvHD) [31, 32] and prevention of type 1 diabetes [33].
Several trials are ongoing, but so far only three centers have successfully completed and
published clinical data using expanded recipient Tregs in the context of solid organ transplantation
(SOT) [34-36] (Table 1).
The Pilot Trial of Polyclonal Treg Adoptive Therapy for Control of Subclinical Transplant
Inflammation [34] assessed the safety and feasibility of injecting CD4+CD25+127- peripheral blood
Tregs (320 x 106 cells) that were FACS-sorted and expanded polyclonally ex vivo into kidney
transplant recipients with subclinical inflammation on a 6-month protocol biopsy. This regimen
revealed mixed results. In n=2 patients, graft inflammation and rejection scores were improved
with no incidence of acute rejection. Another patient had signs of subclinical acute cellular
rejection 6 months after Treg infusion. Based on these preliminary data the group has recently
initiated the TASK trial (NCT02088931) to compare the efficacy of infused polyclonal Tregs versus
donor alloantigen-reactive Tregs in kidney transplant recipients with subclinical inflammation. The
trial protocol is to infuse 400 million ± 100 million Tregs into each patient. The cohort will consist
of 45 recipients of living-donor kidneys who exhibit graft inflammation based on protocol biopsy
at 6 months after transplant. This trial aims to answer some important questions related to:
1.) safety and tolerability of polyclonal and donor alloantigen–reactive Treg infusions,
2.) where these cells finally accumulate, and
3.) if they will eventually control the inflammatory process [24].
A Phase I Clinical Trial with Ex Vivo Expanded Recipient Regulatory T cells in Living Donor Kidney
Transplants (TRACT) investigated the safety of the transfer of autologous, polyclonally expanded
Tregs in 9 living donor kidney transplant recipients. nTregs were isolated by CD25 + enrichment,
CD8+ and CD19+ depletion and expansion with anti-CD3/CD28-coated beads, IL-2, and sirolimus
over 3 weeks. Cells were used for infusion when the percentage of CD4+CD25+ cells was greater
than 70%, CD8+ and CD19+ cells less than 10%, and suppression of Teff proliferation in vitro
greater than 50%. Prior to the Treg infusion, lymphodepletion in the recipients was induced by
alemtuzumab. Patients received TAC and MMF-based immunosuppression followed by conversion
to SRL 30 days post-transplantation, in an effort to increase Treg survival.
This regimen successfully increased circulating CD4+CD25hiCD127-FOXP3+ Tregs in the
peripheral blood. In addition, patients did not develop rejection or serious adverse effects.
An abstract has been published on another attempt of an adoptive transfer of self-anergic cells
in 12 kidney transplant recipients from HLA-mismatched living donors. In this study, recipient and
donor PBMCs obtained by lymphocytapheresis were co-cultured in the presence of antiCD80/CD86 mAb and infused 12 days after transplantation as immunosuppression was gradually
tapered. The patients received a splenectomy or rituximab and cyclophosphamide. The results
were mixed. Incidence of biopsy-proven acute rejections (BPAR) was high. Therefore,
immunosuppressive therapy was not completely withdrawn. Nonetheless, all 12 recipients had
continuing transplant function. Follow-up data on n=40 renal transplant recipients who were
treated with rituximab and rATG instead of cyclophosphamide have yet to be reported [37].
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Table 1 Trials on Tregs in the context of solid organ transplantation (http://clinicaltrials.gov).
NCT Number

NCT01624077

NCT02188719

NCT02474199

NCT02088931

Status

Titel

Conditions

Interventions

Phase

Enrolled

Time

Locations

Unknown †

Safety Study of
Using Regulatory T
Cells Induce Liver
Transplantation
Tolerance

Chronic
Rejection
Liver Tx

Regulatory T cells

I

1

12/14 –
12/15

Nanjing Medical
University
Nanjing, China

Recruiting

Donor-AlloantigenReactive Regulatory
T Cell (darTregs) in
Liver
Transplantation

Liver Tx

Recruiting

Donor-AlloantigenReactive Regulatory
T Cell (darTregs) for
Calcineurin Inhibitor
(CNI) Reduction
(ARTEMIS)

Liver Tx

Unknown †

Treg Adoptive
Therapy for
Subclinical
Inflammation in
Kidney
Transplantation

Late
Complication
Kidney Tx

darTreg Infusion

darTreg Infusion

Treg infusion

I

24

12/14 –
01/22

I/II

18

09/15 –
06/19

I

3

03/14 –
12/16

University of
California,
San Francisco, US
Northwestern
University
Chicago, US
Mayo Clinic,
Rochester, US
University of
California,
San Francisco, US
Northwestern
University
Chicago, US
Mayo Clinic,
Rochester, US
University of
California,
San Francisco, US

Page 6/205

OBM Transplantation 2019; 3(2), doi:10.21926/obm.transplant.1902070

(TASK)

NCT02091232

NCT03444064

NCT02244801

NCT02129881

NCT02711826

Active, not
recruiting

Recruiting

Completed

Infusion of TRegulatory Cells in
Kidney Transplant
Kidney Tx
Recipients (The ONE
Study)
PolyTreg
Immunotherapy in
Islet Tx
Islet Transplantation
Donor-AlloantigenReactive Regulatory
T Cell (darTreg)
Kidney Tx
Therapy in Renal
Transplantation (The
ONE Study )

Unknown †

The ONE Study UK
Treg Trial

Recruiting

Treg Therapy in
Subclinical
Inflammation in
Kidney Tx

Regulatory Cell
Infusion

PolyTregs

darTreg infusion

End-stage
Renal Failure

Autologous
regulatory T Cell

Kidney Tx

Polyclonal
Regulatory T Cells

I

I

I

8

05/14 –
05/18

Massachusetts
General Hospital,
Boston, US

18

02/18 –
03/21

University of
Alberta,
Edmonton, Canada

04/15 –
08/18

University of
California, San
Francisco
, US

6

I/II

12

04/14 –
03/17

I/II

45

05/16 –
10/21

Guy's Hospital,
London, UK
The Oxford
Transplant Centre,
Oxford, UK
University of
Alabama,
Birmingham, US
University of
California, San
Francisco, US
University of
Michigan,
Ann Arbor, US
and 3 more
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NCT02145325

Active, not
recruiting

NCT02371434

Unknown †

NCT03654040

Not yet
recruiting

NCT03577431

Not yet
recruiting

NCT02085629

Recruiting

Trial of Adoptive
Immunotherapy
With TRACT to
Prevent Rejection in
Living Donor Kidney
Transplant
Recipients
The ONE Study
nTreg Trial
(ONEnTreg13)
Liver
Transplantation
With Tregs at UCSF
Liver
Transplantation
With Tregs at MGH
The One M Reg Trial

Kidney Tx

Expanded Tregs

I

10

04/14 –
12/21

Kidnex Tx

autologous
CD4+CD25+FoxP3
+ nTregs

I/II

9

01/15 –
12/17

I/II

9

10/18 –
12/25

I/II

9

10/18 –
12/25

Liver Tx

Liver Tx

ESRD

arTreg

arTreg-CSB

Donor M reg

I/II

07/14 –
12/18

Northwestern
University Chicago,
US

Charité University
Medicine,
Berlin, Germany
University of
California, San
Francisco, US
Massachusetts
General Hospital,
Boston, US
University Hospital
Regensburg,
Regensburg,
Germany
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The EU-funded ONE Study is a consortium of six clinical trials which aim to investigate the
safety and therapeutic efficacy of a variety of immunoregulatory cell therapies in living donor
renal transplantation in comparison to a reference group. The study includes centers in the UK,
Germany, France, Italy, and the US. The manufactured cells consist of polyclonal (UK group of
King’s College London and Oxford University (NCT02129881) and Charité–Universitätsmedizin
Berlin (NCT02371434)) and alloantigen-specific nTregs (UCSF, San Francisco (NCT02244801) and
MGH Boston (NCT02091232)), Tr1 cells, tolerogenic dendritic cells, and regulatory macrophages.
At all of the participating sites, Tregs are infused within the first 10 days after transplant. Both
groups, the one receiving the cellular therapy and the reference group will receive low dose
tacrolimus, MMF, and steroids, with the reference group receiving anti-CD25 antibody induction
instead of cellular infusion. The consortium has treated more than 35 patients in total and all sites
have completed enrollment.
Having proven the safety and feasibility of Treg-based immunotherapy in the ONE Study (trial
identifier: ONETreg1; ClinicalTrials.gov number: NCT02129881; EudraCT number: 2013-002099-42,
co-sponsored by King’s College London and Guy’s and St Thomas’ NHS Foundation Trust, REC
number 13/SC/0568), the TWO Study aims to demonstrate the efficacy of this treatment, with the
goal of allowing reduction of immunosuppression to a single drug by 6-months posttransplantation.
4. Mesenchymal Stem Cells (MSC)
Mesenchymal Stem Cells (MSC) are a heterogeneous population of non-hematopoietic
multipotent cells. In 2004 the potent immunosuppressive effects of in vitro culture-expanded MSC
isolated from human bone marrow (BM) were shown for the first time in a clinical setting [38].
Therefore, most of the ensuing research was done on cells retrieved from the bone marrow. Over
the following years MSCs could be found in almost all adult organs and tissues [39]. Identification
of these cells is not easy because unique markers are lacking. More than 10 years ago, the
“International Society for Cellular Therapy” defined 3 minimal criteria for MSCs: 1.) plastic
adherence under standard culture conditions, 2.) expression of CD105, CD73, and CD90 molecules,
and no expression of CD45, CD34, CD19 and CD79, and 3.) in vitro, the cells must have the capacity
to differentiate into chondrocytes, osteoblasts, and adipocytes [40]. These criteria remain
accepted to today.
MSCs express low levels of MHC class I molecules, but no MHC class II molecules or
costimulatory molecules including CD80, CD86, and CD40, resulting in a lack of immunogenicity.
After infusion, MSCs preferentially home at the site of vascular damage or inflammation. This
property may help diminish ischemia-reperfusion-injury, rescue marginal donor organs, and
reduce alloimmune responses [41].
MSCs possess immunomodulatory properties by affecting the effector functions of cells of the
innate and adaptive immune systems, by direct cell contact and release of soluble molecules. In
multiple experimental settings, MSCs were shown to induce tolerance by different mechanisms.
Modulation of the phenotype of antigen presenting cells with reduced cytokine production and
suppression of T cell proliferation, shifting the alloimmune response towards regulation, have
been described [42-44].
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So far, over 500 clinical trials (http://clinicaltrials.gov/) have been registered since 2004. MSCs
are being used for the treatment of many inflammatory disorders, including inflammatory bowel
disease, rheumatoid arthritis, diabetes mellitus, and graft versus host disease (GvHD) [45].
However, only 6 MSC clinical trials in kidney transplantation have been published, which mainly
focused on safety and feasibility. Currently, there are ongoing clinical trials with the aim to
promote tolerance and to improve graft survival with minimization of immunosuppression (Table
2).
The challenges in clinical trials with adoptive transfer of MSCs include the source, dose, route,
timing, decision of concomitant immunosuppression, and cost. MSCs for clinical applications
should be manufactured in GMP facilities to ensure quality and reproducibility. However,
protocols are not uniform yet. MSCs have been taken from different sources (mainly bone marrow,
adipose tissue, or an umbilical cord) with different culture conditions. The published studies in
renal transplantation have used BM-derived cells. The correct dose has yet to be found. Cells have
been administered intravenously for most clinical studies. This has been shown to be safe but
MSCs can also be injected directly into the kidney or underneath the kidney capsula with the
advantage of direct homing and no entrapment in the lungs. Finally, concomitant pharmacological
immunosuppression should be carefully chosen. Mycophenolate mofetil (MMF) and Rapamycin
were shown to work synergistically along with MSCs in various transplant settings [46, 47].
In a recent renal transplant study, treatment with autologous BM derived MSCs (1–2 × 106/kg
at kidney reperfusion and two weeks after transplantation) resulted in a reduced incidence of
acute rejection (7.7% vs. 21.5%), opportunistic infections, and better estimated glomerular
filtration rate at 1 year as compared to controls (n = 51) receiving anti-IL-2 receptor antibody and
standard dose CNIs [48]. Another trial showed that the combination of autologous bone marrowderived MSCs and a maintenance immunosuppressant reduces acute rejection and interstitial
fibrosis/tubular atrophy up to 24 weeks after MSC infusion [49]. In a follow-up trial in 70 renal
transplant recipients, the authors currently investigate if MSCs in combination with everolimus
can facilitate tacrolimus withdrawal and reduce fibrosis (NCT02057965). A beneficial effect of the
injection of autologous MSCs along with a maintenance immunosuppressant on the graft function
one year post transplantation could also be demonstrated by Perico et al [50].
Timing of the infusion of MSC seems important, because MSC therapy early after
transplantation negatively affected kidney graft function, which was not the case when MSCs
were given before transplantation [51]. An interesting approach was chosen by Vanikar et al. who
combined adipose-derived mesenchymal stem cells (AD-MSCs) with hematopoietic stem cells (HSC)
and could show that the combination of the two indeed performed more effectively than HSC
transplantation alone [52]. A cell therapy with HSC led to persistent mixed chimerism in about 1.8%
of patients compared to 4% using combined AD-MSC + HSC in live donor kidney recipients with a
higher incidence of rejections in the HSC only group. In a 5.7 year follow-up, graft and patient
survival was 70% with 50% of patients on zero conventional immunosuppression and 20% on
“rescue immunosuppression” (MPA plus steroid).
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Table 2 Trials on MSC in the context of solid organ transplantation (http://clinicaltrials.gov).
NCT Number

Status

Title

Conditions

Interventions

Phase

Population

Time

Locations

NCT02409940

Active, not
recruiting

Kidney Tx
Rejection

MSC

I

17

09/13
–
05/17

Translational and
Regenerative
Medicine,
Chandigarh, India

NCT02561767

Unknown
status

To Elucidate the Effect of
Mesenchymal Stem Cells
on the T Cell Repertoire of
the Kidney Transplant
Patients
Effect of BM-MSCs in DCD
Kidney Transplantation

Kidney Tx
ATN

BM-MSCs

I/II

120

NCT00752479

Terminated

Kidney Tx

MSC

I/II

4

Sun Yat-sen
University,
Guangdong, China
Nephrology Unit,
Bergamo, Italy

NCT02563340

Unknown
status

Kidney Tx

BM-MSCs

I/II

60

Enrolling by
invitation

Kidney Tx
Rejection

MSC

I

20

11/15
–
11/17
01/16
–
12/18

Sun Yat-sen
University,
Guangzhou, China

NCT02490020

Mesenchymal Stem Cells
Under Basiliximab/Low
Dose RATG to Induce Renal
Transplant Tolerance
Effect of BM-MSCs on
Chronic AMR After Kidney
Transplantation
A Perspective Multicenter
Controlled Study On
Application Of
Mesenchymal Stem
Cell(MSC) To Prevent
Rejection After Renal
Transplantation By
Donation After Cardiac
Death

10/15
–
10/17
05/06
–
12/13

Page 11/205

OBM Transplantation 2019; 3(2), doi:10.21926/obm.transplant.1902070

NCT02563366

Unknown
status

NCT00659620

Unknown
status

NCT00658073

Completed

NCT03478215

Recruiting

NCT02492308

Unknown
status

NCT02492490

Unknown
status

NCT00734396

Completed

NCT01429038

Unknown
status

Effect of BM-MSCs on Early
Graft Function Recovery
After DCD Kidney
Transplant.
Mesenchymal Stem Cell
Transplantation in the
Treatment of Chronic
Allograft Nephropathy
Induction Therapy With
Autologous Mesenchymal
Stem Cells for Kidney
Allografts
Mesenchymal Stromal Cells
in Living Donor Kidney
Transplantation
Induction With SVF Derived
MSC in Living-related
Kidney Transplantation
Effect of SVF Derived MSC
in DCD Renal
Transplantation
Mesenchymal Stem Cells
and Subclinical Rejection
Mesenchymal Stem Cells
After Renal or Liver
Transplantation

Kidney Tx
BM-MSCs
Acute
Tubular
Necrosis
Kidney Tx
MSC
Chronic
Allograft
Nephropath
y
Kidney Tx
MSCs infusion
Rejection

I/II

120

11/15
–
12/17

Sun Yat-sen
University,
Guangzhou, China

I/II

20

05/08
–
05/10

Fuzhou General
Hospital, Fuzhou,
China

NA

165

03/08
–
10/10

General Hospital,
Fuzhou, China

Kidney Tx

MSCs Infusion

II

24

Livingrelative
Kidney Tx
Kidney Tx

SVF-MSC
induction

I/II

120

Houston Methodist
Hospital System,
Houston, US
Fuzhou, Fujian, China

SVF derived
MSC

I/II

120

I/II

15

I/II

40

02/16
–
07/21
12/14
–
12/17
12/14
–
11/16
02/09
–
07/16
02/12
–
02/17

Organ
MSC infusion
transplantat
ion
Liver Tx
MSC
Kidney Tx

Fuzhou General
Hospital - Xiamen
Univ, Fuzhou, China
Leiden University
Medical Center,
Leiden, Netherlands
University Hospital
Liege, Liege, Belgium
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Conflicting preclinical results exist regarding the application of allogeneic vs. autologous MSCs
in the transplant setting. While some preclinical studies showed an accelerated graft rejection
after allogeneic MSC administration [53, 54], others showed that allogeneic MSCs promote graft
survival [46, 47]. In vivo experiments showed that allogenic MSCs can induce memory T-cell [55]
and the development of alloantibody formation [56]. Contrary to these data, Peng et al. [57]
reported that renal transplant patients had stable transplant function following allogeneic MSC
despite significant reduction of the tacrolimus dose. However, long-term data are missing and
HLA-specific antibodies were not evaluated.
5. Summary
In recent years, the potential of hematopoietic stem cells, regulatory T-cells and mesenchymal
stem cells resulted in a variety of clinical tolerance trials. Every approach has yielded promising
results. The ongoing trials in this field will provide additional information regarding the risks and
benefits of these therapy approaches.
Abbreviations List
CNI – Calcineurininhibitors; CKBMTx – combined kidney and bone marrow transplantation; CsA
– Cyclosporine A; DC – dendritic cell; HSC - hematopietic stem cell; KTx – Kidney transplantation;
MSC – mesenchymal stem cell; MMF - mycophenolate mofetil; RTx – renal transplantation; SRL –
Sirolimus; TAC – Tacrolimus; TBI – Total body irradiation; TLI - total lymphocyte irradiation; T reg –
regulatory T cell.
Author Contributions
J. A. and A. H. contributed to the design, and writing of the manuscript.
Competing Interests
The authors have declared that no competing interests exist.
References
1.
2.
3.
4.

5.

Hart A, Smith JM, Skeans MA, Gustafson SK, Wilk AR, Robinson A, et al. Optn/srtr 2016 annual
data report: Kidney. Am J Transplant. 2018; 18: 18-113.
Billingham RE, Brent L, Medawar PB. Actively acquired tolerance of foreign cells. Nature. 1953;
172: 603-606.
Owen RD. Immunogenetic consequences of vascular anastomoses between bovine twins.
Science. 1945; 102: 400.
Besancon A, Baas M, Goncalves T, Valette F, Waldmann H, Chatenoud L, et al. The induction
and maintenance of transplant tolerance engages both regulatory and anergic CD4(+) T cells.
Front Immunol. 2017; 8: 218.
Sakaguchi S, Sakaguchi N, Asano M, Itoh M, Toda M. Immunologic self-tolerance maintained
by activated T cells expressing IL-2 receptor alpha-chains (CD25). Breakdown of a single

Page 13/205

OBM Transplantation 2019; 3(2), doi:10.21926/obm.transplant.1902070

6.

7.

8.
9.

10.

11.

12.

13.
14.

15.

16.

17.
18.
19.
20.

mechanism of self-tolerance causes various autoimmune diseases. J Immunol. 1995; 155:
1151-1164.
Ochsenbein AF, Klenerman P, Karrer U, Ludewig B, Pericin M, Hengartner H, et al. Immune
surveillance against a solid tumor fails because of immunological ignorance. Proc Natl Acad
Sci U S A. 1999; 96: 2233-2238.
Sarraj B, Ye J, Akl AI, Chen G, Wang JJ, Zhang Z, et al. Impaired selectin-dependent leukocyte
recruitment induces T-cell exhaustion and prevents chronic allograft vasculopathy and
rejection. Proc Natl Acad Sci U S A. 2014; 111: 12145-12150.
Wells AD, Li XC, Li Y, Walsh MC, Zheng XX, Wu Z, et al. Requirement for T-cell apoptosis in the
induction of peripheral transplantation tolerance. Nat Med. 1999; 5: 1303-1307.
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.
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
transplantation for multiple myeloma with end-stage renal disease. Transplantation. 2011; 91:
672-676.
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.
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.
Scandling JD, Busque S, Lowsky R, Shizuru J, Shori A, Engleman E, et al. Macrochimerism and
clinical transplant tolerance. Hum Immunol. 2018; 79: 266-271.
Huang Y, Elliott MJ, Yolcu ES, Miller TO, Ratajczak J, Bozulic LD, et al. Characterization of
human CD8(+)TCR(-) facilitating cells in vitro and in vivo in a nod/scid/IL2rgamma(null) mouse
model. Am J Transplant. 2016; 16: 440-453.
Leventhal JR, Ildstad ST. Tolerance induction in HLA disparate living donor kidney
transplantation by facilitating cell-enriched donor stem cell infusion: The importance of
durable chimerism. Hum Immunol. 2018; 79: 272-276.
Leventhal JR, Miller J, Mathew JM, Kurian S, Tambur AR, Friedewald J, et al. Updated followup of a tolerance protocol in HLA-identical renal transplant pairs given donor hematopoietic
stem cells. Hum Immunol. 2018; 79: 277-282.
Hori S, Nomura T, Sakaguchi S. Control of regulatory T cell development by the transcription
factor FOXP3. Science. 2003; 299: 1057-1061.
Fontenot JD, Gavin MA, Rudensky AY. FOXP3 programs the development and function of
CD4+CD25+ regulatory T cells. Nat Immunol. 2003; 4: 330-336.
Wood KJ, Bushell A, Hester J. Regulatory immune cells in transplantation. Nat Rev Immunol.
2012; 12: 417-430.
Salama AD, Najafian N, Clarkson MR, Harmon WE, Sayegh MH. Regulatory CD25+ T cells in
human kidney transplant recipients. J Am Soc Nephrol. 2003; 14: 1643-1651.

Page 14/205

OBM Transplantation 2019; 3(2), doi:10.21926/obm.transplant.1902070

21. Schmidt A, Oberle N, Krammer PH. Molecular mechanisms of Treg-mediated T cell
suppression. Front Immunol. 2012; 3: 51.
22. Vignali DA, Collison LW, Workman CJ. How regulatory T cells work. Nat Rev Immunol. 2008; 8:
523-532.
23. Lee K, Nguyen V, Lee KM, Kang SM, Tang Q. Attenuation of donor-reactive T cells allows
effective control of allograft rejection using regulatory T cell therapy. Am J Transplant. 2014;
14: 27-38.
24. Tang Q, Vincenti F. Transplant trials with Tregs: Perils and promises. J Clin Invest. 2017; 127:
2505-2512.
25. Hall BM. T cells: Soldiers and spies--the surveillance and control of effector T cells by
regulatory T cells. Clin J Am Soc Nephrol. 2015; 10: 2050-2064.
26. Hoffmann P, Boeld TJ, Eder R, Huehn J, Floess S, Wieczorek G, et al. Loss of FOXP3 expression
in natural human CD4+CD25+ regulatory T cells upon repetitive in vitro stimulation. Eur J
Immunol. 2009; 39: 1088-1097.
27. Liu W, Putnam AL, Xu-Yu Z, Szot GL, Lee MR, Zhu S, et al. CD127 expression inversely
correlates with FOXP3 and suppressive function of human CD4+ T reg cells. J Exp Med. 2006;
203: 1701-1711.
28. Peters JH, Preijers FW, Woestenenk R, Hilbrands LB, Koenen HJ, Joosten I. Clinical grade Treg:
Gmp isolation, improvement of purity by CD127 depletion, Treg expansion, and Treg
cryopreservation. PLoS One. 2008; 3: e3161.
29. Rudensky AY. Regulatory T cells and FOXP3. Immunol Rev. 2011; 241: 260-268.
30. Bashuda H, Kimikawa M, Seino K, Kato Y, Ono F, Shimizu A, et al. Renal allograft rejection is
prevented by adoptive transfer of anergic T cells in nonhuman primates. J Clin Invest. 2005;
115: 1896-1902.
31. Brunstein CG, Miller JS, Cao Q, McKenna DH, Hippen KL, Curtsinger J, et al. Infusion of ex vivo
expanded T regulatory cells in adults transplanted with umbilical cord blood: Safety profile
and detection kinetics. Blood. 2011; 117: 1061-1070.
32. Di Ianni M, Del Papa B, Cecchini D, Bonifacio E, Moretti L, Zei T, et al. Immunomagnetic
isolation of CD4+CD25+FOXP3+ natural T regulatory lymphocytes for clinical applications. Clin
Exp Immunol. 2009; 156: 246-253.
33. Marek-Trzonkowska N, Mysliwec M, Siebert J, Trzonkowski P. Clinical application of
regulatory T cells in type 1 diabetes. Pediatr Diabetes. 2013; 14: 322-332.
34. Chandran S, Tang Q, Sarwal M, Laszik ZG, Putnam AL, Lee K, et al. Polyclonal regulatory T cell
therapy for control of inflammation in kidney transplants. Am J Transplant. 2017; 17: 29452954.
35. Mathew JM, J HV, LeFever A, Konieczna I, Stratton C, He J, et al. A phase i clinical trial with ex
vivo expanded recipient regulatory T cells in living donor kidney transplants. Sci Rep. 2018; 8:
7428.
36. Todo S, Yamashita K, Goto R, Zaitsu M, Nagatsu A, Oura T, et al. A pilot study of operational
tolerance with a regulatory T-cell-based cell therapy in living donor liver transplantation.
Hepatology. 2016; 64: 632-643.
37. Koyama I. Induction of donor specific hyporesponsiveness in kidney transplantation using
adoptive transfer of ex vivo induced tolerogenic cells. Am J Transplant. 2013; 13.

Page 15/205

OBM Transplantation 2019; 3(2), doi:10.21926/obm.transplant.1902070

38. Le Blanc K, Rasmusson I, Sundberg B, Gotherstrom C, Hassan M, Uzunel M, et al. Treatment
of severe acute graft-versus-host disease with third party haploidentical mesenchymal stem
cells. Lancet. 2004; 363: 1439-1441.
39. da Silva Meirelles L, Chagastelles PC, Nardi NB. Mesenchymal stem cells reside in virtually all
post-natal organs and tissues. J Cell Sci. 2006; 119: 2204-2213.
40. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause D, et al. Minimal
criteria for defining multipotent mesenchymal stromal cells. The international society for
cellular therapy position statement. Cytotherapy. 2006; 8: 315-317.
41. Garakani R, Saidi RF. Recent progress in cell therapy in solid organ transplantation. Int J Organ
Transplant Med. 2017; 8: 125-131.
42. Beyth S, Borovsky Z, Mevorach D, Liebergall M, Gazit Z, Aslan H, et al. Human mesenchymal
stem cells alter antigen-presenting cell maturation and induce T-cell unresponsiveness. Blood.
2005; 105: 2214-2219.
43. Casiraghi F, Perico N, Remuzzi G. Mesenchymal stromal cells for tolerance induction in organ
transplantation. Hum Immunol. 2018; 79: 304-313.
44. Ge W, Jiang J, Arp J, Liu W, Garcia B, Wang H. Regulatory T-cell generation and kidney
allograft tolerance induced by mesenchymal stem cells associated with indoleamine 2,3dioxygenase expression. Transplantation. 2010; 90: 1312-1320.
45. Griffin MD, Elliman SJ, Cahill E, English K, Ceredig R, Ritter T. Concise review: Adult
mesenchymal stromal cell therapy for inflammatory diseases: How well are we joining the
dots? Stem Cells. 2013; 31: 2033-2041.
46. Eggenhofer E, Steinmann JF, Renner P, Slowik P, Piso P, Geissler EK, et al. Mesenchymal stem
cells together with mycophenolate mofetil inhibit antigen presenting cell and T cell
infiltration into allogeneic heart grafts. Transplant Immunol. 2011; 24: 157-163.
47. Ge W, Jiang J, Baroja ML, Arp J, Zassoko R, Liu W, et al. Infusion of mesenchymal stem cells
and rapamycin synergize to attenuate alloimmune responses and promote cardiac allograft
tolerance. Am J Transplant. 2009; 9: 1760-1772.
48. Tan J, Wu W, Xu X, Liao L, Zheng F, Messinger S, et al. Induction therapy with autologous
mesenchymal stem cells in living-related kidney transplants: A randomized controlled trial.
JAMA. 2012; 307: 1169-1177.
49. Reinders ME, de Fijter JW, Roelofs H, Bajema IM, de Vries DK, Schaapherder AF, et al.
Autologous bone marrow-derived mesenchymal stromal cells for the treatment of allograft
rejection after renal transplantation: Results of a phase i study. Stem Cells Transl Med. 2013;
2: 107-111.
50. Perico N, Casiraghi F, Introna M, Gotti E, Todeschini M, Cavinato RA, et al. Autologous
mesenchymal stromal cells and kidney transplantation: A pilot study of safety and clinical
feasibility. Clin J Am Soc Nephrol. 2011; 6: 412-422.
51. Perico N, Casiraghi F, Gotti E, Introna M, Todeschini M, Cavinato RA, et al. Mesenchymal
stromal cells and kidney transplantation: Pretransplant infusion protects from graft
dysfunction while fostering immunoregulation. Transplant Int. 2013; 26: 867-878.
52. Vanikar AV, Trivedi HL, Thakkar UG. Six years' experience of tolerance induction in renal
transplantation using stem cell therapy. Clin Immunol. 2018; 187: 10-14.

Page 16/205

OBM Transplantation 2019; 3(2), doi:10.21926/obm.transplant.1902070

53. Griffin MD, Ryan AE, Alagesan S, Lohan P, Treacy O, Ritter T. Anti-donor immune responses
elicited by allogeneic mesenchymal stem cells: What have we learned so far? Immunol Cell
Biol. 2013; 91: 40-51.
54. Reinders ME, Dreyer GJ, Bank JR, Roelofs H, Heidt S, Roelen DL, et al. Safety of allogeneic
bone marrow derived mesenchymal stromal cell therapy in renal transplant recipients: The
neptune study. J Transl Med. 2015; 13: 344.
55. Zangi L, Margalit R, Reich-Zeliger S, Bachar-Lustig E, Beilhack A, Negrin R, et al. Direct imaging
of immune rejection and memory induction by allogeneic mesenchymal stromal cells. Stem
Cells. 2009; 27: 2865-2874.
56. Badillo AT, Beggs KJ, Javazon EH, Tebbets JC, Flake AW. Murine bone marrow stromal
progenitor cells elicit an in vivo cellular and humoral alloimmune response. Biol Blood
Marrow Transplant. 2007; 13: 412-422.
57. Peng Y, Ke M, Xu L, Liu L, Chen X, Xia W, et al. Donor-derived mesenchymal stem cells
combined with low-dose tacrolimus prevent acute rejection after renal transplantation: A
clinical pilot study. Transplantation. 2013; 95: 161-168.

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 17/205

Open Access

OBM Transplantation

Research Article

The DPP4 Inhibitor Sitagliptin Increases Active GLP-1 Levels from Human
Islets and May Increase Islet Cell Survival Prior to Transplantation
Scott A. Campbell 1, Matthew Hubert 1, Janyne Johnson 1, 2, Nicole Salamon 1, Peter E. Light 1, *
1. Alberta Diabetes Institute and the Departments of Pharmacology, Faculty of Medicine and
Dentistry,
University
of
Alberta,
Edmonton,
Alberta,
Canada;
E-Mails:
scottacampbell@ualberta.ca;
mchubert@ualberta.ca;
janyne@ualberta.ca;
nsalamon@ualberta.ca; plight@ualberta.ca
2. Alberta Diabetes Institute and the Departments of Physiology, Faculty of Medicine and
Dentistry, University of Alberta, Edmonton, Alberta, Canada
* Correspondence: Peter E. Light; E-Mail: plight@ualberta.ca
Academic Editor: Tatsuya Kin
Special Issue: Human Islets for Diabetes Research and Transplantation
OBM Transplantation
2019, volume 3, issue 2
doi:10.21926/obm.transplant.1902069

Received: March 12, 2019
Accepted: June 21, 2019
Published: June 26, 2019

Abstract
Background: One of the goals of clinical islet transplantation is to achieve a single-donor
transplant that is dependent on obtaining enough quality  cell mass from one donor
pancreas. Human islets are routinely cultured prior to transplantation, and pro-survival
factors such as GLP-1 analogues have been reported to maintain  cell mass and survival.
Interestingly, human islets may secrete GLP-1 and they also express the enzyme DPP4 that
proteolytically cleaves GLP-1 into an inactive form. The aim of this study is to investigate
GLP-1 secretion from human islets and to test if the DPP4 inhibitor sitagliptin may increase
levels of active GLP-1 to increase islet survival in culture.
Methods: Active GLP-1, glucagon, and insulin were measured from non-diabetic and type 2
diabetic islets using a glucose suppression test. Human islet cultures were treated with
sitagliptin, and active GLP-1 levels were taken at 48 hours. These levels were then correlated
with islet isolation parameters (SI, viability, culture time, cold ischemia time, and DNA
© 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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content) and donor parameters (age, HbA1c, and BMI). A dead cell assay using Sytox Green
was used to measure cell death in human islet cultures treated with sitagliptin.
Results: We found that both non-diabetic and type 2 diabetic islets secrete active GLP-1.
Active GLP-1 levels from human islet cultures negatively correlated with the stimulation
index for insulin and this correlation was maintained when active GLP-1 levels were
increased with sitagliptin. No strong correlations were found for other islet or donor
parameters. The fold change in active GLP-1 in sitagliptin treated islet cultures was
correlated with increased islet survival.
Conclusions: Human islets have a local paracrine source of the prosurvival peptide, active
GLP-1. Although low levels of active GLP-1 are associated with greater  cell function, these
levels may be increased with the DPP4 inhibitor sitagliptin. The increase in active GLP-1
levels may confer protection from islet cell death and pre-treatment of islets with DPP4
inhibitors prior to transplantation has the potential to improve post-transplant islet survival.
Keywords
Human islets; survival; sitagliptin; active GLP-1; transplantation

1. Introduction
Clinical islet transplantation (CIT) is a successful treatment for T1D patients with hypoglycemic
unawareness and severe hypoglycemic events who have failed to obtain adequate glycemic
control with insulin therapy alone [1]. Recent studies show that CIT can restore hypoglycemia
awareness, eliminate or reduce severe hypoglycemic events, and improve glycemic control [2, 3].
Furthermore, insulin independence rates at 5 years after transplantation have improved
significantly since the first Edmonton Protocol and are now nearly 50% [4]. Improvements in islet
isolation and culture, along with improved donor selection and immunosuppressive agents, have
propelled human islet transplantation from an experimental procedure to an effective clinical
treatment.
One of the goals of CIT is to obtain a single-donor transplant that is dependent on obtaining
enough quality β cell mass from one pancreas [5]. Islet preparations are routinely cultured for 2472 hours to allow for quality control and initiation of inductive immunosuppressive treatment of
the recipient [1]. Although this culture period can further purify the islet preparation, it may also
result in a loss of β cell mass, falling below the minimum 5000 IEQ per kg of recipient body mass
required for transplant [6]. During this pre-transplant culture period there is an opportunity to
retain β cell mass and precondition the islets for improved survival in the acute post-transplant
setting. Indeed, the loss of β cell mass in the hepatic portal vein transplant site in the first few days
post-transplant is estimated at >50% [7], suggesting that increasing β cell survival in culture may
reduce overall islet requirements. Therefore, therapies already in clinical use that maintain β cell
mass and improve β cell survival would further the goal of a single-donor transplant.
Glucagon-like peptide-1 (GLP-1) receptor agonists and dipeptidyl peptidase-4 (DPP4) inhibitors,
medications for the treatment of T2D, have shown promise in islet transplantation. Liraglutide, a
long-acting GLP-1 receptor agonist, improved islet engraftment in mice and was shown to increase
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survival of human islets in culture [8, 9]. DPP4 inhibitors increase circulating levels of active GLP-1
and have been shown to increase β cell mass in animals. In a clinical pilot study, the DPP4 inhibitor
sitagliptin was combined with pantoprazole to successfully restore insulin independence from
failing grafts, although insulin independence was lost after treatment was stopped [10]. However,
in a randomized, placebo controlled study using sitagliptin in islet autotransplantation after total
pancreatectomy, sitagliptin was well tolerated, although there was no metabolic benefit from
treatment [11].
Human islets secrete bioactive GLP-1 from α cells and thus have a paracrine source of GLP-1
localized to β cells [12]. Furthermore, DPP4 is also expressed in the α cells of human islets allowing
for the use of DPP4 inhibitors to increase active GLP-1 levels within islets. DPP4 inhibitors have
been reported to increase active GLP-1 levels and insulin secretion in human islet cultures [13, 14],
with one group reporting increased β cell survival [15]. However, little is known about intra-islet
GLP-1 secretion and the role it may have in maintaining β cell mass, particularly in the context of
DPP4 inhibition.
In this study, we characterized GLP-1 secretion in the context of human islet isolation and
donor parameters. We also investigated the potential to improve islet survival by increasing active
GLP-1 levels with the DPP4 inhibitor sitagliptin. Here we show that both nondiabetic and type 2
diabetic islets secrete active GLP-1. We also observed that GLP-1 levels negatively correlate with
the stimulation index for insulin secretion, suggesting that islets with a low stimulation index tend
to show enhanced GLP-1 secretion, perhaps as a result of damage during isolation and culture.
Sitagliptin treatment of human islets increased active GLP-1 levels ~7 fold. Increased active GLP-1
levels with sitagliptin also negatively correlated with the SI for insulin secretion. However, when
human islets were treated with sitagliptin, the increased active GLP-1 levels correlated with islet
cell survival, suggesting a protective effect against cell death.
2. Materials and Methods
2.1 Human Islets
De-identified human primary islets isolated from deceased donors were obtained from the
Alberta Diabetes Institute IsletCore and the Clinical Islet Laboratory, University of Alberta, in
accordance with institutional human ethics guidelines. If the islet preparation was <90% pure,
islets were handpicked to obtain >90% purity. Islets were cultured in DMEM (5.5 mM glucose)
supplemented with 10% FBS and 1% penicillin/streptomycin for static incubations and islet culture
experiments. Diagnosis of type 2 diabetes was determined from medical records and a HbA1c >
6.5%.
2.2 Compounds
Sitagliptin phosphate monohydrate was purchased from Biovision, reconstituted in water, and
used at 200 nM concentration for islet culture experiments and dead cell assay. IL-1β (Genscript,
Z02922-10) was reconstituted in PBS and used at 50 ng/ml for islet culture experiments.

Page 20/205

OBM Transplantation 2019; 3(2), doi:10.21926/obm.transplant.1902069

2.3 Static Incubations
Static incubations were performed using 500 µL KRBH buffer containing (mM) 115 NaCl, 5 KCl,
24 NaHCO3, 2.5 CaCl2, 1 MgCl2, 10 HEPES, 0.1% BSA, (pH 7.4) supplemented with the appropriate
concentration of glucose. 50 islets were pre-incubated at 37°C with 2.8 mM glucose buffer for 2
hours, transferred to 2.8 mM glucose buffer for 1 hour, followed by 11.1 mM glucose buffer for 1
hour. Supernatant was taken and stored at −20°C for insulin, glucagon, or active GLP-1 analysis.
2.4 Islet Culture Experiments
Using a 96 well plate with optical bottoms, 40 human islets were cultured in 200uL of Ham’s
F10 (6.1 mM glucose) supplemented with 10% FBS and 1% penicillin/streptomycin for 48 hours
with or without 200 nM sitagliptin at 37°C. A parallel group was coincubated with 50 ng/ml IL-1.
Media samples were taken after 48 hours of culture, spiked with 100 uM sitagliptin to prevent
further degradation by DPP4, and frozen at −20°C for active GLP-1 analysis. The islets were imaged
with an AMG EVOS fluorescent microscope, 10X objective, using the brightfield channel. Images
were analyzed using ImageJ and the total area of the islets was measured and calculated using the
polygon tool. For the serum-free 8 hour experiment, 50 islets were cultured in 500uL of Ham’s F10
supplemented with 10 mM glucose, 10 mM nicotinamide, 2 mM L-glutamine, 1.6 mM calcium
chloride, 0.5% BSA, 50 uM IBMX, and 0.5% penicillin/streptomycin.
2.5 Hormone Secretion Assays
Active GLP-1 levels from islet culture media, the dead cell assay, and supernatants from static
islet incubations were quantified using the electrochemiluminescent assay Active GLP-1 (v2) Kit
(K150JWC-1), MesoScale Discovery. Insulin levels in supernatants from static incubations were
quantified with Stellux Chemiluminescent Human Insulin ELISA, Alpco. Glucagon levels in
supernatants from static incubations were quantified with HTRF Glucagon Assay, Cisbio.
2.6 Dead Cell Assay
Using a 96 well plate with optical bottoms, 40 islets were cultured at 37°C in 200uL of Ham’s
F10 (6.1 mM glucose) supplemented with 10% FBS and 1% penicillin/streptomycin. The remaining
wells of the 96 well plate were filled with PBS to reduce evaporation. The islets were treated with
or without 200 nM sitagliptin for 48 hours. The time in culture was used to challenge the islets and
promote cell death. After 48 hours, media samples were taken and Sytox Green (Molecular Probes,
Eugene, OR) was added to each well (final concentration 100 nM). The islets were imaged with an
AMG EVOS fluorescent microscope, 10X objective, using the brightfield and green channels.
Images were analyzed using ImageJ where the dead cells (green spots) were counted using a
threshold technique and the area of the islets was quantified. Dead cell density was calculated by
dividing the dead cells by the area of the islets.
2.7 Immunoblotting
Islets were washed three times with PBS and then lysed with a lysis buffer containing (mM) 50
Tris-HCL, 1 EDTA, 1 EGTA, 1 sodium orthovanadate, 50 sodium fluoride, 5 sodium pyrophosphate,
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and 0.27M sucrose. This lysis buffer was supplemented with a protease cocktail (BS387, Bio Basic
Inc., 1:100 dilution), 0.1% Triton X 100, and 1 mM DTT. Islet lysates were subjected to SDS-PAGE
on 8% gels transferred to nitrocellulose membranes and probed with the primary antibody,
hDPPIV polyclonal Goat IgG, AF1180, R & D Systems (1:5000). Detection was with peroxidaseconjugated secondary donkey anti-goat, sc-2020, Santa Cruz (1:1000), and visualization by
chemiluminescence with ECL-Plus (GE Healthcare). Images were acquired using a Kodak In-Vivo
Multispectral Imaging System (Carestream MI software) and analyzed using ImageJ.
2.8 Islet Isolation Parameters
For assessment of in vitro function of islets, static glucose stimulation was performed
sequentially on the same sample. After overnight culture, triplicate islet samples were incubated
with 2.8 mM glucose and then with 28.0 mM glucose in Connaught Medical Research
Laboratory 1066 medium. Stimulation index was calculated as the ratio of stimulated to basal
insulin release during 60 minute incubation intervals. Islet preparations were assessed for cell
viability using membrane exclusion dyes. A sample of islet preparations was stained using SYTO
Green (SYTO-13; Molecular Probes, Eugene, OR) and ethidium bromide. Following one minute
incubation at room temperature, preparations were analyzed under fluorescent microscopy for
proportion of live and dead cells, which then was expressed as a percentage. Culture time is the
time islets were in the CO2 incubator prior to release. Cold ischemia time was defined as time from
cross-clamp of aorta to initiation of islet isolation. DNA content was measured using the Quant-iT
DNA quantification assay.
2.9 Donor Parameters
Age is obtained from the donor chart. HbA1c is assayed from a donor whole blood sample. BMI
is calculated from the height and weight recorded in the donor chart.
Approval for the use of isolated human islets for research has been obtained each year for the
duration of the study, and most recently approved on Nov. 22, 2018 from the Health Research
Ethics Board (HREB) - Biomedical Panel under the Study ID: Pro00014814. The HREB - Biomedical
Panel carries out its functions in a manner consistent with Good Clinical Practices and the
Canadian General Standards Board (CAN/CGSB-101.1-2013). De-identified human primary islets
isolated from deceased donors were obtained from the Alberta Diabetes Institute IsletCore and
the Clinical Islet Laboratory, University of Alberta, in accordance with institutional human ethics
guidelines.
3. Results
3.1 Nondiabetic and Type 2 Diabetic Islets Secrete Active GLP-1
As α cell-derived peptides are important for normal insulin secretion [16] and contribute to
glucose homeostasis, we first measured active GLP-1 and glucagon from nondiabetic islets (Figure
1A). We performed a glucose suppression test where we observed robust amounts of active GLP-1
secreted at low glucose that surprisingly were not suppressed at high glucose (Figure 1B). To test if
the lack of suppression was unique to GLP-1 we also measured glucagon at low and high glucose
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and found no suppression at high glucose as well (Figure 1C). This indicates that in terms of
suppression of secretion at high glucose, GLP-1 and glucagon secretion from whole islets is similar
in our experiments. However, this contrasts with the expected decrease in glucagon secretion
from islets at high glucose.
It has been proposed that failing transplanted islets resemble the dysfunction seen in type 2
diabetic islets [17]. To understand the effect of prolonged islet dysfunction on secretion of α cellderived peptides, we repeated the glucose suppression test on type 2 diabetic islets. Although
glucose-stimulated insulin secretion was reduced compared to nondiabetic islets (Figure 1D), we
observed robust amounts of GLP-1 secreted at low glucose that were not suppressed at high
glucose, indicating that islet dysfunction does not reduce GLP-1 secretion (Figure 1E). Moreover,
glucagon secretion was comparable with nondiabetic islets (Figure 1F).

Figure 1 Nondiabetic and type 2 diabetic (T2D) islets secrete active GLP-1. A: Glucosestimulated insulin secretion confirming secretory phenotype of nondiabetic islets. B, C:
Glucose suppression test of active GLP-1 and glucagon secretion from nondiabetic
islets. D: Glucose-stimulated insulin secretion confirming secretory phenotype of T2D
islets. E, F: Glucose suppression test of active GLP-1 and glucagon secretion from T2D
islets. Nondiabetic islets, N=5 donors. T2D islets, N=2 donors. Statistical significance for
the data was determined using a paired Student’s t test. *, P<0.05. Error bars indicate
SEM.
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3.2 Low Active GLP-1 Levels Associate with Greater β Cell Function in Human Islets
The insulin response to glucose varies among isolated islets [18], so we compared GLP-1
secretion from insulin responders and insulin non-responders. As shown in Figure 1, insulin
responders secrete GLP-1 that is not suppressed at high glucose (Figure 2A, Figure 2B). In contrast,
insulin non-responders show increased GLP-1 secretion that is suppressed at high glucose (Figure
2C, Figure 2D). Surprisingly, insulin non-responders show the expected α cell secretion pattern
with GLP-1, while insulin responders do not.
We then examined the relationship between the stimulation index (SI) for insulin at isolation
and active GLP-1 levels measured after 48 hours of culture for five donors. Consistent with the
GLP-1 secretion measured in the glucose suppression tests, we observed a strong negative
correlation between SI and active GLP-1 levels (Figure 2E). In other words, low GLP-1 levels
associate with normal β cell function, while high GLP-1 levels associate with compromised β cell
function. We them examined the relationship between GLP-1 levels and the islet isolation
parameters viability, culture time, cold ischemia time, and DNA content (Figure 2F-I). However,
GLP-1 levels did not strongly correlate with these parameters. Also, the donor parameters of age,
A1c, and BMI did not strongly correlate with active GLP-1 levels (Figure 2J-L).
3.3 Active GLP-1 Levels are Increased with Sitagliptin and Negatively Correlate with β Cell
Function
To test if sitagliptin can increase active GLP-1 levels in human islets we first probed for DPP4
protein in human islet lysates. As others have shown [13], we confirmed with western blot that
human islets express DPP4. DPP4 is variably glycosylated and as expected we observe multiple
bands (Figure 3A). We then treated human islets with sitagliptin and measured active GLP-1 levels
after 48 hours. Active GLP-1 levels increased ~7 fold with sitagliptin treatment and there was no
significant increase in the presence of the pro-inflammatory cytokine IL-1 (Figure 3B). To
establish that sitagliptin is inhibiting islet DPP4 and not DPP4 present in serum, we treated islets in
serum-free culture with sitagliptin where we also observe an increase in active GLP-1 levels (Figure
3C).
With islets from the same five donors as before, we examined the relationship between the
increased levels of active GLP-1 with sitagliptin and the initial SI for insulin at the time of isolation.
Active GLP-1 levels with sitagliptin treatment should approximate total GLP-1 levels and give an
indication of GLP-1 secretion without the modifying effect of DPP4 enzymatic activity. Here too we
observe a strong negative correlation between increased active GLP-1 levels and the SI for insulin
(Figure 3D), suggesting that the variation in active GLP-1 levels from donor islets is due to
secretion rather than DPP4 enzymatic activity. Consistent with active GLP-1 levels at baseline,
increased active GLP-1 levels did not strongly correlate with islet isolation or donor parameters
(Figure 3E-K).
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Figure 2 Low active GLP-1 levels associate with greater β cell function in human islets.
A: Glucose-stimulated insulin secretion of insulin responder. B: Active GLP-1 secretion
is not suppressed at high (11 mM) glucose of insulin responder. N=5 donors. C:
Glucose-stimulated insulin secretion of insulin non-responder. D: Active GLP-1
secretion is suppressed at high (11 mM) glucose of insulin non-responder. N=3 donors.
E-I: Active GLP-1 levels from human islets after 48 hours of culture plotted against islet
isolation parameters. E: Insulin stimulation index F: Viability. G: Culture time before
islet preparation release. H: Cold ischemia time. I: DNA content of islet preparation. J-L:
Active GLP-1 levels are plotted against donor parameters. J: Age (years). K: HgA1c (%).
L: BMI (kg/m2). N=5 donors. Statistical significance for the data was determined using a
paired Student’s t test or Pearson’s r. *, P<0.05. Error bars indicate SEM.
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Figure 3 Active GLP-1 levels are increased with sitagliptin and negatively correlate with
β cell function. A: Western blot of DPP4 in human islet lysates. The two main bands
correspond with different levels of glycosylation. B: Human islets treated with
sitagliptin alone or in the presence of IL-1β. N=3 donors. C: Time course of active GLP-1
secretion from human islets treated with sitagliptin in serum-free culture. N=1 donor.
D-H: Active GLP-1 levels after 48 hours from human islets treated with sitagliptin
plotted against islet isolation parameters. D: Insulin stimulation index. E: Viability. F:
Culture time before islet preparation release. G: Cold ischemia time. H: DNA content of
islet preparation. I-K: Active GLP-1 levels are plotted against donor parameters. I: Age
(years). J: HgA1c (%). K: BMI (kg/m2). N=5 donors. Statistical significance for the data
was determined using a paired Student’s t test or Pearson’s r. *, P<0.05. Error bars
indicate SEM.
Page 26/205

OBM Transplantation 2019; 3(2), doi:10.21926/obm.transplant.1902069

3.4 Increase in Active GLP-1 with Sitagliptin Correlates with Islet Cell Survival
As GLP-1 has been reported to decrease apoptosis and increase cell survival in mouse islets [19],
we investigated the effect of increasing active GLP-1 levels with sitagliptin on cell survival in
human islets. Although active GLP-1 levels did not correlate with initial viability testing at isolation
(Figure 2C), we hypothesised that a sustained increase in active GLP-1 levels may increase islet cell
survival. Using Sytox Green to identify dead cells, we developed a dead cell assay to measure cell
death in whole islets after 48 hours (Figure 4A, Figure 4B). Active GLP-1 levels were increased
except for one unhealthy donor preparation, but the effect on cell survival was variable (Figure 4C,
Figure 4D). However, when the relationship between the increase in active GLP-1 levels and the
dead cell count is examined we observe a strong negative correlation (Figure 4E). This suggests
that the increase in active GLP-1 levels with sitagliptin treatment confers a protective effect from
cell death.

Figure 4 Increase in active GLP-1 with sitagliptin correlates with islet cell survival. A, B:
Representative images of low and high dead cell density using the cell impermeable
DNA binding dye, Sytox Green. Scale bar: 200 µm. C: Difference in active GLP-1 levels
after 48 hours with or with sitagliptin treatment. D: Dead cell density after 48 hours
with or without sitagliptin. Dead cell densities correspond with active GLP-1 levels in C.
E: Fold change in active GLP-1 levels with sitagliptin plotted again dead cell densities.
N=5 donors. Statistical significance for the data was determined using Pearson’s r. *,
P<0.05.
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4. Discussion
The observation that GLP-1 levels negatively correlate with β cell function suggests that GLP-1
may play a role in an adaptive paracrine response to maintain insulin secretion. Although GLP-1
potentiates insulin secretion and a positive correlation may be expected, an islet not responsive to
glucose may increase GLP-1 secretion in a failed attempt to maintain insulin secretion. This is
suggested by the high GLP-1 secretion at low glucose with insulin non-responder islets. β cell
injury has been shown to increase GLP-1 secretion [20] and isolated islets are inflamed due to cold
ischemia of the pancreas and the islet isolation process [21]. However, we did not observe a
strong correlation between GLP-1 levels and cold ischemia time. Furthermore, we did not observe
a correlation between the donor parameters age, sex, BMI, and GLP-1 levels, suggesting that the SI
for insulin secretion is a more important determinant of GLP-1 secretion from human islets. Since
insulin secretion from β cells is known to suppress glucagon secretion [22, 23], a diminished
paracrine signal from human islets with a low SI for insulin may be responsible for the increased
levels of active GLP-1.
We have shown that sitagliptin treatment of islets increases active GLP-1 levels and that the
increase (fold change) in active GLP-1 correlates with islet cell survival in whole islets. This
suggests that increased activation of the GLP-1 receptor on islet cells increases survival under
post-isolation culture conditions. Linagliptin, another DPP4 inhibitor, has been show to increase
GLP-1 levels and reduce apoptosis in human islet cultures [15]. Our correlation results are also
consistent with the effect of the long-acting GLP-1 receptor agonist liraglutide on human islet
survival. In human islet cultures, liraglutide has been shown to reduce apoptosis and preserve islet
mass [9]. A strict observation of the association between high active GLP-1 levels and a lower SI
for insulin secretion may suggest that a GLP-1 receptor antagonist, such as exendin-9, would
benefit islet function in pre-transplant human islet cultures, particularly in islet cultures with a
poor SI for insulin. However, the increased survival of islet cells and increased active GLP-1 levels
observed with sitagliptin treatment in our studies, along with the observed benefits of GLP-1
receptor agonism on β cells documented in the literature, suggests the use of GLP-1 receptor
antagonists would be detrimental to preserving β cell mass and function during pre-transplant
culture of human islets.
It is possible that other DPP4 substrates, such as the chemokine SDF-1, may be responsible for
the correlation between sitagliptin treatment and increased cell survival in our data. SDF-1
signaling has been show to protect and preserve function β cell mass [24]. When β cells are
injured, a regenerative process is induced where SDF-1 is expressed and secreted from β cells.
Indeed, the process of islet isolation may be enough to induce SDF-1 expression. The model
proposed by Liu et al. for islet survival describes SDF-1 acting at β cell CXCR4 receptors to increase
survival and at α cell CXCR4 receptors to induce GLP-1 secretion by PC1/3 expression [20]. GLP-1
would then activate the GLP-1 receptor on β cells to increase survival. Interestingly, both GLP-1
and SDF-1 are physiological substrates of DPP4 and inhibiting DPP4 may increase levels of both
hormones for a greater impact on islet cell survival.
Sitagliptin may not only benefit islet culture, but could improve engraftment and islet cell
survival in the hepatic portal vein. DPP4 has recently been identified as a hepatokine indicating
that DPP4 is expressed and active in the liver [25, 26]. This raises the possibility that islet-derived
and circulating GLP-1 may be degraded within the hepatic portal vein, thus reducing levels local to
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the islet graft. SDF-1 levels may also be lowered, thus curtailing an adaptive mechanism for β cell
survival. Therefore, inhibition of hepatic and islet DPP4 with sitagliptin may promote survival of
the islet graft.
In summary, we show that human islets secrete GLP-1 and thus have a local paracrine source of
this prosurvival hormone. Although a reduction in glucose-stimulated insulin secretion may be
associated with increased GLP-1 secretion, the prosurvival properties of GLP-1 may be harnessed
to increase islet survival during pre-transplant culture. We show that sitagliptin treatment of
human islets inhibits islet DPP4 and increases active levels of GLP-1. The increase in active GLP-1
may confer protection from cell death and has the potential to improve islet viability prior to islet
transplantation, leading to improved islet survival post-transplant.
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Abstract
The ability to routinely and reproducibly obtain purified human islets has facilitated
substantial progress in providing a safe and reliable treatment option for adult patients of
type 1 diabetes. The availability of human islets for basic research has also significantly
improved the understanding of the biology of human islets, and consequently the
pathophysiology of diabetes. Presently, about 70 human islet isolation centers are known to
exist around the world, in addition to multiple coordinated human islet distribution
programs, that facilitate the exchange of knowledge and sharing of this precious resource.
This review summarizes the steps involved in the isolation and dissemination of human islets,
and discusses key considerations with respect to the major challenges faced during this
© 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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process. Another important objective of this review is to summarize the ongoing efforts for
the distribution of human islets at the regional, national, and international levels. This
review also highlights the value of human islets for clinical transplantation as well as basic
research, particularly by highlighting selected studies that have significantly improved our
understanding of human islet biology.
Keywords
Human islets; islet isolation; type 1 diabetes; islet transplantation; islet studies; islet biology

1. Introduction
The human pancreatic islets have proven to be a valuable tissue resource both as a therapeutic
option for diabetes patients as well as for basic and clinical research. Type 1 diabetes (T1D) is an
autoimmune disorder, wherein the immune system attacks and destroys the insulin-producing
pancreatic beta cells, resulting in the loss of glycemic control and the need for insulin therapy.
Since the first report on the ability to reverse diabetes in rats via transplantation of isolated rat
islets [1], strategies to treat T1D in humans via the allogeneic transplantation of isolated human
islets have been rapidly developed. In 1988, the invention of the Ricordi chamber, an automated
islet digestion chamber, represented a breakthrough in this field and significantly increased the
yield and purity of islets isolated from the human pancreas [2]. In 2000, Shapiro and colleagues
developed the Edmonton protocol, which included several major improvements such as the use of
a glucocorticoid-free immunosuppression regime and the infusion of a larger mass of islets
(>13,000 IEQ [islet equivalents]/kg of body weight) to achieve better graft outcomes [3]. The
authors reported that all seven T1D patients maintained insulin independence for a year following
transplantation. The success of the Edmonton protocol was a significant improvement over the
previous protocols, which were unable to achieve long-term insulin independence in T1D patients.
Since then, islet transplantations have been performed across numerous centers globally, with
comparable insulin independence rates to those of whole-pancreas-alone transplantations [4].
Primary human islets have also been extensively used for the study of islet biology in an ex vivo
setting, substantially increasing our knowledge of islet composition and function, which would
have been less achievable in cell lines of the individual islet cell types. The increasing value of
human pancreatic islets for research has fueled the demand for these tissues, as rodent islets,
being structurally and functionally different to human islets, are no longer sufficient for this
purpose [5-8]. In order to cater to this demand, the past decade has witnessed a rise in the
number of human islet clinical isolation facilities and coordination activities at the regional and
global levels. Continuous efforts are made to improve the efficiency of the isolation and
assessment of human islets in order to obtain better-quality material and facilitate more
widespread adoption. Challenges faced during the use of human islets include the variation
between tissue samples from different donors, subtle differences in islet isolation and processing
techniques, and varying environmental conditions during the culture and distribution of islets.
Some of these aspects are discussed in the subsequent sections.
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2. The Process of Isolating Human Islets and Factors Influencing Islet Yield and Quality
Human islets are typically isolated from the pancreas of a cadaveric donor, although they can
also be derived from live donors that have undergone partial pancreatectomy [9-11]. The isolation
of islets from the human pancreas is a difficult and sensitive process that requires a specialized
and licensed facility, as well as the combined efforts of multiple trained personnel. Each facility is
subjected to strict regulations and must comply with the current Good Manufacturing Practice
(cGMP) regulations if the isolated human islets are designated for clinical transplantation [12, 13].
Facilities that isolate human islets purely for research purposes are not obliged to adhere to the
cGMP regulations [14]. Isolation of good-quality human islets is instrumental to the success of islet
transplantation [15]. This section highlights the standard practices in assessing the isolated islets
and discusses a number of key factors that affect islet yield, as well as challenges faced by the
isolation facilities.
2.1 Overview of the Process of Isolating Human Islets
The NIH-sponsored Clinical Islet Transplantation Consortium has published a series of Standard
Operating Procedures to standardize the large-scale isolation and purification of human islets
across its participating centers and to ensure process efficiency and product consistency [16]. The
enzymatic isolation procedure of human islets is now commonly followed, and the major steps are
presented in Figure 1. Briefly, the pancreas is surgically extracted along with parts of the
duodenum and spleen from a brain-dead cadaveric donor. The organ is transported to an isolation
facility in a chilled organ preservation solution, typically the University of Wisconsin (UW) solution
or histidine-tryptophan ketoglutarate (HTK) solution [4, 17]. At the islet isolation facility, a sample
of the preservation liquid is taken for sterility tests. The pancreas is then carefully trimmed off
from the surrounding spleen, duodenum, and fat tissues, before cannulation. Catheters are
inserted into the main pancreatic duct of each of the pancreatic head and tail sections by the islet
specialist [15]. The pancreas is then distended by injecting an enzyme blend consisting of
collagenases and proteases through the cannulated pancreatic duct. The perfused pancreas is
subsequently cut into smaller pieces and placed in an automated Ricordi digestion chamber [2].
Digestion occurs in the automated chamber in two phases. In the first phase, the enzyme solution
is recirculated to progressively dissociate the pancreas. In the second phase, the enzyme solution
is neutralized and diluted with EMEM dilution solution. The dissociated islets are then collected,
washed with cold M199 wash solution, and resuspended in UW solution. The dissociated islets are
purified by subjecting the tissue to continuous density gradient centrifugation, following which
each gradient fraction is collected and the purity is quantified. The islets are typically pre-cultured
in supplemented CMRL media in non-adherent conditions for up to 72 h for quality control, after
which they may be distributed for transplantation or research purposes [4, 16]. Generally, most
islet isolation procedures comprise of similar steps, and centers within the same consortium
follow the same protocol for consistency. The performance of protocols with slight modifications
is discussed in a later section.
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Figure 1 Overview of the key factors involved in the different steps of the human islet
isolation and distribution process that can impact on eventual islet utility.
2.2 Parameters for the Evaluation of Isolated Human Islets
2.2.1 Yield
Islet yield or mass is one of the most important parameters in the assessment of islet recovery.
It is most often described as islet equivalents (IEQs), as a standardized method for quantifying
islets which exist in a variety of sizes and volumes. One IEQ represents a single spherical islet of
150 μm in diameter [18]. To quantify IEQs, zinc-binding stain dithizone (DTZ), which helps in the
identification of islets by specifically staining the zinc-rich beta cells, is normally used. The islet
cells are stained red, differentiating them from the surrounding exocrine tissues that appear
brown. The size of islets is measured using a calibrated grid on the eyepiece of a bright-field
microscope and the islets are categorized into different groups based on their diameter (from 50
μm to 400 μm, in 50 μm increments). The islet structures that are out of this range are
disregarded. The number of islets in each category is then converted to IEQs using a fixed
conversion factor. Although the manual counting method provides a straightforward way of
quantifying islets, some researchers have questioned its reliability and accountability, and have
proposed the use of digital image analysis to reduce user bias and variability [19, 20]. Nevertheless,
IEQ counting presently remains the standard method for quantification of islet mass in the field.
For islet transplantation, the general consensus is that a minimum islet mass of 5,000 IEQ per
kg body weight of the recipient is required to reverse diabetes in T1D patients [21]. However, it
has been reported that transplanting a larger amount of islets (>11,000 IEQ per kg body weight of
the recipient) is necessary to achieve long-term insulin independence in patients with severe
diabetes [22]. This is due to a loss of up to 60% mass of the transplanted beta cells during the
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initial period after islet infusion [23], which makes the availability of a larger surviving beta cell
mass necessary to achieve insulin independence [21]. However, the IEQ dose is likely to be only
one of several factors that influence the success of transplant engraftment. Other factors such as
islet quality and donor characteristics may also contribute to eventual clinical outcomes.
2.2.2 Purity
Islet purity, defined as the proportion of islet cells relative to other pancreatic cell types such as
the exocrine and ductal cells, is another aspect worth considering in every islet preparation [24].
Similar to islet counting, islet purity is assessed following DTZ staining to determine the ratio of
islets to the exocrine portion. Purity level > 70% is considered to be highly pure [16]. Although high
islet purity is generally preferred for islet transplantation, any correlation between islet purity and
clinical outcome has not been clearly established yet. On the contrary, studies have indicated that
transplantation of islets with lower purity may unexpectedly yield better clinical outcomes for T1D
patients, as non-islet cells may have beneficial effects on islet graft function [24, 25]. In the
context of basic research, islets are often manually hand-picked to ensure a pure islet population.
However, the culture of islets in an impure preparation with surrounding exocrine tissues and
dying cells may create a toxic environment that can compromise the integrity of islets.
2.2.3 Viability
Islet viability is another important factor in every islet preparation and is often measured using
a cell-permeable fluorescent dye, fluorescein diacetate (FDA), and a cell-impermeable nucleic acid
stain, propidium iodide (PI), which stain live and dead cells, respectively, based on their
membrane permeability. However, these membrane integrity stains do not provide a
comprehensive picture of cell viability. Studies have recommended the use of additional assays
such as measurement of adenosine triphosphate (ATP), mitochondrial function, and oxygen
consumption rate (OCR), which can contribute to more effective predictions of islet status after
transplantation [26-28].
2.2.4 Functionality
For basic research, investigators tend to perform numerous assessments to evaluate islet
quality, including morphological examination (islets that are spherical in shape and approximately
150 μm in diameter are desirable), histology, and functionality tests. Islet functionality, or
biopotency, is assessed in vitro using a glucose-stimulated insulin secretion (GSIS) assay, followed
by an immunoassay for insulin detection [16]. Functional validation prior to clinical islet
transplantation is presently not mandatory, but doing so may increase the success of islet
replacement therapy by transplanting only functional islets. However, several studies have
suggested that the insulin responsiveness of isolated islets to glucose is not an accurate indicator
of transplantation outcomes [25, 29]. This may partly be due to the presence of viable cells that do
not respond to glucose in vitro, but recover and become functional after transplantation. Assays
such as measurement of the OCR have been suggested to be better predictors of transplantation
outcome [26]. Overall, a thorough assessment of the quality of isolated islets, which encompasses
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a suite of assays for determining islet mass, viability, and insulin secretory response, where
practical, is likely required to select the preparations that may result in better clinical outcomes.
2.3 Factors Affecting the Quality of Human Islets
There is a multitude of factors that can affect the quality of islet preparations (Figure 1). Donor
characteristics have been commonly reported to play a major role in influencing the quality of islet
preparations [14, 30-32]. As expected, hyperglycemia or high glycated hemoglobin (HbA1c) levels
have been shown to negatively impact the yield, purity, and biopotency of islets [14]. Other
variables such as the age of the donor remain controversial. While some studies have reported
that old age negatively impacts the yield, purity, and function of islets [14, 33], another study has
reported that pancreatic tissues from older donors gave rise to higher islet yield [34]. Some others
reported no difference in the measured isolation outcomes of islets between old and young
donors, although the latter resulted in better graft functions after transplant [35, 36]. Some
studies have also revealed that donors with higher BMI yielded higher IEQs [31, 32, 34]. However,
Lyon et al. observed that higher donor BMI correlated with larger islet size but not islet yield,
purity, or function [14]. These conflicting results with regards to donor characteristics suggest that
other factors might play an important role in determining the isolation and graft outcomes of
human islets.
One such example is the cold ischemia time (CIT) of the tissue, defined as the length of time
from the procurement and preservation of donor pancreas to its processing at the islet isolation
facility, which is known to impact islet yield [12, 14]. Human pancreatic tissues that are designated
for clinical islet transplantation are strictly required to have a CIT of less than 12 h [16, 31], which
significantly limits the number of samples that can be accepted for transplantation, particularly in
areas where the nearest isolation facility is located at a distance [37]. Extended pancreas CIT (up
to 24 h) has been shown to moderately impact islet yield, purity, and total insulin content, with no
changes to the exocytotic properties of beta cells [14]. This suggests that donor pancreas with
extended CIT may remain suitable for islet isolations, especially for basic research.
Another critical factor influencing islet quality involves the digestion of the pancreas, which has
been widely acknowledged as a highly inconsistent step in the process of human islet isolation [3840]. Digestion of the human pancreas requires a cocktail of dissociation enzymes, including class I
and II collagenases and other proteases. Poor pancreas digestion can result in poor yield and
variation in the quality of the islets. Despite substantial efforts to optimize enzymatic digestion [41,
42], enzyme blends are also highly variable due to differences between batches. Kin et al.
proposed the use of an in-house collagenase assay to pre-determine the enzymatic activity of each
batch before organ perfusion [38]. A recent comparison between different enzyme blends
currently used in the market revealed similar efficiencies in islet yield, purity, and viability, but
with some differences in the insulin secretory function of the isolated islets [43]. Islet purification
using Ficoll-based density gradient centrifugation has been considered to be the gold standard and
is widely employed. Some investigators have also recommended the use of an OptiPrep-based
density gradient purification method to reduce the production of cytokines/chemokines from islet
preparations and improve the survival of beta cells [44]. Overall, reducing the inconsistencies and
inefficiencies in the islet isolation procedures will continue to benefit the community and
correspondingly facilitate the islet transplantation and research activities.
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2.4 Challenges Faced in Human Islet Distribution
One major challenge faced in the human islet distribution pipeline is the shortage of islets for
both transplantation and research. This can be attributed to at least two factors: (1) high
operating costs of a human islet facility [45, 46] and (2) the lack of pancreas donors [45, 47]. It was
previously reported that the cost of establishing a cGMP-compliant human islet isolation facility
ranged from USD 1–7 million, while the annual maintenance costs ranged from USD 0.8–3 million
[45]. The high cost and low pancreas donor rates present constraints that have prevented several
countries from establishing their own human islet isolation facilities, thereby increasing the
dependence on international human islet distribution platforms. In this case, reliable
transportation of human islet material becomes particularly important, especially when shipping
to geographically distant locations.
The conditions of transportation of the isolated islets are crucial in preserving islet quality.
Islets may be contained in conical tubes, blood transfusion bags, gas-permeable bags, or silicone
rubber membranes. Although several studies have advocated the use of gas-permeable bags to
transport clinical-grade islets in order to reduce hypoxia and maintain islet quality, the advantages
of these bags are not entirely consistent across studies [48-51]. Rotary systems have also been
proposed to circumvent the problem of diffused oxygen and nutrient gradients in static systems
[52, 53].
Another common factor influencing islet quality is fluctuations in temperature during
transportation. Islets transported in a commercial airline may be exposed to temperature
fluctuations of up to ±20 °C [51]. Exposure of islets to temperatures beyond their physiological
range for an extended period of time negatively impacts their quality. It has been shown that
hypothermic conditions (1–4 °C) drastically reduce the viability of mammalian cells [54], while high
temperatures (43 °C) decrease the survival rates of early xenografts of pig islets in mice [55]. The
Integrated Islet Distribution Program (IIDP) provides ColdMark® and WarmMark® indicators to
detect undesirable temperature changes. Methods to monitor and prevent temperature
fluctuations during the shipment of temperature-sensitive goods will be valuable for increasing
confidence in the distribution of high-quality islets.
Another challenge faced during islet distribution involves the extended duration of islet culture.
Studies have demonstrated that culturing islets has decreased its efficacy [56, 57]. Islet culture
may also not be favorable for the maintenance of resident immune cells, blood cells, endothelial
cells, and other cell types that are important for islet function [58, 59]. However, recent evidence
has suggested that culture or preservation of islets offers various advantages, such as allowing
time for testing of sterility and functionality, providing patients with more time to travel to
transplant sites, providing sufficient time to administer immunosuppressive drugs to patients,
improving islet morphology, and selecting islets with better purity and viability [13, 17, 60-62].
Therefore, optimizing strategies to preserve islets in culture will be essential to prolong their
survival and function in vitro.
3. Human Islet Distribution Efforts around the World
Presently, there are a few large consortia or programs that currently coordinate or have
recently coordinated the distribution of human islets for clinical transplantation, research, or both.
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These include the Alberta Islet Distribution Program (AIDP) [63], IsletCore program at the Alberta
Diabetes Institute [64], IIDP [45], European Consortium for Islet Transplantation (ECIT) [65], and
the Swiss-French GRAGIL Consortium [66]. Commercial sources include Prodo Laboratories (as part
of the Scharp-Lacy Research Institute) and Lonza. To achieve a better understanding of the level of
human islet coordination activities across the world, we attempted a literature search and
compiled a list of searchable human islet isolation centers for both clinical transplantation and
research, and the status of their membership within any islet distribution networks (if any) (Table
1, Figure 2). It is immediately apparent that several human islet isolation facilities are based in
North America, especially in the United States (US), with a good number also present in Europe.
The number of human islet isolation facilities in other geographical regions such as South America
and the Asia Pacific are considerably lower. However, this list may possibly be under-represented,
as there may be facilities that are not reported on the internet. Thanks to the efficiency of islet
distribution programs, many organ transplant centers are able to perform islet transplantation
without establishing their own islet isolation facility [22, 67]. To optimize the safety and
effectiveness of islet transplantation for T1D patients worldwide, the Collaborative Islet Transplant
Registry (CITR) (https://citregistry.org/) was founded as a centralized platform to facilitate the
data collection and analysis pertaining to islet transplantation. According to the CITR-reported
data, which were collected from 1999 until the end of 2018 from participating transplant centers
in North America, Europe, Australia, and Asia, over 2000 islet transplantations have taken place.
However, it may be possible that a large number of human islet transplantation centers are not
registered under the CITR. This section provides an overview of the ongoing efforts for the
distribution of human islets to different regions around the world.
Table 1 List of human islet isolation centers and distribution programs (current and
recent) around the world. This table has been updated as of 4 th May 2019. Abbreviations:
ITC: Clinical Islet Transplantation Consortium; ECIT: European Consortium for Islet
Transplantation; GRAGIL: Groupe Rhin-Rhône-Alpes-Genève pour la Transplantation
d'Îlots de Langerhans; OXCIT: Oxford Consortium for Islet Transplantation; AIDP: Alberta
Islet Distribution Program; AHN: Allegheny Health Network; nPod-IIP: Network for
Pancreatic Organ Donors with Diabetes-Islet Isolation Program; IIDP: Integrated Islet
Distribution Program. *No publications were found to report human islet isolation
activity at the Yale University, although such activity has been reported on the
university’s
webpage
(https://medicine.yale.edu/intmed/drc/cores/biology.aspx).
Disclaimer: We apologize for inadvertently missing out on any human islet isolation
centers or any misrepresentation of the use of human islets.
Country

1
2

IsolationCenters for
Human Islets

Islet Isolation Facilities in Asia
China
Changzheng Hospital,
Shanghai
China-Japan Friendship

Distribution
Programs for
Human Islets (if
any)

Known Use of Representative
Isolated Human Reference
Islets

Basic research
and clinical
transplantation

PMID:
28290605
PMID:
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3
4
5
6
7

Japan

8

Hospital
Fuzhou General Hospital,
Xiamen University
Shanghai First People’s
Hospital
Tianjin First Center
Hospital
Zhongda Hospital,
Southeast University
Fukuoka University

9

Fukushima Medical
University
Kobe University

10

Kyoto University Hospital

24268157
PMID:
18633105
PMID:
17042977
PMID:
28659588
PMID:
26546984
Clinical
PMID:
transplantation 16298616
PMID:
16298616
PMID:
16298616
PMID:
16298616
PMID:
16298616

11

National Hospital
Organization Chiba-East
Hospital
12 Singapore
Lee Kong Chian School of
Medicine at Nanyang
Technological University
13 South Korea Seoul St Mary’s Hospital
Sungkyunkwan University
School of Medicine
Islet Isolation Facilities in Europe
15 Belgium
Vrije Universiteit Brussels

Basic research

Clinical
PMID:
transplantation 26130966
PMID:
15940047

14

16 Czech
Republic
17

Institute for Clinical and
Experimental Medicine
Prague University

18 France
19

Grenoble University
Hospital
Lille University Hospital

20 Germany

University of Dresden

21 Italy

San Raffaele Diabetes
Research Institute

PMID:
28694456

ECIT

Basic research PMID: 9421388
and Clinical
transplantation
Basic research PMID:
27803935
Clinical
PMID:
transplantation 21404489
Swiss-French
PMID:
GRAGIL Network
26068866
ECIT Basic Research Basic research
PMID:
Program
and clinical
22911383
transplantation PMID:
25083718
ECIT Basic
PMID:
Research Program
23040067
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22
23
24
25
26

27

28
29
30
31
32
33

34
35

36

37

University of Pisa

Basic research

PMID:
22412385
Netherlands Leiden University
Basic research PMID:
and clinical
21257658
transplantation PMID:
Norway
Oslo University Hospital
CITC
27862341
Spain
Carlos Haya University
Clinical
PMID:
transplantation 16298608
Sweden
Uppsala University Hospital CITC, ECIT Basic
Basic research PMID:
Research Program, and clinical
25422108
Nordic Network
transplantation
for Islet
Transplantation
Switzerland Geneva University Hospital ECIT Basic
PMID:
Research Program,
23040067
Swiss-French
GRAGIL Network
Lonza
Basic research
PMID:
30074059
University Hospital Zurich
Clinical
PMID:
transplantation 17327426
United
Oxford DRWF Human Islet OXCIT
Basic research
PMID:
Kingdom
Isolation Facility
and clinical
29412141
transplantation PMID:
King’s College London
29205751
University of Edinburgh
PMID:
24119216
Worcester Acute Hospitals
PMID:
NHS Trust
17469038
Islet Isolation Facilities in the Middle East
Iran
Tehran University of
Basic research PMID:
Medical Sciences
and clinical
21818570
transplantation PMID:
Shiraz University of
Medical Sciences
23477484
Islet Isolation Facilities in North America
Canada
Clinical Islet
AIDP, CITC
Basic research PMID:
Laboratory at
and clinical
22099755
Alberta Health
transplantation
Services,
University of Alberta
IsletCore from the Alberta IsletCore Program Basic research
PMID:
Diabetes Institute,
26653569
University of
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40

Alberta
Banting and Best Diabetes
Center, University of
Toronto
McGill University Health
Center Human Islet
Transplant Laboratory
(MHITL)
Toronto General Hospital

41

Transplant Quebec

38

39

PMID:
29436377
Basic research
and clinical
transplantation

PMID:
30520247
PMID:
30520247
PMID:
23262664
Clinical
PMID:
transplantation 30057900

42

University of British
Columbia
43 United States Allegheny Health
Network’s Islet Isolation
Laboratory, Allegheny
General Hospital
44
Baylor Research Institute
45

Columbia University

46

Dartmouth College

47

Emory University

48

Icahn School of Medicine
at Mount Sinai
Joslin Diabetes Center

49
50

Massachusetts General
Hospital

51

National Institutes of
Health
Northwestern University

52

53

54

Scharp-Lacy Research
Institute (Prodo
Laboratories)
Southern California Islet
Cell Resources Center

PMID:
26280028

Basic research
and clinical
transplantation

CITC
Basic research

CITC

CITC

IIDP

IIDP

Basic research
and clinical
transplantation
Basic research
Basic research
and clinical
transplantation
Basic Research

Basic research
and clinical

PMID:
20944753
PMID:1722906
9
PMID:
25630865
PMID:
25648831
PMID:
27941248
PMID:1722906
9
PMID:
23321263
PMID:
25648831
PMID:
25648831
PMID:
26452321
PMID:
20098276
Page 42/205

OBM Transplantation 2019; 3(2), doi:10.21926/obm.transplant.1902068

55

56

transplantation
Basic research PMID:
17389914

Stanford Islet Research
Core at
Stanford University
University of Alabama

57

University of California,
San Francisco

58

University of Chicago

59

University of Colorado

60

University of Florida

nPOD-IIP

61

University of Illinois

CITC

62

University of Louisville

63
64

University of
Massachusetts
University of Miami

IIDP, CITC

65

University of Minnesota

CITC

66

University of Pennsylvania IIDP, CITC

67

University of Pittsburgh

68

University of Virginia

69

University of Wisconsin

70

Washington University

71

Yale University

Islet Isolation Facilities in Oceania
72 Australia
St Vincent’s Hospital

CITC

IIDP, CITC

Australian Islet
Transplant
Consortium

PMID:
25648831
PMID:
26922947

Basic research
and clinical
transplantation
Basic research
PMID:
26922947
PMID:
25648831
PMID:2432557
5
Basic research PMID:
and clinical
25648831
transplantation
Basic research PMID:
27500247
PMID:
25648831
Basic research PMID:
and clinical
29723228
transplantation PMID:
25648831
PMID:
27920090
PMID:
27920090
PMID:
23040067
PMID:
25648831
Basic research PMID:
25648831
Basic research *
and clinical
transplantation
Basic research PMID:
and clinical
29483160
transplantation
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73

Westmead Hospital

Islet Isolation Facilities in Other Regions
74 Argentina
Hospital Italiano de Buenos
Aires
75 Brazil
Hospital de Clinicas de
Porto Alegre
76
PUC-Paraná University
77

University of Sao Paulo

Clinical
transplantation

PMID:
23668890

Clinical
transplantation

PMID: 9532053
PMID:
25993680
PMID:
25993680
PMID:
25993680

Figure 2 A schematic map of isolation centers for human islets around the world and the
islet distribution networks. Centers are numbered with reference to Table 1. Circles are
color-coded as stipulated in the Legend. AICT: Australian Islet Transplant Consortium;
CITC: Clinical Islet Transplantation Consortium; ECIT: European Consortium for Islet
Transplantation; GRAGIL: Groupe Rhin-Rhône-Alpes-Genève pour la Transplantation
d'Îlots de Langerhans; IIDP: Integrated Islet Distribution Program. Disclaimer: We
apologize for any human islet isolation centers that we may have missed out or any
misrepresentation of islet isolation facilities.
3.1 North America
The University of Alberta in Canada, which has contributed to many pioneering efforts in
human islet isolation, including the development of the widely-adopted Edmonton Protocol [3], is
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considered to be a leader in islet isolation and transplantation. It currently has two of the most
active human islet isolation facilities in the world– the Clinical Islet Laboratory (CIL) and IsletCore
Laboratory. Under the AIDP, the CIL had distributed 6.3 million IEQs to eight local and
international research institutions through 127 shipments in 2010 [63]. The AIDP now distributes
islets to investigators in North America, Middle East, Europe, and Asia. The primary objective of
the CIL is to isolate human islets for clinical transplantation. This is different from the IsletCore
program at the Alberta Diabetes Institute, which isolates, stores, and distributes islets solely for
research purposes. IsletCore was founded to address the widening gap between the demand and
supply of human islets [65, 68]. With a facility dedicated to isolating islets solely for research, the
operational costs are reduced without the need to adhere to cGMP regulations [14]. The IsletCore
has provided a major resource and biobank of human islets for research worldwide. According to
the IsletCore 2018 Annual Report, the program has isolated 76 million IEQs from 297 donor
pancreatic tissues since its inception in 2011 until the end of 2018, with more than 10 million IEQs
in 2018 alone. About 25% of the donors were Type 2 Diabetes (T2D) patients and a small number
were T1D patients. Of the 76 million IEQs, more than 32 million IEQs were distributed, while the
rest were cryopreserved or banked. The IsletCore now distributes islets to a network of 86
research laboratories worldwide. The IsletCore also isolates human islets from diabetic donors,
providing a valuable resource of human tissue for the study of the pathophysiology of diabetes.
In the US, the National Institutes of Health (NIH)-sponsored IIDP is the largest research-only
human islet distribution center. Notably, the IIDP has shipped over 168 million IEQs since 2009,
with more than 8 million IEQs in 2018 alone. Most of the five centers that are affiliated with IIDP
isolate islets from non-diabetic cadaveric donors and occasionally from T1D or T2D diabetic
cadaveric donors. In particular, the University of Florida, as part of the Juvenile Diabetes Research
Foundation (JDRF) Network for Pancreatic Organ Donors with Diabetes (nPOD)-Islet Isolation
Program (IIP), isolates islets from T1D donors to serve the T1D research community. The US has
more human islet isolation facilities than any other country in the world (Figure 2), which could be
attributed to greater availability of funding sources to support islet isolation facilities, a larger pool
of pancreas donors, and better infrastructure and expertise to support the preparation of highquality human islets. However, despite the substantial number of islet isolation centers and a wellcoordinated consortium for islet distribution, there is still an insufficient supply of human islets to
meet the international research demand [69].
3.2 Europe
The ECIT, that consists of six isolation centers across Europe, provides human islets for both
clinical transplantation and basic research (Table 1). As of 2014, the ECIT had received requests
amounting to 31 million islets [65]. The Swiss-French GRAGIL network was formed to coordinate
islet transplantation for T1D patients. It distributes islets only within France and Switzerland, from
its two main islet isolation centers at the Geneva University Hospital and Grenoble University
Hospital [70]. In Scandinavia, the Nordic Network for Islet Transplantation was founded to support
islet transplantation for T1D patients. It distributes islets largely within the Scandinavian countries,
with the Uppsala University in Sweden being the only islet isolation facility in the region. In the UK,
there are three islet isolation facilities, at the University of Oxford, King’s College London, and the
University of Edinburgh. These form a network to supply human islets for both clinical
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transplantation and research. The presence of coordinated efforts in a few regions of Europe
ensures efficient distribution of islets and minimizes the need for more isolation facilities within
these regions. However, coverage in other parts of Europe is still visibly lacking. A number of
individual isolation facilities were identified in other European countries, including the Czech
Republic and Germany. These centers are not registered under the CITR.
3.3 Asia
There appear to be significantly fewer human islet isolation centers in Asia as compared to
North America and Europe, with a majority of such centers being concentrated in China, South
Korea, and Japan, and only one in Singapore (Figure 2). To the best of our knowledge, there are no
coordinating efforts or networks that facilitate the distribution of human islets in a country or to
other countries in Asia. In China, a number of facilities, such as the Tianjin First Center Hospital,
are known to isolate human islets for both research and clinical transplantation [71, 72]. However,
the list in Table 1 is likely to be an underestimate, especially for China, as information regarding
certain centers in China may not be well-documented in English. Human islet isolations are largely
reserved for clinical use in Japan and South Korea. In Singapore, the Lee Kong Chian School of
Medicine isolates human islets for research purposes [73]. In the Middle East, islet isolation
facilities have so far only been reported in Iran [74]. The major reasons for the relatively low level
of activity in Asia include the lack of pancreas donors, possibly due to cultural reasons [47], as well
as insufficient resources allocated to establish and maintain the human islet isolation
infrastructure. Investigators in Asia may, therefore, rely on established distribution programs such
as the AIDP, IsletCore, IIDP, or commercial sources (Prodo Laboratories and Lonza) to obtain
access to human islets for clinical transplantation or research. However, a major downside of
obtaining islets from international distributors is the lengthy transportation time, often taking up
to several days. The quality of islets post-shipment may be compromised due to the variability in
handling procedures and temperature fluctuations during long-distance shipping [75]. The
deterioration of islets in culture over time is particularly evident for islet preparations of lower
purity. Considering the shortage of donors in Asia, access to islets from diabetic donors of Asian
descent are even more limited, and they remain recognized as a rare and valuable resource due to
the genetic and epigenetic differences between different ethnic groups [76].
3.4 Other Regions
In Australia, the Australian Islet Transplant Consortium facilitates the distribution of human
islets across Australia and New Zealand. There are three islet transplant centers in Australia
(Westmead Hospital, St Vincent’s Hospital, and Royal Adelaide Hospital) and none in New Zealand.
The transplant centers obtain islets that are isolated from two islet isolation facilities situated in
Melbourne and Sydney (Table 1). According to the 2017 annual report by the Australia and New
Zealand Islet and Pancreas Transplant Registry (ANZIPTR), a total of six islet transplants have been
performed since 2016.
Little is known about islet transplantation activities in South America and other parts of the
world. Three islet isolation facilities have been reported in Brazil, and one in Argentina, with
activities pertaining to clinical islet transplantations [77-79]. None of these are registered under
the CITR.
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4. Human Islets for Beta Cell Replacement Therapy and Research
The availability of human islets and the continuous improvements in protocols and strategies
over the past two decades have resulted in substantial clinical impact and scientific development.
This section briefly highlights the ongoing research on islet transplantation outcomes and provides
a summary of the leading basic science research that has enabled unprecedented investigations
into islet biology, based on work carried out during the past ten years.
4.1 Human Islets for Clinical Transplantation
Clinical islet transplantation, also known as beta cell replacement therapy, is currently used to
treat some patients with T1D. Allogeneic islet cell transplantation is safe and has yielded success
as measured by graft function, absence of hypoglycemic unawareness, normalized glycemic
control, and partial to complete insulin independence in T1D patients across multiple centers.
However, not all centers have been able to achieve the same level of success, especially in the
long term [80]. The rate of success has been observed to be influenced by the experience of the
personnel managing the islet isolation and transplantation procedures [81]. A long-term (>10
years) follow up of T1D patients that had undergone allogeneic islet cell transplantation revealed
that the treated patients maintained some level of islet graft function, although this function
decreased considerably over time [82]. A subset of patients required multiple islet transplants and
very few of them had complete insulin independence at the completion of the 12-year follow-up.
Therefore, trials have demonstrated that the islet grafts are safe over the long term but their
function declines over time, possibly due to inadequate initial transplanted islet mass and a
suboptimal transplantation site (liver) that may not be ideal for long term viability [4, 80]. As such,
issues remain with the transplantation of allogeneic islets, including the need for multiple islet
transplants and a continuous requirement of the patient to undergo heavy long-term
immunosuppression to maintain islet graft function, resulting in an increased risk of side effects.
Unlike Canada, parts of Europe, and Australia, allogeneic islet transplantation is considered
experimental in the US and is not used as standard therapy. The lack of reimbursement and
research funding for allogeneic islet transplants might contribute to the decline in reported cases
of allogeneic islet transplants and an increase in autologous islet transplants in North America [80].
Autologous islet transplantation is performed to prevent post-surgical diabetes, following a
total pancreatectomy in patients with chronic pancreatitis or certain pancreatic tumors. The
benefits of autologous islet transplantation are widely acknowledged and this form of
transplantation is considered to be a safe and effective treatment option for chronic pancreatitis
as well as for the preservation of islet function [83, 84]. Total pancreatectomy with transplantation
of autologous islets is increasingly being performed in the US [85]. However, patients may still lose
insulin independence after some years, possibly due to the development of autoimmunity after
autologous transplant. A recent study demonstrated that transplantation of autologous islets may
also be beneficial for other conditions apart from chronic pancreatitis, such as pancreatectomy for
the treatment of severe pancreatic fistulas or extensive distal pancreatectomy for neoplasms of
the pancreatic body and neck. Furthermore, this option helps the clinician avoid the high risk of
pancreatic anastomosis in case of unfavorable pancreata. Balzano et al. suggested that the
procedure should be recommended to patients undergoing pancreatic surgery for both non-
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malignant and malignant conditions [86, 87]. Clinical transplantation of islets is now not only
exclusive to institutions with on-site isolation facilities but is also made possible by the sharing of
expeditious off-site islet isolation facilities [88], which enables the outsourcing of islet isolation
after a pancreatectomy if the same site is not capable of doing so.
Another active area of development in islet transplantation involves the use of alternative sites
for transplantation. Infusion of islet cells through the portal vein for engraftment in the liver is the
current gold standard [89]. However, intrahepatic islet transplantation is associated with several
limitations, including a limited volume of transplanted tissue and high exposure to
immunosuppressive drugs as well as the recipient’s immune system [90]. A number of secondary
sites have been investigated, including omental islet transplantation, which has been reported to
be effective at maintaining euglycemia without exogenous insulin [91]. Other possible sites of
implantation include the peritoneum, subcutaneous tissue, and kidney capsule [85, 92, 93]. Longterm data in large patient cohorts will be required to determine the safety and feasibility of these
alternative transplantation sites.
Novel islet encapsulation systems are also being developed and tested in pre-clinical and
clinical settings to confer immuno-protection and prevent rejection of islet allografts. Approaches
for encapsulation include macro-encapsulation, a device-based system that houses several islets
within a semi-permeable barrier, or micro-encapsulation, for microscale capsules that coat
individual islets. These approaches typically utilize polymer- or alginate-based semi-permeable
membrane barriers that selectively enable nutrient exchange but block immune components [94,
95]. Macro-encapsulation strategies that have so far been applied in clinical trials include the
oxygenated βAir device developed by Beta-O2 and the Encaptra device by ViaCyte. The results
from a phase-1 study on a small number of patients revealed that although the peritoneallytransplanted βAir device was safe and supported the survival of the islet allografts for several
months, the transplanted islets retained limited insulin secretion function [96]. The
subcutaneously-delivered Encaptra delivery system, which encapsulated stem cell-derived
pancreatic progenitor cells instead of human islets, appeared to be well-tolerated but was limited
by low rates of engraftment. The studies on microencapsulation by Diatranz Otsuka involved the
peritoneal transplantation of alginate-encapsulated porcine islets into T1D patients without
immunosuppression [97, 98]. Some patients were reported to have improved HbA1c levels and
reduced hypoglycemic events, although the reduction in the dependence on exogenous insulin
was marginal [98]. Overall, continued improvements in encapsulation technologies and
biomaterials are still required, and the clinical outcomes of other ongoing trials that have
employed different encapsulation strategies are yet to be seen. This approach, when proven
effective, will promote the widespread adoption of allogeneic islet transplantation with reduced
need for immunosuppression.
4.2 Unique Findings on Human Islet Biology and Pathogenesis of Diabetes Based on Human Islet
Studies
Research activities on pancreatic islet cell biology and its applications in health and disease are
increasing rapidly, and this trend is expected to continue over the next few years. This is fueled by
multiple factors, including the increasing global prevalence of diabetes and the resulting
intensified focus on the disease mechanisms of diabetes. The widespread adoption of the human
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beta cell line EndoC-βH1 [99], increased accessibility to human islets as a research tool, as well as
rapid advances in stem cell platforms to generate insulin-producing beta cells from human
pluripotent stem cells, have also driven the progress made in studying beta cell functions. Human
islets can reveal important biological aspects that are not possible in other isolated cell models.
For example, human islets are known to comprise of 30–40% alpha cells interspersed among the
beta cells, whereas in rodents, alpha cells only constitute ~10% of the islets and are found on the
periphery of a beta cell core [8].
4.2.1 Regeneration of Human Beta Cells
Mature adult human beta cells are known to have particularly low proliferation rates, possibly
due to age-related changes in cell cycle blockage and silencing of proliferative signaling molecules
and genes that are essential for cell replication [100, 101]. Several groups have attempted to
develop strategies to regenerate human beta cells to tackle diabetes. One study used human islets
to show that beta cells can be induced to proliferate at a faster rate both in vitro and in vivo by
synergistic inhibition of the DYRK1A and TGFβ superfamily signaling pathways. The authors
demonstrated that the inhibition of these pathways by pharmacological agents may not only
increase the number of beta cells but also their differentiation markers, in islets from both nondiabetic and T2D donors [102]. The detailed mechanistic studies using human islets highlighted an
increase in the proliferation rate of beta cells following the disruption of SMAD-mediated
activation of the cell cycle inhibitors CDKN1A and CDKN1C. The authors also demonstrated that
the combination of DYRK1A and TGFβ superfamily inhibitors induced proliferation in an in vivo
setting, when the human islets were transplanted into mice. However, as these small molecules
also target cell types other than beta cells, development of beta cell-specific compounds is needed
to avoid off-target adverse effects. Other approaches for the regeneration of endogenous beta
cells include genetic silencing of the cell cycle inhibitors p18 and p21 in human islet cells to
promote the entry of quiescent adult human beta cells into the cell cycle [103]. Another strategy
for the regeneration of beta cells involves the conversion of non-beta cells such as alpha cells and
ductal cells into beta cells, although these studies have mainly been validated only in animal
models [104, 105]. Together, these studies have highlighted the possibility of restoring the mass
and function of beta cells in T2D. In several cases, primary human islets remain the gold standard
cell model for study. However, as the data from human islets tend to be noisy due variabilities in
islet preparations, the functional or mechanistic studies using human islets are often
supplemented with other models, or involve the use of very large sample sizes. In a study by Wang
et al., more than 100 human islet samples (obtained from IIDP) were used [102].
4.2.2 Understanding the Regulation of the Glycemic Set Point in Humans
A study by Rodriguez et al. demonstrated that non-human islet cells do not necessarily
recapitulate human biology. This study involved the use of human islets to determine the glycemic
set point in humans [106]. As different animal species have different glycemic set points, the study
showed that it was necessary to use human islets to determine the mechanisms regulating the
glycemic set point in humans. The study compared the outcomes from experimental
xenotransplantation of islets from human donors, mice, and cynomolgus monkeys into
immunodeficient nude mice. The authors demonstrated that the pancreatic islets alone were
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enough to robustly impose its glycemic set point; in other words, they established their target
normoglycemic value in the recipient species. Strikingly, islets from all three species imposed
different non-fasting glycemic levels. In contrast to mouse islets, human islets required the
cooperation and interaction of both alpha cells and beta cells to fine-tune insulin secretion and
maintain normoglycemia.
4.2.3 Human Beta and Alpha Cell Function in Disease States
In addition to the use of islets from healthy cadaveric donors, access to islets from diabetic
donors presents an immensely valuable opportunity. Brissova et al. were able to obtain islets from
eight T1D donors to study the molecular and functional profiles of beta and alpha cells from T1D
patients [107]. The study reported that the rare residual beta cells that were found in the islets
appeared to retain their insulin secretory function at a similar level to that of the normal islets. On
the other hand, glucagon secretion from alpha cells was impaired, possibly due to changes in the
expression of genes governing the identity and exocytotic machinery of alpha cells. Thus, diabetic
islets facilitated the study of the functional capacity and molecular alterations of the alpha cells
and residual beta cells in the context of T1D, which would otherwise have been impossible in nondiabetic islets.
Another study performed RNA sequencing of human islets from normoglycemic donors (n=81)
and donors that were chronically exposed to hyperglycemia in pre-diabetes or T2D (n=35), in
order to identify changes in the gene expression profile as a result of chronic hyperglycemia [108].
The authors also exposed a subset of these islets to short-term (up to 24 h) high glucose
concentrations in vitro, in order to rule out genes that were affected by acute glucose exposure.
They reported that genes such as ERO1B, which encodes an oxidoreductase that controlled
protein folding in the endoplasmic reticulum (ER), may be causally involved in T2D pathogenesis.
These data provided a catalog of gene expression changes in human pancreatic islets upon acute
and chronic glucose exposures, facilitating future studies of causal mechanisms in T2D.
4.2.4 Omics Studies of Human Islets
The characterization of human islets using systems biology approaches has also progressed
rapidly in recent years. Researchers have established comprehensive biobanks of human islets
from organ donors, often including both non-diabetic and diabetic individuals to facilitate the
analysis of genetics, transcriptomics, and epigenomics, in order to understand the physiology and
pathophysiology of beta cells. The IMIDIA (Innovative Medicines Initiative for Diabetes)
consortium in Europe performed comparative analyses of a large collection of islet transcriptome
data collected from 116 non-diabetic and 55 T2D donors, and identified novel and known gene
targets that were dysregulated in T2D and that influenced beta cell insulin secretion[10]. Network
analyses identified additional transcription factors that were potential drivers of the dysregulated
beta cell gene signatures in T2D. Access to a large biobank of human islets with next-generation
sequencing and phenotypic characterization data also facilitated the targeted studies of diabetesassociated genetic variants in islets [109-111]. For instance, RNA sequencing and high density
genotyping were performed on 118 human islet samples (from Oxford and Edmonton) to generate
expression quantitative trait locus (eQTL) data [111]. The overlapping of a subset of these islet
eQTLs with known T2D risk and/or glycemic trait loci from genome-wide association studies
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(GWAS) revealed putative effector transcripts whose expression levels could be altered to
influence T2D risk. The authors then focused on one such candidate, ZMIZ1, and showed that its
upregulation reduced glucose-induced insulin secretion due to the impairment of insulin
exocytosis. In another study on the T2D-associated locus PAM, insulin secretion was found to be
significantly reduced in islets from carriers that were heterozygous for the low-frequency
rs35658696 risk variant, compared to matched controls (n=16 in each group) [109]. The
measurements of exocytosis from dispersed human islets revealed that beta cells from risk variant
carriers showed altered insulin granule release dynamics under glucose stimulatory conditions.
These studies on human islets helped establish the previously unknown mechanisms through
which the T2D-linked effector transcripts influence beta cell function, thus contributing to T2D risk.
Therefore, access to tissues from donors of Asian descent [73] and other minorities may provide
new opportunities to study ethnicity-specific disease-associated variants.
Several studies have now reported chromatin maps and other islet-specific epigenetic
signatures from human islets, including chromatin state [112, 113], DNA methylation [114, 115],
histone marks [116, 117], and transcription factor binding sites [117]. Together with the available
genomic and transcriptomic data, this information can now be integrated to form a
comprehensive picture of the genomic and epigenomic landscape of islets, and identify the
regulatory pathways through which genetic variation can influence the T2D susceptibility in
relevant tissues.
4.2.5 Findings from Single Cell RNA Sequencing Studies
Apart from bulk analyses of human islets, advances in high-throughput single cell analysis
techniques have facilitated the investigation of a gene or protein expression patterns at a single
cell level. The islet is an interesting structure to study because of its composition of multiple
endocrine cell types (beta, alpha, delta, PP, and epsilon cells) and the still incompletelyunderstood complex interactions between these cell types that contribute to the overall
functionality of the islet. Recently, single-cell RNA-sequencing (scRNA-Seq) has been used by
various groups of researchers to identify cell-type-specific as well as overlapping transcriptional
profiles within the islet, and to compare patterns of gene expression between healthy and T2D
states [73, 118-121]. One group also used mass cytometry with up to 24 different labels to
simultaneously quantify the expression of different endocrine cell type markers and proliferation
markers at protein level [122]. In this study, the authors evaluated the single-cell expression
patterns from 20 human islet samples of different age groups, and reported that alpha cells
exhibited higher basal proliferation and replication potential in response to mitogenic signals,
compared to the other major endocrine cell types [122]. The authors also identified multiple beta
cell states, including a small cluster showing high expression of the proliferative marker Ki67.
There has also been growing interest in the characterization of additional pancreatic cell types
(such as acinar and ductal cells) from the same human donor in order to improve the overall
understanding of human pancreas function. Segerstolpe et al. identified two subpopulations of
acinar cells, one of which was marked by the high expression of inflammatory response genes,
which could be responsible for immunological responses to environmental signals [119].
Furthermore, Baron et al. reported the presence of multiple subpopulations of ductal cells that
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were also spatially separated and were thus likely to correspond to different functional
specializations in the human pancreas [123].
Importantly, it has been consistently reported across studies on single cells that each cell type
population, especially the beta cells, possess remarkable heterogeneity. A better understanding of
beta cell heterogeneity and how different beta cell subtypes influence beta cell function or
regeneration might be critical to tackling diabetes [124]. Studies analyzing the differential gene
expression in pancreatic cells of healthy and T2D subjects have highlighted ER stress pathways and
other genes that were not known to be involved in islet cell growth or function but are now
potential candidates for therapeutic targeting, and have described the previously
underappreciated role of delta cells in islet dysfunction in T2D [118-120, 123].
4.2.6 Functional Imaging of Human Beta Cells
Functional imaging is another method that has been frequently employed to study the biology
of human islets at single-cell resolution in both intact and dispersed islets. As both insulin and
glucagon exocytosis from the beta cells and alpha cells respectively is preceded by calcium influx,
calcium flux assays using calcium dyes or recombinant calcium probes are performed to determine
the dynamics of calcium in response to changes in glucose levels as a proxy for islet cell function
[125, 126]. Exocytotic events may also be studied using total internal reflection fluorescence (TIRF)
microscopy to track individual insulin granule fusion in the beta cells of intact human islets [127,
128]. Another approach that facilitates the longitudinal and non-invasive functional imaging of
islet cells in an in vivo environment involves the transplantation of isolated human islets into the
anterior chamber (AC) of the mouse eye followed by microscopic analysis [129]. This technique
allows the engraftment and subsequent innervation and vascularization of islets, at least in rodent
models. One study that employed this methodology was able to characterize the 3-dimensional
architecture and intra-islet arrangement of alpha and beta cells with respect to the vascular
network and surrounding endothelial cells [130]. These powerful imaging techniques have
facilitated investigations of individual islet cell function, with spatial as well as a temporal
resolution within the architecture of the entire islet. Future studies will likely focus on more
functional imaging of the islets and on the combination of functional studies with multi-omics
analyses.
5. Concluding Remarks
It is evident that there is an increasing demand for human islets for both clinical transplantation
and research, and although there are presently more facilities than ever before, setup costs are
high and there remains a shortage in supply. Despite efforts to standardize the protocols for the
isolation and assessment of human islets, the overall quality of islet preparations and the reported
characteristics of these islets can be highly variable. These variations contribute to differences in
clinical outcomes after transplantation and difficulties in interpreting and comparing data across
different research studies [64, 131, 132]. Therefore, emphasis should be placed on developing
more sophisticated standards and criteria to standardize the isolation procedures and assessment
metrics [131], and to establish larger collaborative multi-center networks around core islet
isolation facilities, in order to circumvent the inconsistency issues [22]. Such efforts will encourage
more collaborative studies and enable human islet experiments to be validated across multiple
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centers [133]. As we improve our understanding of the constitution of a functional islet,
researchers are also using this information to actively develop novel strategies to improve islet
function, and devise alternatives to human islets for therapy and/or research by using human
pluripotent stem cell platforms to ‘manufacture’ human islets [134] or through
xenotransplantation [98, 135]. Overall, numerous outstanding clinical and basic research studies
on human islets have been carried out, some of which were beyond the scope of this review.
Continued accessibility to functional human islets of high quality and novel initiatives that
facilitate the sharing of knowledge and expertise may significantly improve global patient and
research outcomes.
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Abstract
Background: Normothermic machine perfusion (NMP) utilises 1.2-1.5L of donor blood (DB)
with a target perfusate haematocrit of 25% to reanimate the donor heart. Limitations to
current practise include small donor size and donor anaemia which can impact on the
recovery of these hearts. Furthermore, in donation after circulatory death (DCD), blood
collection may delay delivery of preservation solutions resulting in longer warm ischaemic
times for the heart and other organs. Banked blood (BB) is a potential alternative to donor
blood. We investigated the effect of banked blood for the reanimation and perfusion of
donor hearts in a DCD porcine model.
Methods: Series 1: Landrace pigs (n=12) underwent DCD withdrawal with subsequent
procurement of the heart; 6 were reperfused with autologous blood; 6 were reperfused with
BB (collected 48 hours prior). Hearts were maintained on NMP for 5 hours with continuous
pressure and flow measurement. Serial venous and arterial lactate measurements were
© 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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performed as a marker of organ health. Series 2: Ten further studies in the BB group with
nitric oxide (NO) pre-treatment (n=5), or sodium nitroprusside (SNP) infusion (n=5).
Results: BB demonstrated severe metabolic and electrolyte disturbances requiring
correction before organ perfusion. Both groups were successful in cardiac reanimation and
demonstrated favourable lactate trends during perfusion. Perfusion with BB resulted in
higher coronary perfusion pressure (CPP) which continued to rise overtime with resultant
deterioration in cardiac function. The administration of NO delayed but did not prevent the
rise in CPP. SNP infusion prevented the rise in CPP but resulted in severe hyperkalaemia.
Conclusions: Reperfusion of DCD hearts with BB during NMP results in significantly higher
perfusion pressures leading to progressive deterioration of cardiac recovery. Treatment with
nitro vasodilators produced short-lived benefits.
Keywords
Banked blood; normothermic machine perfusion; donation after circulatory death heart
transplant

1. Introduction
Machine perfusion is now utilised in the resuscitation of multiple donor organs including heart,
lung, liver and kidneys, in place of or as an adjunct to cold storage for clinical transplantation [1-8].
Early to mid-term results have shown favourable outcomes despite the increased utilisation of
‘marginal’ organs which were previously discarded [6, 7, 9, 10]. Notwithstanding the continued
debate around perfusion methods (i.e. hypothermic vs. normothermic) and the merits of
individual device technology, the overall positive role of machine perfusion in donor organ
management is now widely established.
An important component of machine perfusion is the composition of the solution with which
the organ is perfused whilst on the device. Perfusates can range from enriched whole blood to
specialised crystalloid solutions and vary depending on the perfusion device used. In heart
transplantation, the only clinically approved device is the Transmedics Organ Care System (OCS
Heart) which uses normothermic perfusion of the donor heart [11-13]. The perfusate uses a
combination of donor blood, which is collected at the time of organ procurement, mixed with a
proprietary crystalloid solution. In contrast, other hypothermic cardiac perfusion devices (in
animal trials) have used non-blood based perfusates [14-17].
Whilst a blood-based perfusate appears to be the logical choice for ex-situ normothermic
perfusion of the donor heart, time and volume constraints become major logistical factors
potentially impeding the satisfactory resuscitation of the donor heart. Limitations to collecting the
necessary volume required for machine perfusion can be due to lower blood volume in a smaller
adult or paediatric donor, blood loss following events leading to death or low haematocrit
secondary to resuscitation efforts. Prolonged blood collection time can be due to low blood
volume, to donor size or volume loss, and under resuscitation during the organ retrieval process
with resultant hyperviscosity in the absence of antemortem heparin. Although these issues may
be infrequent, it remains a major concern as donor hearts are scarce. In addition, prolonged blood
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collection time may delay recovery of other organs from the multi-organ donor. In contrast, nonblood based perfusate is not affected by these considerations, however, prolonged non-bloodbased reperfusion in normothermic conditions has been associated with the development of
significant tissue oedema, myocardial injury and impaired myocardial functional recovery [18].
A strategy to use banked blood could replenish and potentially replace the need to salvage
donor blood to prime the perfusion circuit and consequently mitigate against the disadvantages of
using donor blood. The use of banked blood on organs including the lungs, liver and kidneys has
not shown any unfavourable results. However, in the setting of normothermic perfusion (NMP) of
the donor heart, usage of banked blood as perfusate is not recommended despite there being no
published evidence of detrimental outcomes using banked blood reperfusion in the heart to date.
The aim of this pre-clinical study was to investigate the efficacy and safety of banked blood as a
perfusate during normothermic machine perfusion of the DCD heart.
2. Materials and Methods
2.1 Animals
Juvenile Landrace pigs (n=12) between 55-65kg were used. All animal care and handling were
performed in accordance to the standards outlined in the Australian Code for the Care and Use of
Animals for Scientific Purposes (8th edition) (2013) and experimental protocols were approved by
the institutional animal ethics committee (ARA #13/10).
2.2 Materials
Carotid and jugular cannulation with Arrow 5FG and 8FG percutaneous vascular sheath
introducer systems (Teleflex, Mascot, Australia) were used to monitor arterial blood pressure
(MAP) and central venous pressure (CVP). Side ports were also used to provide high volume
infusions if necessary.
One litre Celsior Solution (Genzyme, Naarden, The Netherlands) was used to flush the heart
after blood collection was completed. The flush solution was supplemented with recombinant
human erythropoietin (Eprex 5000IU, JANSSEN, North Ryde, Australia), glyceryl trinitrate (GTN
100mg, Hospira, Mulgrave, Australia) and zoniporide (Pfizer Inc, Groton, CT) as described
previously [19].
Banked blood was collected and supplied by the Faculty of Veterinary Science, Camden Campus,
University of Sydney. Blood collection was performed 48 hours prior to experiments, from donor
animals by Faculty Veterinarians under sterile conditions. Blood was collected in 450mL double
blood pack containing citrate phosphate dextrose and adsol preservation solutions (CPD/Adsol,
Baxter Healthcare Corp, Old Toongabbie, Australia) to a total volume of 1.5L and stored at 4oC
according to blood bank practices.
2.2.1 Normothermic Perfusion Device
A similar setup like the Organ Care System was used as the normothermic perfusion device. The
perfusion circuit was based on the Langendorff model, with retrograde aortic flow and antegrade
coronary perfusion. A single centrifugal pump was used to fill the aorta. Aortic flow was measured
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using a flowmeter and adjusted based on coronary flow and aortic root pressure. Coronary flow
was estimated by measuring pulmonary artery outflow using a standard flowmeter.
Perfusate solution: In addition to banked blood or donor blood, the circuit was primed with
500mL of Gelofusine, 500mg of methylprednisolone, 1 ampoule of Centrum multivitamin, 20mM
of sodium bicarbonate and 1g of cephazolin. The perfusate was oxygenated with 5% carbogen
(BOC Gases) delivered at 2Litres per hour by an oxygenator connected to the perfusion circuit.
2.3 Anaesthesia
Animals were pre-medicated with intramuscular ketamine (10mg/kg), midazolam (1mg/kg) and
atropine (50mcg/kg) on arrival. Once sedated, further anaesthesia with inhaled isoflurane (2-4%)
was given while vascular access was obtained. Tracheal intubation was performed with 7-7.5mm
endotracheal tube and anaesthesia maintained with inhaled isoflurane and IV fentanyl (100200mcg boluses).
Ventilation was maintained with a tidal volume of 10ml/kg, positive end expiratory pressure
(PEEP) of 5 mmHg. Continuous monitoring of arterial pressure, central venous pressure, ECG and
pulse oximetry was performed up until donor heart explantation. Baseline arterial blood gas
analysis was performed using a handheld iSTAT point of care system (Abbott Point of Care Inc,
Princeton, NJ).
2.4 Experimental Protocol
Baseline haemodynamic parameters were established through carotid and jugular cannulation
as described above. Median sternotomy was performed, and the pericardium opened. The animal
was given a bolus dose of midazolam and fentanyl prior to withdrawal of ventilatory support.
Documentation of haemodynamic parameters was performed following cessation of ventilator
support to mimic the clinical donation after circulatory death (DCD) scenario [20]. The time of
circulatory arrest was taken as the time of equalisation of central venous pressure and systemic
arterial pressure. A further stand off period of 5 minutes was introduced to comply with the
jurisdictional legislation for DCD organ retrievals in the clinical setting.
2.4.1 Series 1
Donor Blood Group (DB). Upon completion of ‘stand-off’ time, the right atrial appendage was
incised and a large bore venous cannula was introduced. Blood was collected into a standard 2
Litre collection bag with 20000 Units Heparin. Upon collection of 1-1.2 L of blood, the venous
cannula was removed and collected blood was siphoned into the primed device (see materials:
priming solution) using a leukocyte filter (Pall medical). The primed blood solution was sampled
for blood gas and biochemistry. Any electrolyte disturbance and pH derangement were corrected
by addition of NaHCO3, calcium gluconate, magnesium sulphate and insulin.
A purse string suture was placed around the aortic root, and a 12G aortic root cannula was
introduced and secured. The preservation solution, previously primed and prepared, was
connected to the root cannula. The ascending aorta was cross clamped and the inferior vena cava
transected. One litre of preservation flush was administered commencing at an infusion pressure
of 150mmHg. Cold saline and ice were used to topically cool the chest cavity. Once the flush was
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completed, the root cannula was removed, and purse string tied off. The heart was excised, and
the aorta and pulmonary artery were cannulated and connected to machine perfusion. A left
ventricular vent was introduced and secured through the open left atrium.
The aortic root was connected after adequate deairing, and aortic flow (AF) was initiated at 0.9
L/min. Coronary flow (CF) was maintained between 650-750 ml/min and mean arterial pressure
(MAP) between 60-70 mmHg. The heart was ventricular-paced at 90 bpm in all experiments. Serial
arterial and venous samples were taken for lactate profile, biochemistry and blood gases. The
heart was maintained on the device for 4-5 hours during which AF, CF and MAP were recorded
regularly to document any changes.
Banked Blood Group (BB). Banked blood was siphoned through a leukocyte filter (Pall) into the
circuit reservoir containing 20000 Units of heparin along with the priming solution. The primed
blood was sampled for blood gas and biochemistry, and any electrolyte and pH derangement were
corrected.
The animals in the BB group underwent DCD withdrawal as described in series 1, however,
donor blood collection was not undertaken. The heart once excised and cannulated was installed
on the perfusion device with the same settings as previously mentioned. Blood sampling and flow
monitoring were performed as for the DB group, and the heart was maintained for 4-5hours.
Outcomes Measured. Haemodynamic changes and biochemical alterations were assessed at
baseline and during NMP at regular intervals. Blood analysis was performed in all experiments at 3
set time points: pre-withdrawal, post-priming on the device and immediately after initiation of
NMP. In addition, banked blood was analysed prior to mixing with priming solution. Further
sampling during NMP was based on recovery of the donor heart. Serial arterial and venous lactate
measurements were performed hourly except during the early phases of organ reperfusion, or
when flow or pressure adjustments were made
Biochemical Changes. Blood samples were analysed using point-of-care iSTAT handheld
analyser at regular intervals as described. Arterial samples were analysed using CG-8 cartridges
(Abbott Inc, Princeton, NJ), providing basic blood gas measurements including O 2 and CO2 partial
pressure, [HCO3-], [K+], [Ca2+], blood glucose and haematocrit level.
Haemodynamic Changes. Target haemodynamic parameters during NMP were based on clinical
NMP recommendations by Transmedics OCS Heart™. CF was maintained between 0.65-0.75L/min
by changing pump flow in the presence of permissible perfusion pressure (MAP 60-70mmHg).
Pharmacological intervention with Transmedics maintenance solution containing adenosine as a
coronary vasodilator or adrenaline to reduce CF through vasoconstriction was undertaken if
haemodynamic parameters fell outside of the above targets [21, 22]. AF, CF and MAP were
measured continuously during the 4-5 hour period of NMP. Haemodynamic data were recorded
during each blood sampling timepoint.
Assessment for Viability. In clinical practice, we and others have used lactate level and arterial
venous lactate differentials to determine if the donor heart is suitable for transplantation [23]. In
this study, blood perfusate was sampled from both arterial and venous outlets for lactate
measurement using point-of-care iSTAT CG-4 cartridges. Sampling was performed every hour until
termination of the study.
Study Endpoint. The experiment was terminated in the following situations:
 Completion of study at 5hours of NMP
 Arterial and venous lactate <0.3mM (limitation of CG-4 measurement)
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 Asystolic arrest
2.4.2 Series 2
An additional 10 experiments were performed based on outcomes of series 1. Banked blood
was treated with nitric oxide gas (NO) and sodium nitroprusside (SNP) infusion to mitigate
measured changes in MAP in the BB group.
NO group (N=5) – Primed bank blood was treated with NO gas at 20ppm for an hour prior to
initiation of NMP. Blood sampling was measured after completion of treatment for any
biochemical and acid/base alterations. All other aspects of the experiment were conducted as
described in series 1 above.
SNP group (N=5) – SNP (50mg/5ml, DBL/Globex Pharmaceuticals Ltd.) was diluted to a
concentration of 0.5 mcg/mL using 0.9% NaCl. SNP infusion was commenced at 1ml/hr using a
syringe driver and was titrated to maintain a MAP between 60-70 mmHg during NMP. All other
aspects of the experiment were conducted as described in series 1 above.
3. Results
3.1 Series 1
3.1.1 Experimental Variables
Pig weights from DB and BB groups were 63 ± 7kg vs. 64 ± 5kg (P = 0.4). Warm ischaemic times
for the groups were DB 21 ± 4mins vs. BB 18 ± 5mins (P = 0.1) and instrumentation time until NMP
were DB 28 ± 5mins vs. BB 25 ± 8mins (P=0.25).
All hearts in the DB group were perfused for the full duration of the study, with the exception
of one heart terminating prematurely at 285 mins due to cardiac arrest. Three hearts, including
the abruptly arrested heart, achieved arterial and venous lactate of <0.3mM at 4hours of NMP.
All hearts in the BB group were perfused for the full duration of the study, except for one heart
which demonstrated severe right atrioventricular distension secondary to irreversible high MAP of
129 mmHg after 240 mins.
3.1.2 Biochemical Outcomes
When comparing biochemical baseline properties between DB vs. BB, there were significant
differences in a number of parameters including potassium concentration (DB 3.9±0.2mM vs. BB
8.7±0.6mM; P<0.05), pH (DB 7.55±0.05 vs. BB 6.52±0.03; P<0.05) bicarbonate concentration (DB
34.5±3.7mM vs. BB undetectable), and calcium concentration (DB 1.3±0.04mM vs. BB <0.25mM).
There was also a trend for increased haemoconcentration in BB (Hct 0.35±0.15) when compared
to DB (0.24±0.03) (P=0.06).
The BB group required extensive acid/base and electrolyte correction: this was performed
through correction of severe acidosis with NaHCO3 (27.5 ± 4.2 mM) and correction of
hypocalcaemia with calcium gluconate (6.6 ±1.6 mM). Post correction electrolytes are presented
in Table 1.
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Table 1 Biochemical and acid base measurements post-priming and post-correction.

K+

pH

HCO3-

Ca2+

Hct

DB

BB

P

Post-Priming

6.5±1.9

7.7±1.2

P=0.11

Post-Correction

5.3±2.6

6.8±1.7

P=0.14

Post-Priming

7.33±0.04

6.81±0.09

P<0.05

Post-Correction

7.27±0.06

7.11±0.16

P=0.02

Post-Priming

25.2±2.6

14.8±3

P<0.05

Post-Correction

21.2±1.7

20.1±8.8

P=0.38

Post-Priming

0.9±0.05

0.25

P<0.05

Post-Correction

0.75±0.3

0.32±0.07

P<0.05

Post-Priming

0.15±0.05

0.2±0.03

P=0.03

Post-Correction

0.14±0.02

0.16±0.02

P=0.07

Banked blood demonstrated significantly lower pH and hypocalcaemia requiring correction prior to
reanimation of donor heart. Despite aggressive replacement with calcium gluconate, we were unable to achieve
similar levels of [Ca2+] as the DB group. Despite this, there were no apparent impact on contractility during
reperfusion when comparing DB and BB group.
Haematocrit (Hct) was significantly higher post-priming, but did not exhibit any significant difference after
correction due to the higher volumes of corrective fluids required.

Despite intensive correction of the underlying electrolyte and acid base imbalance, BB group
had greater acid/base and biochemical disturbance at the time of cardiac perfusion. The BB group
maintained a higher Hct at the time of cardiac perfusion.
3.1.3 Functional Outcomes
Haemodynamic outcomes were measured at baseline and hourly until termination of the study.
Whilst CF and AF were maintained during NMP, there were increasing differences in MAP between
the DB and BB groups over time (P<0.05). At commencement of NMP, AF (DB 0.81±0.05L/min vs.
BB 0.84±0.12L/min; P=0.31) and MAP (DB 71±13mmHg vs. BB 76±22mmHg; P=0.36) were required
to maintain CF. Whilst DB parameters remained stable throughout perfusion, there was a
progressive and statistically significant increase in MAP in the BB group which was unresponsive to
adenosine infusion. MAP measured prior to termination of the study was 64±8 mmHg in hearts
perfused with DB compared to 99±36 mmHg in hearts perfused with BB (p<0.01).
AF and MAP measurements are presented in Table 2 and trends during ex-situ reperfusion are
presented in Figure 1.
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Table 2 AF and MAP during NMP.
AF (L/min)

MAP (mmHg)

Time
(mins)

DB

BB

P

DB

BB

P

60

0.81±0.04

0.8±0.09

0.45

62±12

87±21

0.02

120

0.78±0.04

0.82±0.08

0.16

65±12

86±17

0.03

180

0.80±0.05

0.87±0.13

0.13

64±8

82±19

0.05

240

0.79±0.07

0.81±0.05

0.27

65±9

90±25

0.04

300

0.85±0.04

0.83±0.07

0.34

64±8

99±36

0.1

Aortic Flow (AF) were similar in both groups, but there was significantly higher perfusion pressure (MAP) in
the BB group. Whilst perfusion pressure remains stable throughout the experiment in the DB group, there is
progressively rising pressure in the BB group after 4 hours of machine perfusion.

Figure 1 (A) AF, CF and MAP during NMP using donor blood; (B) AF, CF and MAP during
NMP using banked blood. Comparing DB to BB, the starting MAP was higher in the BB
group which progressively increases overtime. CF and AF are similar in both groups, and
remain stable throughout the experiment.
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3.1.4 Lactate Measurements
Serial lactate measurements were performed hourly from arterial and venous outlets. Whilst
both DB and BB showed trends of diminishing lactate over time with evidence of myocardial
consumption, the baseline lactate in the BB group was higher compared to the baseline in the DB
group (BB 6.3±1.5mM vs DB 2.5±0.6mM; P<0.01). Lactate levels measured prior to termination
were BB (arterial 1.7±1.3mM vs. venous 1.6±1.3mM) and DB (arterial 0.50±0.33mM vs. venous
0.51±0.35mM); Arterial and venous lactate levels in the BB group were significantly higher than in
the DB group at the termination of study (P=0.03). Arterial and venous lactate trends for both
groups are presented in Figure 2.

Figure 2 (A) Arterial and Venous Lactate in Donor Blood group; (B) Arterial and Venous
Lactate in Banked Blood group. Overall lactate trend in DB and BB group are similar
except BB group had higher starting lactates. Both groups demonstrated lactate
extraction when comparing arterial to venous sampling.
3.1.5 Visual Assessment
Visual assessment of the right ventricle, during the early stages of reperfusion, demonstrated
satisfactory contraction in both groups, with no evidence of right atrial distension after
reanimation and establishing of a stable rhythm through ventricular pacing at 90 bpm. Over time,
right atrial and ventricular distension was observed in the BB group in association with a rising
MAP.
Page 71/205

OBM Transplantation 2019; 3(2), doi:10.21926/obm.transplant.1902067

3.2 Series 2
3.2.1 Outcome
Following the first series of studies which demonstrated a progressive rise of MAP in the BB
group, attempts to mitigate the pressure rise using alternative pharmacological interventions to
adenosine were attempted. We hypothesised that the rise in MAP was due to depletion of Snitrosohaemoglobin and disruption of nitric oxide bioavailability within banked blood [24]. Efforts
to replenish nitric oxide bioavailability in bank blood using NO gas and SNP were performed.
Whilst NO-treated BB extended the duration of effective control of MAP, this effect was lost
after 3-4 hours of reperfusion. This was followed by a rapid rise in MAP with deterioration of
donor heart metabolism reflected by the rise in lactate (n= 4/5). Further treatment of banked
blood with NO gas did not result in any improvement of MAP. This is presented in Figure 3.

Figure 3 (A) NO treated Banked Blood outcomes; (B) SNP treated Banked Blood outcomes.
NO and SNP treated banked blood demonstrated lower starting MAP, however the effect
of NO appears to diminish at 3 to 4 hours of machine perfusion with gradual increase of
MAP. SNP had sustained effect on MAP but resulted in abrupt hyperkalaemia after 4 to 5
hours of treatment.
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In comparison, SNP infusion provided effective and sustained control of MAP. However, we
observed an abrupt rise in [K+] by 5-6 hours which resulted in sudden cardiac stand-still in four
hearts. The observed hyperkalaemia occurred in isolation, with no gross changes in the other
electrolytes measured or the perfusate pH. This is presented in Table 3.
Table 3 Perfusate blood biochemistry results for SNP-BB Group (n=5).
Time Point (min)

[K+]
(mM)

[Ca2+]
(mM)

[HCO3-]
(mM)

pH

Glucose
mg/dL

0

4.8±1.6

0.32±0.06

18.4±1.8

7.24±0.05

16.4±13.5

60

5±1.7

0.33±0.05

21.4±2.7

7.30±0.05

16.2±3.7

120

5±0.8

0.33±0.05

22.7±2.8

7.33±0.03

17.8±7.5

180

5±0.8

0.33±0.05

23.4±3.6

7.34±0.03

18.5±12.1

240

6±1.5

0.34±0.06

22.7±3.6

7.29±0.07

17.3±13

300

7.8±2.0

0.32±0.04

22.5±4.8

7.25±0.09

14±1.5.4

Abrupt rise in [K+] was noted in the BB group treated with SNP after 4 hours of machine perfusion. Despite
aggressive treatment with sodium bicarbonate and insulin infusion, the hyperkalaemia was irreversible and
eventuated in the asystolic arrest of the donor heart on device.

4. Discussion
Our current experience in clinical DCD heart procurement has shown that early institution of
cardiac protective flush facilitates organ recovery post-implantation. The process of blood
collection, can potentially delay the institution of preservation flush by two minutes. Furthermore,
the collection of adequate blood volume can be challenging in the clinical scenario and can be
affected by the donor pre-mortem haemoglobin, donor size and fluid balance status. This is
further confounded by some donor hospitals which do not permit ante-mortem interventions such
as heparin administration and blood transfusions. Low Hct during NMP may lead to earlier onset
of oedema, and carries the potential risk of decreased tissue oxygen perfusion. Current OCS
recommends a target Hct >0.25. Hence the ability to use banked blood is highly attractive.
Unlike DBD hearts, DCD hearts, at the time of NMP, usually demonstrates high coronary flows
with low perfusion pressure. This can be explained by the loss of coronary vasomotor tone which
requires higher doses of adrenaline to improve perfusion pressure. In our study, there were no
demonstrable differences in the early periods of reperfusion of both DB and BB, suggesting similar
baseline pathophysiology of the donor heart.
Although the lactate concentration in the perfusate fell over time, with evidence of lactate
extraction in both groups, the lactate concentrations in the BB group were higher at all time points.
Despite the favourable lactate trend, coronary perfusion pressure rose steadily in the BB group
consistent with increasing coronary vascular resistance over the time course of the experiment.
After 4 hours of NMP hearts perfused with BB displayed increasing right atrial and ventricular
distension and visual deterioration of myocardial contraction.
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In contrast, despite lower Hct in the DB group, perfusion pressure remained stable throughout
the entire course of the experiment; and the right ventricular function did not appear to be
compromised on visual inspection. These hearts showed no evidence of right atrioventricular
distension throughout the 5 hours of NMP.
The results of our porcine study indicate that perfusion of DCD hearts with BB results in
progressive coronary vasoconstriction which is refractory to infusion of adenosine. We postulate
that the higher pressures seen in the BB group was due to depletion of S-nitrosohaemoglobin and
disruption of endogenous nitric oxide signalling by banked blood [25-27]. The resultant
vasoconstriction in the coronary vessels lead to higher perfusion pressures. The introduction of an
NO donor successfully prevented the increase in arterial pressure, but this effect was short-lived in
the case of supplementation of BB with NO gas and associated with potential detrimental
electrolyte and arrhythmic effects as seen in the SNP group.
Banked blood contains citrate which is normally metabolised rapidly by the liver when packed
red cells are transfused into a donor. The absence of a clearance mechanism for citrate during
NMP is the most likely explanation for the marked hypocalcaemia observed in the perfusate after
the addition of BB. Hypocalcaemia was only partly corrected with the addition of calcium
gluconate. It is unclear whether the hypocalcaemia contributed to the haemodynamic
deterioration in the BB perfused hearts or whether more aggressive supplementation may have
fully corrected this electrolyte abnormality. These issues will need to be addressed in future
experiments.
Limitations: There are a number of limitations to our study. We did not prospectively cross
match the blood donors with the heart donor. This decision was based on the advice provided by
the herd veterinarian and our experience with heart transplantation between members of the
same herd where we have not observed any hyperacute rejection responses. We believe that the
progressive fall in the lactate level in the BB perfused hearts, the reversal of the coronary
vasoconstrictor response at least temporarily with NO gas or SNP and the absence of any
haemolysis in the perfusate make it unlikely that the coronary vasoconstriction observed in the BB
perfused hearts was due to immunological incompatible blood transfusion. Another limitation was
that the hearts were not transplanted subsequently for full functional recovery assessment.
5. Conclusions
Current experiments comparing DB to BB as the perfusate for donor porcine hearts during NMP
have shown favourable lactate profiles with both perfusates. BB demonstrated significantly more
deranged biochemical and acid base profiles at baseline. With partial correction of these
abnormalities, DCD hearts were able to be reanimated and demonstrated favourable lactate
profiles during the initial 4 hours on machine perfusion. However, BB reperfusion of donor heart is
associated with higher coronary perfusion pressure which worsens overtime and is associated
with progressive distension of the right sided chambers.
Attempts to prevent the progressive increase in MAP during BB perfusion with NO gas
supplementation or infused SNP showed short term success which attenuates after 4-5 hours.
With NO gas supplemented BB, MAP rises rapidly after 4 hours with rapid deterioration in cardiac
function. In contrast, SNP infusion during BB perfusion exerted a more sustained effect on MAP
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but led to severe hyperkalaemia. Based on our findings, we conclude that without further
modification, banked blood is unsuitable for normothermic perfusion of the donor heart.
6. Future Directions
Collection of blood volume in the DCD setting can be challenging in smaller patients or patients
with anaemia. Based on current experience, we would not recommend blood transfusion directly
into the NMP circuit; rather pre-operative transfusion of the donor appears to be a safer option
and has not been shown to have any immediate effect on CF and MAP during NMP.
The role of ‘blood-washing’, by reprocessing banked blood through a cell-saver system may
attenuate the effects witnessed in the current study. Furthermore, artificial oxygen carriers or
blood analogues are potentially alternatives to replace blood volume requirements for NMP but
have been associated with increased tissue oedema during NMP [18]. Stored blood rejuvenation
therapy has been shown to increase red blood cell (RBC) ATP and 2,3-DPG level, this effect
however is dependent on the RBC storage duration and losses its effect with prolonged storage
time [28].
Current reperfusion devices use a closed circuit which may lead to build up of toxic metabolites
which can be injurious to the recovering heart. The introduction of a hemofiltration or dialysis
system as an adjunct, especially when NMP time exceeds 4 hours may prevent the build-up of
toxic substances and reduce tissue oedema through haemoconcentration.
In addition, the current Transmedics NMP device does not allow full assessment of left
ventricular function. In our current experiments, we observed a favourable lactate profile in BB
perfused hearts despite progressive increase in coronary vascular resistance and visual evidence of
progressive distension of the right heart chambers. This highlights the potential shortcomings of
current NMP system and the requirement for a more holistic assessment method for assessing
donor heart viability during NMP.
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Abstract
In non-endemic regions of the world, human T-cell lymphotropic virus type-1 (HTLV-1) is an
uncommon pathogen in the transplant host, but can be associated with significant morbidity
and mortality. Careful assessment for risk factors, targeted screening and heightened
awareness of the clinical presentation of HTLV-1 associated disease is necessary for timely
recognition and management in the transplant host. The use of antiretroviral agents in the
management of symptomatic disease due to HTLV-1 remains controversial. Human
herpesvirus-6 (HHV-6) has long been recognized as a pathogen in the transplant host
however, establishing pathogenicity remains a challenge in clinical situations.
Chromosomally integrated HHV-6 has been reported in ~1% of the solid-organ and
allogeneic stem cell transplant population; and is often mistaken for active infection.
Increased recognition of this entity is needed to avoid unnecessary use of antiviral
medications. Current guidelines recommend against screening and treatment of
asymptomatic HHV-6 infection in the solid-organ transplant host. Human herpesvirus-7
(HHV-7) is often diagnosed as co-infection with other beta-herpesviruses, but pathogenicity
is less clear. There continues to be no clinical syndrome solely attributable to HHV-7. Human
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herpesvirus-8 (HHV-8) infection following organ transplantation can be due to primary
acquisition from donor or non-donor derived exposures; or secondary to reactivation of
latent infection in a seropositive recipient. Kaposi sarcoma is the most common HHV-8
associated post-transplant complication however, there is increasing recognition of nonneoplastic syndromes of febrile illness with bone marrow suppression and hemophagocytic
syndrome. Lack of standardized laboratory assays for HHV-8 remains an impediment to
targeted screening of high risk organ donors and recipients. A multi-disciplinary approach is
needed for management of HHV-8 associated diseases.
Keywords
HTLV-1; HHV-6; HHV-7; HHV-8; solid-organ transplantation

1. Introduction
Human herpesvirus-6,-8 (HHV-6,-8) and human T-lymphotropic virus type-1 (HTLV-1) are
associated with significant morbidity and mortality in the solid-organ transplant host. The role of
HHV-7 as a sole pathogen remains unclear; but co-infection with other beta-herpesviruses is
frequently encountered in the immunosuppressed host. There are unique challenges associated
with each of these viruses as it pertains to the organ transplant recipient. In case of HHV-6 and
HHV-7, it is their ubiquitous nature, and frequent clustering of infection with Cytomegalovirus,
that continue to pose diagnostic and therapeutic challenges to the transplant practioner. HHV-8
and HTLV-1 on the other hand, are geographically uneven viruses; and while well-established
pathogens in the transplant host, need greater recognition in non-endemic regions of the world.
This review aims to enhance our understanding of the impact of HHV-6,-7,-8 and HTLV-1 on the
solid-organ transplant host; and highlights the diagnostic and therapeutic challenges that continue
to be associated with these infections.
2. Human T-Lymphotropic Virus Type-1
Human T-lymphotropic virus type-1 (HTLV-1) is an RNA retrovirus that was first described in the
1980s [1, 2]. An estimated 15 to 20 million individuals worldwide are infected with HTLV-1; which
is endemic in parts of South America, the Caribbean, West Africa and Asia [3-6]. Based on data in
blood donors, seroprevelance in the United States is less than 1% [7]. The most common mode of
transmission of HTLV-1 in endemic areas is mother to child, most commonly through breast
feeding [8]. Other modes of transmission include sexual intercourse, transfusion of cellular blood
products and organ transplantation [9].
Following initial infection, HTLV-1 establishes a state of life-long latency in the lymphocytes.
Most people remain asymptomatic but in an estimated 2%-5% of cases, symptomatic disease as
HTLV-1 associated myelopathy tropical spastic paraparesis (HAM/TSP) or adult T-cell
leukemia/lymphoma (ATL) can develop [4, 10]. HAM/TSP usually presents with gait disturbances,
lower extremity weakness, urinary incontinence, decreased sensation and upper motor neuron
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signs [11]. Some of the clinical manifestations of ATL are generalized lymphadenopathy,
hypercalcemia and bone lesions.
2.1 HTLV-1 in Solid-Organ Transplantation: An Uncommon But Potent Pathogen
While transmission through organ transplantation has been reported, there are only a few
known cases of proven donor-derived HTLV-1 infection [12, 13]. The rate of HTLV-1 associated
disease appears to be even lower in the transplant host [11, 13-16]; and this is evident in Organ
Procurement Transplantation Network (OPTN)/United Network of Organ Sharing (UNOS) data that
identified no cases of HTLV-1 infection among 162 recipients of 134 reactive HTLV-1/2-positive
donors between 1999 and 2008 [17-19].
In SOT recipients, the clinical course of HTLV-1 disease can be different with shorter latency
period and more rapid progression of disease [20, 21]. The natural history of HTLV-1 in the
transplant host however, is not well understood due to lack of long-term cohort studies. The
factors that promote disease in SOT patients are an increased pro-viral load, immunosuppression
and association with host human leukocyte antigen (HLA) subtypes (B-5401, DRB1-0101). HTLV-1
antibodies usually develop 1-3 months after exposure and are positive lifelong [10, 12, 22, 23].
2.2 HTLV-1 - Pathogenesis and Diagnosis
The first step in the diagnosis of HTLV-1 infection is screening with enzyme immunoassays (EIA).
Positive screening tests can then be confirmed using line immunoassays or Western blot [24].
Currently available screening assays have high sensitivity but do not differentiate between HTLV-1
and 2; and have low positive predictive value in areas of low seroprevelance such as the United
States. HTLV-1 is a highly cell bound with only small amounts of free virus present in the
circulation. The virus infects lymphocytes and the pro-virus undergoes integration into the host
genome. PCR testing for viral RNA on non-cellular specimens such as plasma is therefore of limited
diagnostic utility [25]. Using PCR for measurement of HTLV-1 pro-viral DNA load in peripheral
blood mononuclear cells appears to be a promising tool that may have a role in diagnosis of cases
(particularly when standard confirmatory assays are indeterminate) and to assess risk of HTLV-1
associated disease [26-28]. This is an encouraging development but further research is needed to
better understand the diagnostic role of pro-viral DNA measurement in the clinical care of patients.
2.3 Finding the Balance - Shift away from Universal Donor Screening
In light of low positive predictive value of available testing and concern about preclusion of
healthy donor organs based on false positive results, the policy of universal donor screening for
HTLV-1/2 was put on the table for discussion. These concerns were further supported by analysis
of universal HTLV-1/2 screening of deceased donors which revealed that the ratio of false positive
to true positive screening was 40:1 [4, 29]; and that an estimated 167–227 uninfected organs were
rejected each year due to false positive screening results [4, 17].
In 2009 mandatory, universal donor screening for HTLV-1, was eliminated by the OPTN/UNOS.
However, further recommendations were made by the Organ Procurement Transplantation
Network Ad Hoc Disease Transmission Advisory Committee (DTAC) that targeted screening of
donors presumed to be at high risk for HTLV-1 infection should continue, and all positive donor
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screening tests should be confirmed retrospectively to allow appropriate follow up of the
recipients [17]. The American Society of Transplantation Infectious Disease Community of Practice
(AST IDCOP) also recommends targeted screening of high risk donors and recipients [4]. Since
organs from donors who screen positive for HTLV-1 can be used for transplantation, it is essential
that the recipient is informed about the potential risks as part of the informed consent process
required for transplantation. The optimal management and follow up of recipients receiving
organs from donors proven or suspected to have HTLV-1 is unknown, and there are currently no
established guidelines. The AST IDCOP recommends using a combination of laboratory tests and
clinical monitoring for follow up of recipients with confirmed or high suspicion of donor infection.
Transplant practioners must also be educated on clinical manifestations of HAM/TSP and ATL, and
must maintain a heightened awareness in follow up of high risk organ recipients for timely
diagnosis and management of HTLV-1 associated complications.
2.4 HTLV-1 Associated Disease: HAM/TSP and ATL
The diagnosis of HAM/TSP can be particularly challenging and transplant practioners should be
aware of the WHO criteria for timely recognition and appropriate work up [30]. Diagnosis can be
missed or delayed due to rarity of the HTLV-1 infection outside of endemic areas, lack of pretransplant serologic screening and low frequency of associated disease in infected SOT recipients.
In patients developing ATL the treatment consists of chemotherapy; and steroids, interferon-alpha,
and immunoglobulin therapy might be employed in cases of HAM/TSP. While sometimes
employed, the role of antiviral medications in HTLV-1 associated disease remains controversial.
Antiretroviral medications including zidovudine and raltegravir have been shown to have invitro activity against HTLV-1 [31]; however the in-vivo results have been disappointing [32-34].
This lack of concordance is explained by the lack of continuous viral replication cycles in chronic
carriers of the infection [4, 34, 35]. Limited clinical data suggest efficacy of prosultiamine with
improved motor strength, urinary bladder function and pro-viral DNA in patients with HAM/TSP
[35, 36]. Prosultiamine is a thiamine derivative has been found to have activity against HTLV-1
infected cells by inducing apoptosis [37]. While promising, these findings need investigation in
larger randomized clinical trials to better understand the benefit to patients. Based on expert
opinion, it has been suggested that post-exposure prophylaxis may be beneficial to prevent HTLV1 infection following exposure through organ transplantation. There is however no data on the
efficacy of this approach and it is currently not approved or recommended by the CDC [3].
3. Human Herpesvirus-6
Human herpesvirus-6 (HHV-6) is a lymphotropic beta (β)-herpesvirus, which was first isolated
from peripheral blood lymphocytes of immunosuppressed patients in 1986 [38]. Initially classified
as variants of the same virus, HHV-6A and B are now recognized as separate species [39]. In the
vast majority of the population, HHV-6 exposure occurs during early childhood, and initial
infection is followed by establishment of life long latency inside the mononuclear cells [40-42].
Majority of human infections are due to HHV-6B with an estimated prevalence of 97% [43]. In
addition to blood mononuclear cells, a wide variety of body tissues are infected with HHV-6
including salivary glands, tonsils, brain, liver and kidney [44]. In a smaller percentage of the
population, HHV-6 viral genome undergoes integration into the host chromosome [45-47]. The
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ability to establish latency through integration into the host genome is a unique property of the
HHV-6 virus. This entity is termed as chromosomally integrated HHV-6 (CIVVH-6), and is estimated
to occur is 1% of the human population worldwide [46]. The clinical significance and diagnosis of
CIHHV-6 in the transplant host will be discussed in detail later in this manuscript.
Since the vast majority of adults are seropositive, HHV-6 infection in the post-transplant setting
most commonly is due to reactivation of endogenous virus [48, 49]. Primary infection through
transmission from the community or the allograft itself has been reported but very uncommon [50,
51]. HHV-6B has been implicated as the cause of majority of infections in adult SOT recipients [39,
43, 52, 53]; with a much smaller percentage due to HHV-6A.
3.1 Clinical Manifestations of HHV-6 in the Solid-Organ Transplant Host: Direct and Indirect
Effects
The reported incidence of symptomatic infection in the SOT recipients varies between clinical
series but overall despite high seroprevelance, the incidence of symptomatic HHV-6 infection
following organ transplantation is low [48, 49, 54]. Most HHV-6 infections represent reactivation
of latent virus in the early post-transplant period (first 4-6 weeks) with fewer reports of late onset
infections (months to years) [48, 55].
Clinical manifestations of HHV-6 can be attributed to direct and indirect effects. Among the
direct effects, the most commonly reported include febrile illness with bone marrow suppression
and encephalitis [56, 57]. Other reported manifestations are gastrointestinal (gastroduodenitis,
colitis), pneumonitis, fulminant hepatic failure. Reported manifestations of HHV-6A in the
transplant population include giant-cell hepatitis [58], hemophagocytic syndrome [50], and
hepatitis with pancytopenia [51]. There are indirect effects of HHV-6 due to immunomodulatory
properties which include recurrence of hepatitis C infection [59, 60], Cytomegalovirus (CMV)
infection [61-63], allograft rejection [62, 64], and fungal infections [54, 62, 65]. The increased risk
of CMV infection/disease in association with HHV-6 was clearly shown in a study by Kumar et al
where risk of CMV disease increased by 3.59-fold in patients with HHV-6 infection (95% CI, 1.538.44; P=0.003) [54]. Limited data is suggestive of an association between HHV-6 and bronchiolitis
obliterans syndrome but further research is warranted to better understand and validate these
findings [66].
There are many reports of HHV-6 and CMV co-infection in SOT recipients. On genomic analysis,
HHV-6 is most closely related to human CMV with 66% similarity in amino acid sequences [67]. In a
study of liver transplant recipients who were found to be positive for both viruses, HHV-6 was on
average activated earlier than CMV in most patients (HHV-6 activation: 19.8 ± 4.5 days vs. CMV
activation: 28.4 ± 60.5 days - P = 0.001), with a 9-day time gap between the activation of the two
viruses. Regression analysis of the time of CMV and HHV-6 activation revealed a linear relationship
[68].
3.2 Diagnosis of HHV-6: Establishing Pathogenicity of a Ubiquitous Organism
Over the years, HHV-6 has been recognized as a pathogen in the transplant host. However,
establishing pathogenicity of HHV-6 in clinical situations remains a challenge. Clinical
manifestations of HHV-6 overlap with other herpes viruses, particularly CMV; and it is not
uncommon to find both viruses in the work up of patients with suspected infection. In these
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scenarios, HHV-6 is often questioned as the true-pathogen in comparison to CMV. Other features
of HHV-6 which make the diagnosis of active infection challenging, are the ubiquitous nature of
the virus, high seroprevelance in humans, establishment of clinical latency and integration of viral
genome into the human chromosome. Careful consideration must be given to the intrinsic
properties of HHV-6 including CIHVV-6, and the limitations of current diagnostics to avoid
unnecessary antiviral therapy [53].
Diagnostic approach to HHV-6 has been characterized broadly into indirect and direct [44, 69].
Indirect diagnostics are based on detection of HHV-6 antibodies, while direct diagnostics employ
methods for detection of whole virions or viral components and include viral culture, HHV-6
antigen detection, and PCR.
3.2.1 Serologic Testing
Serology for HHV-6 is useful as a screening tool to determine risk of future infection in an
immunosuppressed host but since seroprevelance in the adult population is high, it’s utility in the
diagnosis of active infection is limited. Furthermore, currently available serologic tests are species
non-specific hence unable to differentiate between HHV-6A and B species and may have crossreactivity with other β-herpes viruses [44, 69].
3.2.2 Polymerase Chain Reaction
Most commonly employed direct diagnostic testing is based on detection of viral nucleic acids
by PCR. PCR testing for HHV-6 is commercially available for a broad range of clinical specimens and
does provide differentiation between HHV-6A and B species however, standardization of testing
methodology and measurement units is lacking [44, 69]. Active infection is often diagnosed based
on quantitative PCR testing (Q-PCR) but there are no standardized thresholds for interpretation of
active infection versus latent versus CIHHV-6. For diagnosis of active infection, reversetranscriptase PCR can be employed that can differentiate between latent and actively replicating
virus by detection of viral transcripts. This technique was described in 1999 where viral transcripts
were detected by amplification of mRNA corresponding to major structural antigens in peripheral
blood mononuclear cell samples taken from children with recent clinical illness suggestive of HHV6. In comparison with DNA-PCR and viral culture performed on the same specimens, reversetranscriptase PCR was found to have sensitivity of 95% and specificity of 98.8% [70].
3.2.3 Viral Antigen Based Testing
With the advent of Q-PCR testing for HHV-6, the role of antigenemia assays as screening tools
for detected of viremia is limited. However, detection of viral antigens in tissue using monoclonal
antibodies and immunohistochemical testing is still of benefit for the diagnosis of tissue invasive
disease [55, 71].
3.2.4 Plasma versus Whole Blood PCR
Q-PCR testing for diagnosis of HHV-6 infection is most often performed on non-cellular
specimens such as plasma despite the fact that the virus is highly cell associated. This has raised
questions about the adequacy of plasma as a sample for HHV-6 testing. In fact, recent data
Page 84/205

OBM Transplantation 2019;3(2), doi:10.21926/obm.transplant.1902066

revealed that the source of HHV-6 DNA detected in plasma infact corresponds with lysis of blood
cells rather than active virus production due to infection of lymphoid tissue or organs [72]. Further
research on patients samples with various stages of HHV-6 infection (primary, past, congenital, no
infection, CIHHV-6) revealed that in comparison with virus isolation by culture, plasma HHV-6 real
time-PCR had a sensitivity of 92% for identification of primary infection and specificity of 84% [73].
All patients in this study with CIHHV-6 had detectable virus by plasma HHV-6 real time PCR but
only 5.6% had detection of active viral transcripts by reverse-transcriptase PCR [73]. This data
suggests that Q-PCR testing on plasma is not a reliable marker of active infection and in order to
distinguish active infection from CIHHV-6, testing on whole blood might be more specific [73, 74].
Q- PCR testing on whole blood is available commercially but data are limited. As with testing on
plasma, there are no standardized cut-offs for interpretation of active versus latent infection.
It is important to recognize the differences between the currently available diagnostic tests for
HHV-6, to choose the test appropriate for the clinical question at hand. Clinicians must also bear in
mind, that current testing for HHV-6 is limited not only by the lack of clinically meaningful cut-offs
for active infection, but also by the lack standardized WHO units of IU/mL; contributing to interlaboratory variation in results. We make the following recommendations in this regard.
 Serologic testing is not of utility in the diagnosis of active infections. A positive serology with
negative Q-PCR testing indicates latent HHV-6 infection.
 In a patient with clinical signs and symptoms attributable to HHV-6, positive Q-PCR testing
can be indicative of active infection however; important to remember that Q-PCR testing
does not distinguish CIHHV-6 from active viral replication.
 CIHHV-6 is typically an asymptomatic patient with a very high HHV-6 viral load. To
distinguish CIHHV-6 from active infection, reverse-transcriptase PCR testing can be
employed.
 The current role of viral antigen based tests in the diagnosis of active HHV-6 infection is
largely limited to immunohistochemistry for detection of viral antigen in tissue specimens.
3.3 Chromosomally Integrated HHV-6: Clinical Significance and Diagnosis
Based on the work of multiple investigators, CIHHV-6 is defined as the presence of ≥1 HHV-6
DNA copies/cell [46, 75, 76]. Clinical significance of CIHHV-6 in the immunosuppressed host is an
area of active research. The prevalence of CIHHV-6 in the solid-organ and allogeneic stem cell
transplantation appears to be low (~ 1%) [77]. Study of the integrated HHV-6 viral genome has
shown that these viruses differ greatly from their non-integrated counterparts. These integrated
genomes however, in majority (CIHHV-6B 95% and CIHHV-A 72%), do contain a complete
complement of intact viral genes and appear to be capable of reactivation from the latent state
[78]. While the clinical significance of CIHHV-6 in the organ transplant host remains undefined,
limited data suggest that the rate of clinical disease due to CIHHV-6 is low [53]. A review by Lee et
al of 9 SOT patients with CIHHV-6 [53], showed that the median HHV-6 DNA copies per ml of
whole blood in LT recipients was 2.7 x 106 (1.1 x 106 - 18.3 x 106) and in kidney transplant patients
was 5.1 x 106 genomes per ml of whole blood. In the same series, a small bowel recipient had
HHV-6 DNA PCR done on hair follicles which revealed DNA concentration of 11 x 10 6/106 cells,
consistent with CIHHV-6 [76]. None of these patients developed clinical disease due to HHV-6
infection and 2 patients were treated with antiviral agents for mistaken diagnosis of active
infection [53, 79]. heightened awareness of this entity is therefore needed and a suggested
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approach by experts is that in patients with suspected CIHHV-6 (typically DNA load of > 5.5 log10
copies per ml of whole blood), reverse-transcriptase PCR be considered to rule out active infection
due to HHV-6 and avoid unnecessary use of antiviral agents [47, 73].
3.4 Treatment of HHV-6: Indications for Antiviral Therapy
Acyclovir and valacyclovir have no significant activity against HHV-6 at doses used in patient
care. It is however susceptible to ganciclovir, foscarnet and cidofovir [44, 80], at doses similar to
those used for treatment of CMV. HHV-6 genes which are of relevance to antiviral treatment
include U69 and U38. U69 encodes a protein kinase, which is involved in the initial
phosphorylation of ganciclovir that is subsequently tri-phosphorylated to its active form by cellular
kinases. U38 encodes the viral DNA polymerase [80] which is the site of action of ganciclovir,
foscarnet and cidofovir.
Successful use of ganciclovir and foscarnet for symptomatic HHV-6 infection has been reported
in transplant recipients, but no controlled trials have been performed to prove efficacy [81-84]. A
study in hematopoietic stem-cell transplant recipients looked at the effects of antivirals on serum
and cerebrospinal fluid HHV-6 viral load in patients diagnosed with encephalitis [85]. They found
decrease in HHV-6 VL in both sites, concurrent with use of antiviral therapy (ganciclovir and/or
foscarnet). However, this study did not provide perspective on possible differences in efficacy
between the 2 agents [85]. In light of current available data, use of either agent appears
appropriate for treatment of HHV-6 associated disease, including encephalitis. The AST IDCOP
recommends treatment of HHV-6 associated encephalitis or other clinical syndrome attributed to
HHV-6 but treatment of asymptomatic infections of the organ transplant host is not
recommended [86]. Data on impact of current post-transplant antiviral prophylaxis on non-CMV
viruses is limited. Available data suggests that the incidence of HHV-6, HHV-8, Varicella zoster virus
(VZV) and Epstein-Barr virus (EBV) may be reduced but HHV-7 may not be impacted [87] Since
most HHV-6 infections are asymptomatic and self-limited, and antiviral prophylaxis for HHV-6
following organ transplantation is currently not recommended [86]. Limited data suggests HHV-6
viremia threshold >104 copies/ml is predictive of encephalitis in hematopoietic stem-cell
transplant recipients, however similar data is lacking in SOT [88]. If data were to emerge on the
impact of asymptomatic HHV-6 infection in the organ transplant host, the recommendation for
antiviral prophylaxis and/or preemptive treatment of asymptomatic infection may change.
However, any such approach would need to take into account the risk from toxicity of currently
available antiviral agents.
The emergence of ganciclovir-resistant HHV-6 strains during treatment has been reported
which correlates with U69 and U38 mutations [89, 90]. Cidofovir resistance in HHV-6 has also been
shown through in-vitro selection and is associated with mutation in U38 [91]. The emergence of
drug-resistance HHV-6 strain should be considered if indicated clinically, during antiviral
prophylaxis or treatment for other herpes viruses such as CMV. Further study is however, required
to better understand the clinical significance of these drug resistant strains.
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4. Human Herpesvirus-7
HHV-7 is a member of the herpesvirinae family and β -herpesvirus sub-family. It was discovered
in 1990 from human CD4 T-cells [92]. HHV-7 is a ubiquitous virus that exhibits similar cellular
tropism to HHV-6 viruses but appears to be less pathogenic. Similar to HHV-6B, over 90% of the
adult population is estimated to be seropositive. Infection due to HHV-7 occurs in early childhood
but tends to occur later than HHV-6B [93]. The clinical manifestations of primary HHV-7 infection
are not as well-defined but it has been described as a cause of exanthem subitum and febrile
illness with seizures [94, 95]. Primary HHV-7 infection is followed by the establishment life-long
latency in host-peripheral blood mononuclear cells [96].
4.1 Clustering of Beta-Herpesviruses - Co-Pathogens with CMV or ‘Innocent Bystanders’
Reactivation of HHV-7 following organ transplantation has been well-documented however, as
is the case with HHV-6, search for direct pathogenicity has been challenging due to overlapping
clinical manifestations, clustering of viral reactivation with CMV, and correlation with occurrence
of CMV disease [97]. Many authors have described HHV-6 and 7 as co-pathogens with CMV.
Interaction between the 3 β-herpesviruses has been postulated to play a role in both the direct
and indirect viral effects attributed to CMV [52]. Contrary to this, more recent prospective data
while showing high prevalence of herpesvirus co-infection in SOT recipients with CMV disease,
failed to show significant impact of HHV-6/7 co-infection [98]. In this study by Human et al,
response to CMV antiviral therapy, baseline CMV viral load, time to viral eradication and risk of
recurrence in patients with HHV-6 or7 co-infection and in those without, were similar [98]. The
findings of this study put into question the clinical impact of HHV-6/7 co-infections on CMV
infection/disease in organ transplant recipients and hence despite high prevalence, routine posttransplant monitoring for these viruses in not recommended [86]. There continue to be no reliable
reports of clinical syndromes solely attributable to HHV-7 in organ transplant recipients.
4.2 Impact of Routine Antiviral Prophylaxis on HHV-7
Antiviral prophylaxis with oral ganciclovir or valganciclovir does not appear to have an impact
on HHV-7 [87, 98]. In-vitro measurement of end-point inhibitory concentrations (EC-50) for
antivirals against β-herpesviruses revealed that HHV-7 was most susceptible to cidofovir but the
EC-50 was higher than for HHV-6A/B (0.3 µg/ml for HHV-6A, 1.2 µg/ml for HHV-6B and 3.0 µg/ml
for HHV-7) [99]. The clinical relevance of this data is unclear and there are no clinical interpretative
breakpoints for such antiviral susceptibility testing.
5. Human Herpesvirus-8
Human herpesvirus-8 (HHV-8) is a gamma-herpesvirus [100]. As with all herpesviruses, HHV-8
establishes a lifelong state of latency following initial infection, and in the presence of certain host
factors can enter the lytic phase producing actively infective virions which can kill the host cell.
HHV-8 has a broad range of cellular tropism and natural reservoir for infection includes lymphoid,
epithelial and endothelial cells [100].
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HHV-8 seroprevelance in the world varies greatly by geographic region, with the highest rates
of infection found in the Africa (up to 58%), Mediterranean (14%-25%), and the Middle East [101107].
In endemic areas infection is acquired in childhood, in comparison to areas of low
seroprevelance where it appears to be acquired later in life [102, 108]. HHV-8 transmission occurs
through saliva, blood, sexual contact and organ transplantation [109-111]. In non-endemic areas,
high seroprevelance has been found among men who have sex with men (MSM) [112-114], and
migrants from endemic areas [115]. Global seroprevelance of HHV-8 among MSM has been
estimated in a recent meta-analysis at 33.0% (95%CI 29.2%-37.1%) [116]. In the setting of organ
transplantation, infection can develop due to secondary reactivation in a seropositive recipient but
primary HHV-8 infection due to donor and non-donor derived exposures has been well-described
[110, 111].
5.1 Clinical Manifestations of HHV-8: Oncogenic and Non-Oncogenic Properties
HHV-8 remains best known as an oncogenic virus and the causal agent of Kaposi’s sarcoma (KS),
multi-centric Castleman’s disease (MCD) and primary effusion lymphoma (PEL).
Pre-existing HHV-8 seropositivity in the transplant population in endemic areas has been
reported in the range of 4.9% to 16% [117-119]. The frequency of KS in solid-organ transplant
recipients parallels the seroprevelance of HHV-8 infection in different regions of the world. In
areas where HHV-8 infection is endemic, KS is a commonly seen malignancy in the transplant host;
in one report from Saudi Arabia accounting for nearly 88% of all post-transplant cancers [120]. In a
more recent report from Turkey during 1997 to 2017, KS was identified as the second most
common post-transplant malignancy accounting for 18% of the cases, following squamous and
basal cell carcinoma which were the most common at 29% [121]. The overall KS risk following
solid-organ transplantation has been shown to be 125.3-fold higher (95% CI, 98.2–157.6) than in
the general Italian population, reflecting the risk conferred by HHV-8 infection in endemic areas
[122]. In contrast, in areas of low seroprevelance such as the United States, the prevalence of
post-transplant KS is much lower; and the most common malignancies in solid-organ transplant
recipients are non-Hodgkin lymphoma, lung, liver and kidney cancer [123]. Analysis of United
States solid-organ transplant and population based cancer registries, identified 163 cases of KS
among 264,624 transplant recipients from 1987-2014; with incidence rate of 12.4 per 100,000
person-years [124]. The same study also showed a decreasing incidence rate of KS with passage of
time post-transplant (<1 year post-transplant: 35.1, <3: 15.6, <5: 5.0 and ≥ 5: 2.6 per 100, 000
person years); and a decrease in incidence rate during more recent years (1997-2003: 13.8 and
2004-2014: 9.6 per 100,000 person years) [124].
HHV-8 infection at the time of transplant is the most important risk factor for post-transplant
KS [119, 122, 125, 126]. There appears to be a difference in the KS risk conferred by
preexisting/pre-transplant versus acquired/post-transplant HHV-8 infection; with higher risk in
patients with pre-transplant HHV-8 infection [119, 126]. The rates of post-transplant KS among
HHV-8 seropositive kidney transplant recipients and seronegative recipients with positive donors
(D+/R-), are 13% and 4.6% respectively [126]. These findings suggests that reactivation of latent
HHV-8 infection plays a greater role in the development of post-transplant KS than incident
infection. Other risk factors identified in majority of studies include increased recipient age at
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transplant, male sex, country of birth and ethnicity [127]. The role of induction and maintenance
immunosuppressives with risk of KS remains unclear [127]. Some studies have shown a significant
association with total amount of calcineurin inhibitor and use of anti-thymocyte globulin or IL-2
receptor antibody induction [127]; however the same has not been seen in other studies [124, 127,
128]. Similar to previous data, a more recent study by Cahoon et al showed increased risk of KS
among males, non-white race, non-US citizenship, lung transplantation (versus kidney) and older
age at the time of transplant (>65 years old = 28.6, 50-64 = 16.4, 35-49=7.7 and 15-34= 5.7 per 100,
000 person-years); and no association with specific induction or maintenance immunosuppressive
medications [124].
KS is the most frequent manifestation of HHV-8 infection in the transplant host which presents
in 90% of the cases as mucocutaneous lesions. According to Israel Penn International Transplant
Tumor Registry (IPITTR) data, in 60% disease was limited to the skin, oropharyngeal mucosa and
conjunctiva. Visceral disease has been reported in about 40% of cases with concomitant
cutaneous KS in majority of patients [129, 130]. More recently published OPTN data on US
transplant recipients (1987-2003) identified 65 cases of KS, 80% of which were cutaneous-only and
20% with reported visceral disease [131]. Further analysis of the IPTTIR (1982 to 2001) was carried
out to determine if there are clinical differences between post-transplant KS among international
and US cases. This analysis revealed a higher rate of visceral KS among international patients in
comparison to US patients who presented primarily with cutaneous-only disease (47% versus 27%,
P <0.01) [132]. Among international patients, median time to presentation with post-transplant KS
was shorter than among US patients and visceral KS was associated with significantly reduced 1year patient survival in comparison with cutaneous-only disease (90% versus 70%, P <0.01).
Therapeutic approach was similar and in both groups most commonly consisted of minimization of
immunosuppression with either surgery and/or radiation therapy [132]. Limited data suggests that
the clinical manifestations and treatment outcomes SOT recipients with KS is similar between
those who have HIV infection and those without [133].
Less common oncologic manifestations of HHV-8 infection include multi-centric Castleman’s
disease (MCD) and primary effusion lymphoma (PEL) [86, 134, 135]. Common clinical
manifestations of MCD include fevers, pancytopenia, lymphadenopathy, elevated inflammatory
markers and splenomegaly [136]. The diagnosis of PEL should be considered in a patient
presenting with effusions in relation to serosal surfaces of the body (pericardium, pleural,
peritoneal) [137, 138]. Concomitant occurrence of multiple disease manifestations of HHV-8 has
also been reported in transplant recipients including KS and MCD [139-141], and KS, MCD and HLH
[142]. While HHV-8 remains best known as an oncogenic virus, there is increasing recognition of
non-neoplastic disease manifestations including severe bone marrow suppression, multi-organ
failure and hemophagocytic syndrome (HLH) [142-147].
5.2 Laboratory Testing for HHV-8: Role of Viral Testing in Screening, Diagnosis and Prognosis of
HHV-8-Associated Diseases
Most cells in HHV-8 associated disease are latently infected however, a proportion of cells do
enter lytic replication (highest in MCD and lowest in KS); and both latent and lytic proteins play a
role in tumorigenesis and inflammation [148, 149]. Current diagnostics are based on detection of
latent and/or lytic gene products through molecular or serologic methodology. In addition,
Page 89/205

OBM Transplantation 2019;3(2), doi:10.21926/obm.transplant.1902066

immunohistochemical staining on tissue is available for diagnostic confirmation of HHV-8
associated disease. Below we outline the potential indications for HHV-8 serology and PCR in the
organ transplant population.
5.2.1 Organ Donor and Recipient Screening
A number of commercial assays are available for HHV-8 serologic testing. These can be used to
screen for latent HHV-8 infection in organ donors and recipients, but are not diagnostic of active
infection. Certainly, such an approach appears attractive especially in HHV-8 endemic regions of
the world, and could be utilized to risk stratify donors and recipients prior to transplantation. This
approach is in fact, utilized by some transplant centers in endemic regions however; wider
implementation of this practice continues to be impacted by lack of standardization in testing
methodology and inter-laboratory variability in results. The continued lack of a gold-standard
HHV-8 serologic assay was shown nicely in a recent multi-center prospective study which found,
that out of 6 commercial serologic assays (both LANA and lytic antigen based), only 2 assays (both
based on lytic antigen) showed perfect agreement with the reference standard [150]. In this study,
the investigators also looked for baseline (pre-transplant) HHV-8 viremia using peripheral whole
blood or plasma PCR testing. The correlation between baseline PCR and serologic test results was
poor, both for donors and recipients; only 3 out 10 seropositive donors had detectable viremia at
baseline, and only 1 out of 93 among seropositive recipients [150].
5.2.2 Diagnosis of HHV-8 Associated Disease (KS/PEL/MCD)
When HHV-8 associated disease is suspected, every effort must be made to obtain tissue
specimens for diagnosis. Viral testing of tissue specimens using PCR and/or immunohistochemistry
appears to carry the greatest diagnostic accuracy. The role of both peripheral blood PCR and
serology in the diagnosis of HHV-8 associated disease remains controversial [149, 151].
HHV-8 replication precedes the development of KS but the level of viremia is typically low.
Blood PCR testing for diagnosis of KS therefore, in most studies has shown poor sensitivity and
specificity [126, 149, 150, 152, 153]. Data on HIV/AIDS patients has shown that only ~ 10%-60% of
patients with KS will have HHV-8 viremia [148, 154, 155]. Specific to SOT, data are limited but
similar. A prospective investigation of HHV-8 associated complications in kidney transplant
recipients reported that PCR had a sensitivity of only 23.8% in HHV-8 seropositive recipients.
Among the 3 patients in this study who developed HHV-8 associated disease (2 KS and 1 nonneoplastic primary infection), but significant viremia was seen only in 1 patient supporting the low
diagnostic yield of blood HHV-8 PCR in patients with KS [126].
Blood levels for HHV-8 are higher in PEL and MCD, and peripheral blood testing for viremia may
have greater yield in diagnosis. In the absence of histopathology, HHV-8 viremia can be supportive
however; histopathology remains the gold standard for diagnosis [148]. A recent study compared
the degree of HHV-8 viremia between KS, PEL and MCD [156]. Similar to results from prior studies,
patients with KS had the lowest levels of viremia. Among patients with KS, higher level viremia was
seen in patients who had advanced stage KS and clinical progression of disease. Blood levels for
HHV-8 were higher for patients with PEL and MCD and overall, the highest level of detectable virus
was seen in effusion fluid in patients with PEL [156]. Based on these results, the authors
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postulated that there might be a role for HHV-8 viral load monitoring in patients with KS who are
suspected of developing concomitant PEL and/or MCD [156].
5.2.3 Viral Load Monitoring
Detection of HHV-8 viremia in the blood however, has been shown to be helpful in predicting
the risk of incident KS by providing a quantitative measure of lytic replication [154, 155]; and has
shown correlation with disease progression and regression in patients on treatment for KS [157].
Pellet et al reported results of quantitative HHV-8 PCR testing in 43 cases of post-transplant KS. In
their cohort, 40% of patients were found to have significant HHV-8 viremia (> 100 copies per
microgram of DNA) [157]. The authors conducted an analysis of factors associated with viremia
and identified progressive disease due to KS as an independent predictor of viremia, suggesting a
role of HHV-8 viral load testing as a prognostic marker in patients with post-transplant KS [157].
Available data on HHV-8 diagnostics must be reviewed bearing in mind that current testing
modalities are not standardized. There continues to be significant variability in sensitivity and
specificity between different HHV-8 blood assays and the clinical application of these in diagnosis
of HHV-8 associated diseases is not clear in the absence of histopathology. Based on published
literature, we make the following recommendations in regards to current state of HHV-8
diagnostics.
 Peripheral blood HHV-8 serologic testing can be utilized to screen for asymptomatic
infection and risk stratification in the transplant setting; however its utility in the diagnosis
of HHV-8 associated disease is unclear.
 Peripheral blood PCR for HHV-8 viremia appears to have greater yield in PEL/MCD and nonneoplastic HHV-8 related disease due to higher viral load in these conditions. Its role in the
diagnosis of KS is limited due to typically low viral loads.
 The current literature suggests that detection of HHV-8 viremia by blood PCR is most useful
in predicting risk of incident disease and prognosis of patients with known HHV-8 associated
diseases.
 Diagnosis of HHV-8 associated disease must rely on histopathology with use of molecular
and immunohistochemical testing for detection of HHV-8.
5.3 Monitoring and Treatment of HHV-8 Associated Diseases in Transplant Recipients
In the absence of robust data in SOT, current guidance regarding management of posttransplant HHV-8 associated diseases is based largely on expert opinion [86, 149, 158]. Riva et al
proposed a comprehensive algorithm for monitoring and treatment of HHV-8 associated
complications in the transplant recipient. They propose pre-transplant serologic screening of
donors and recipients for stratification of risk, followed by monitoring of high risk recipients (D+/Rand R+) for viremia, virus-specific cell mediated immunity and clinical manifestations of HHV-8
associated disease [149]. Currently, donor and recipient HHV-8 serologic screening is performed in
some centers mostly in endemic areas [149, 159, 160]. While such a practice seems useful as a
tool for risk stratification and post-transplant surveillance, the lack of standardized testing has
prevented this from being implemented on a larger scale. Nevertheless, recognition of HHV-8 risk
in both the donor and recipient is essential for monitoring and timely recognition of related
disease. Transplant practioners must therefore, obtain detailed history of risk factors for infection
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and perform targeted screening in individuals at high risk, such as those from regions endemic for
HHV-8. In the event that clinical signs and symptoms of HHV-8 associated disease complications do
occur, confirmation of diagnosis must be made by histopathology and a multi-disciplinary
management approach including consultation with oncology should be pursued.
For all post-transplant HHV-8 associated, neoplastic and non-neoplastic diseases, the mainstay
of treatment is reduction of immunosuppression and change to an mTOR inhibitor based regimen
(sirolimus or everolimus) [149, 158]. Study of patients with post-transplant KS has shown that the
T-cell mediated immune response to HHV-8 is nearly absent at the onset of disease, with clinical
regression occurring with reconstitution of virus-specific T-cell mediated immunity [161]. Over a
decade now, data has been accumulating on the benefits of mTOR inhibitors in the management
of post-transplant HHV-8 associated diseases [162-165]. Most case reports and series pertain to
sirolimus; however successful management of post-transplant KS with switch to an everolimus
based regimen has also been reported [162, 163]. Sirolimus serves as a therapeutic agent in posttransplant KS due to direct anti-tumor activity (through inhibition of the mTOR pathway) and antiangiogenetic activity (through inhibition of vascular endothelial growth factor) [166, 167].
Rapamycin also has antiviral properties and is able to significantly inhibit HHV-8 lytic replication,
providing further insight into the clinical benefit of these agents in patients with KS [168].
Reduction in immunosuppression alone is successful in many cases of post-transplant KS however,
patients must be carefully followed for allograft rejection and need for chemotherapy (especially
in cases of advanced disease) [158].
It is well-established that viral replication plays a key role in the pathogenesis of HHV-8
associated diseases. A number of antiviral agents have been found to have in-vitro activity against
HHV-8 including, herpesvirus DNA synthesis inhibitors ganciclovir, valganciclovir, foscarnet and
cidofovir [148, 169]. However, a direct role of antiviral agents in the prevention and treatment of
HHV-8 associated diseases is yet to be defined. Among antiviral agents with HHV-8 activity,
valganciclovir is the only one that has been studied in a clinical trial [170]. In this study, the
investigators studied the impact of valganciclovir on viral replication by measuring HHV-8 viral
load in oropharyngeal specimens, in a cohort of 26 HHV-8 seropositive men. Of these, 16 were
also HIV infected. In the valganciclovir arm, significant reduction in HHV-8 viral load was detected
in comparison to the placebo arm (44% in placebo group versus 23% in valganciclovir group- RR
0.54 [95% CI 0.33–0.90]; P 0.02), establishing the efficacy of valganciclovir in reducing HHV-8 viral
replication. Based on the findings of this study, one can postulate that suppression of HHV-8 viral
replication using antiviral agents may have a role in prevention and/or treatment of KS, however
larger scale clinical trials are needed. Beyond this study, data on these agents is limited to small
observational studies which reports benefits of antiviral therapy in prevention and regression of
KS [148].
In addition to herpesvirus DNA synthesis inhibitors, there has been considerable interest in the
role of HIV protease inhibitors which have been associated with reduction in incidence and
improving outcomes in patients with HIV/AIDS associated KS [171]. Further research into the
mechanism behind these observations has shown anti-tumor activity independent of HIV protease
inhibition through a broad range of cellular pathways [172, 173]. Among the protease inhibitors,
nelfinavir appears to be most promising agent due to direct antiviral activity against HHV-8 in
addition to anti-neoplastic properties [174, 175].
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Based on currently available data, it is safe to conclude that no firm recommendations can be
made in regards to use of antiviral agents in the management of HHV-8 associated disease in posttransplant patients. Data is limited in general, and mostly pertain to HIV/AIDS patients. The
demonstration of valganciclovir efficacy in reducing HHV-8 replication in a clinical trial, and the
discovery of novel anti-tumor property of nelfinavir, is certainly exciting; and hopefully future
research will pave the path towards a defined role of these agents in the management of HHV-8
associated disease. Till then, current standard of care consisting of reduction in
immunosuppression, use of a rapamycin based regimen, and chemotherapy in consultation with
oncology should be pursued.
6. Conclusion
HHV-6,-7,-8 and HTLV-1 each pose unique challenges to the transplant host. Diagnosis of true
infection due to HHV-6 and -7 remains challenging. In particular, clinical scenarios where HHV-6
and HHV-7 are detected with other beta-herpesviruses such as CMV; it is hard to know whether
these are innocent bystanders or co-pathogens. Additionally, CIHHV-6 is often misdiagnosed as
active HHV-6 infection. Education of transplant practioners on CIHHV-6, can help avoid
unnecessary use of antivirals in patients. HHV-8 and HTLV-1 are well-recognized pathogens in the
transplant host, but the uneven global distribution of these contributes to failed recognition of
infection and associated complications; especially in non-endemic regions of the world.
Development of standardized laboratory assays for HHV-8 and HTLV-1 is needed for accurate
diagnosis and targeted screening of high risk organ donors and recipients.
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Abstract
Lung transplant recipients are at greater risk of respiratory viral infections as compared to
other solid organ transplant recipients due to constant exposure of the allograft to the
external environment. There are no standardized methods for surveillance, prevention, or
treatment of these infections despite their association with increased morbidity and
mortality. Various studies have linked respiratory viral infections with acute cellular rejection
and chronic allograft dysfunction, and emerging data indicates a role in antibody mediated
rejection. This paper will review the prevalence and impact of community acquired
respiratory viruses in lung transplant recipients, review the evidence linking these viral
infections to long term graft dysfunction and rejection, describe existing strategies for
surveillance and prevention, and list the currently available, and promising investigational
therapies.
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provided the original work is correctly cited.
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1. Introduction
Despite advancements in lung transplantation, five-year survival for lung transplant recipients
remains lower than other solid organ transplant recipients. Chronic lung allograft dysfunction in
the form of bronchiolitis obliterans (BOS) is the most common reason for graft failure and death
after the first year of transplant [1]. Long term graft and patient survival are limited due to both
acute and chronic allograft rejection. This is believed partly to be due to the constant exposure of
the graft to the external environment, which places patients at risk for inhalation of potentially
harmful environmental agents, including community-acquired respiratory viruses (CARVs).
The CARVs include rhinovirus, bocavirus, coronavirus, respiratory syncytial virus (RSV),
adenovirus, parainfluenza viruses (PIV), influenza A and B, and human metapneumovirus (hMPV).
Symptomatic infections with most of these viruses can cause immune mediated deleterious
effects on lung function [2, 3], leading to the development of acute cellular rejection, antibody
mediated rejection, and chronic lung allograft dysfunction (CLAD). Despite this clinical impact,
among transplant centers there are no standardized guidelines for surveillance or treatment of
these infections.
In this paper, we will review the prevalence and impact of community acquired respiratory
viruses in lung transplant recipients, review the evidence linking these viral infections to long term
graft dysfunction and rejection, describe existing strategies for surveillance and prevention, and
list the currently available and promising investigational therapies.
2. Epidemiology
Symptomatic respiratory viral infections are extremely common after lung transplantation, with
estimations of 25-60% of lung transplant recipients infected at some point after transplant [4-9].
Though some studies have reported increased CARVs within the first year of transplant [8, 10]
others have reported that patients are affected at similar rates regardless of time post-transplant
[5]. There has not been sufficient data to suggest that higher immunosuppression plays a role.
Rhinovirus and PIV occur throughout the year while the other CARVs have a seasonal appearance
typically in the winter and spring [11, 12]. The most common CARVs are the picornaviruses
(coxsackievirus, rhinovirus and other enteroviruses) [4, 5, 11]. Viruses can enter the distal airway
by aspiration of upper airway secretions or by direct inhalation from the environment. Viral
tropism also impacts location and extension of infection. Infections range from asymptomatic
carriage to acute bronchiolitis, pneumonia, and respiratory failure. The clinical presentation varies
depending on symptomatic involvement of upper versus lower respiratory system but can also
manifest solely as a decline in pulmonary function testing without overt symptoms.
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3. Detection
Multiplex, polymerase chain reaction (PCR) methods are currently the preferred test of choice
due to simultaneous identification of multiple viruses, rapid results and higher sensitivity
compared to direct fluorescent antibody testing and viral culture [12, 13]. Specimens are obtained
by nasopharyngeal swab or bronchoalveolar lavage (BAL), depending on the patient’s clinical
presentation and ability to ascertain the etiology of the patient’s symptoms or PFT decline on
nasopharyngeal swab alone versus need for invasive sampling. While surveillance bronchoscopy is
commonly performed after lung transplant, the time interval and microbiology and cytological
studies performed vary among transplant centers. Furthermore, some centers perform
bronchoscopy only if clinically indicated while others may screen for viral infections via
nasopharyngeal swab. In a study analyzing over four thousand respiratory samples, Allyn and
colleagues found that when compared to other symptomatic and asymptomatic viral infections,
viral pneumonia alone increased the risk of CLAD and graft loss [4]. This might suggest that
screening detection methods should not be pursued in asymptomatic patients. In contrast, a
smaller study by Kumar and colleagues reported that the incidence of CLAD following respiratory
viral infections was similar in both symptomatic and asymptomatic patients [12]. These results
suggest that screening for viral infections could confer a benefit, possibly in the early posttransplant period when the graft is most vulnerable. Since nasopharyngeal swabs facilitate noninvasive respiratory sampling, a standardized approach would be helpful to guide if and how often
to screen. Such an approach would require assessment of the cost of routine testing and
opportunity to make a clinically meaningful intervention.
4. Acute Rejection, CLAD, and AMR
A decline in spirometry due to symptomatic lower respiratory tract viral infection that does not
progress to chronic graft dysfunction is expected to recover within one to three months [8, 14-18].
These transient decreases in lung function are not necessarily related to acute cellular rejection,
but when acute rejection is identified in conjunction with a respiratory viral infection, time to
recovery of baseline lung function can be prolonged [18].
The pathogenesis of acute cellular rejection (ACR) involves a T cell driven process characterized
by mononuclear cell infiltrates around small vessels and/or airways [19]. Respiratory viral
infections can trigger ACR through upregulation of cytokines that lead to T cell activation; however,
the link between respiratory viral infections and ACR has not been definitively established. There
are several studies that have reported an association between CARVs and acute rejection [2, 12,
20-22]. Among these studies, all of the CARVs were associated with acute rejection. Vilchez and
colleagues reported pathologic evidence of acute rejection in 82% of patients with PIV infection
who underwent transbronchial biopsies [22]. Other studies, including a recent systematic review,
have reported absence of an association [5, 18, 23-26]. It is significant to note that in the studies
that reported an association with ACR, there was a higher number of hMPV infections compared
to those that did not. One possibility for the heterogeneous findings is the difference in diagnostic
methods used among various studies. As mentioned previously, current methods include
molecular diagnostic approaches in the form of PCR which increases the sensitivity of diagnosing
respiratory viral infections.
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Despite improvements in immunosuppressive regimens and reduction in acute cellular
rejection, the incidence of CLAD has remain unchanged. The risk for chronic rejection due to
respiratory viral infections could partially explain this, as evidenced by many studies [26-29]. Table
1 lists the most relevant studies linking respiratory viral infections to allograft dysfunction.
Lung function is not impacted equally by all the CARVs. Some viral pathogens invoke severe and
irreversible long-term graft dysfunction as a result of chronic rejection. Depending on the type of
virus, the rate of BOS development after CARV infection has been estimated to range from 32-50%
[30]. The time between infection and bronchiolitis obliterans can range between 1 and 14 months
[22, 31-34]. The Paramyxoviridae family of viruses (which includes RSV, PIV, and hMPV), influenza,
and adenovirus can display high virulence in immunocompetent patients, but particularly in lung
transplant patients they have been shown to cause acute respiratory failure, BOS, CLAD
development, and sometimes death more than the other CARVs [8, 20, 33, 35-38]. Acute mortality
from RSV in lung transplant recipients has been reported to be 10-20% [8, 20, 34], while the
development of CLAD after RSV infection has been estimated to be as high as 38% [20]. Recently
Magnusson et al. reported that coronavirus infections that occurred in the first year of lung
transplantation were associated with an increased risk for CLAD development [39].
The link between respiratory viral infections and antibody mediated rejection (AMR) is new and
emerging. There is no agreed upon histologic definition of AMR, but the pathogenesis involves
preformed or de novo circulating antibodies that contribute to both acute and chronic rejection.
The International Society for Heart and Lung Transplantation released a consensus report [40]
defining and staging AMR that includes deposition of complement product C4d on the capillary
endothelium which has been shown to be a surrogate marker for AMR in other solid organ
transplants [41-44]. Immune stimulation by infections can contribute to antibody formation in
susceptible patients. In a retrospective analysis, patients who developed RSV infection within 180
days after lung transplant had significantly higher rates of new human leukocyte antigen [45] and
new donor specific antibody (DSA) detection [46]. In a separate study 38% of patients developed
de novo DSAs after CARV infection which included PIV, RSV, adenovirus, influenza A and B, hMPV,
and picornavirus. 11% developed new de novo DSAs after infection, most of which were class II
DSAs [47]. Pulmonary AMR is a developing area with many unknowns, but with the recent release
of consensus statements on the definition and management [48], it is likely that additional studies
will arise to help identify the triggers and mediators of antibody development.
Table 1 Publications documenting an association of community acquired respiratory viral
infections and allograft dysfunction.
Publication

Study design/#
Patients
Magnusson et Retrospective
al, 2018 [39]
analysis of 98
patients in first
year
post
transplant
Allyn et al, Prospective
2016 [4]
analysis of 563
LTR over 13

Specimen
of
CARV diagnosis
BAL and NP
swab

Type of graft Findings/Comments
dysfunction
CLAD
RVI
during
first
year
unspecified
associated with long term
CLAD

BAL,
sputum CLAD
culture,
NP unspecified
swab

Viral
pneumonia
alone
increased the risk of CLAD
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years
Fisher et al. Retrospective
2016 [27]
analysis of 250
patients
Bridevaux et Prospective
al, 2014 [5]
analysis of 112
LTR over 3
years;
903
encounters
Magnusson et Retrospective
al, 2013 [29]
analysis of 39
LTR

Sayah et al,
2013 [26]

Kumar et al,
2010 [12]

Gottlieb et al,
2009 [28]

Khalifah et al.
2004 [49]

Billings et al,
2002 [31]
Bridges et al,
1998 [32]

Nasal
swabs,
washes,
sputum, or BAL
NP swab and
BAL

CLAD
unspecified

20% of patients diagnosed
with CLAD at median time of
95 wks post-transplant
Transient
Infections associated with
reduction in transient loss of lung function
spirometry
and high CI levels; acute
rejection not associated with
RVI
BAL
BOS
Patients with one or more
viral infections in first year
after transplant developed
BOS faster than those
without viral infections
Retrospective BAL,
sputum Allograft
Non-rhinovirus CARV were
analysis of 59 culture,
NP dysfunction
associated with allograft
LTR over 2 swab
defined
as dysfunction 1-2.5 months
years
reduction in after infection
spirometry
Prospective
BAL
BOS
BOS diagnosed within 62.5%
analysis of 98
of patients within 1 year after
LTR over 3
RVI
years
Prospective
NP swabs, OP BOS
One-year incidence of BOS
cohort study swabs, sputum
was 25% in CARV-positive
of 300 LTR
culture, BAL
versus 9% in CARV-negative
patients. Higher risk in
patients with paramyxovirus
infection
Retrospective BAL, bronchial BOS
Patients with CARV had
analysis of 228 washing,
increased risk of BOS, death,
LTR over 5 tracheal
and death from BOS
years
aspirate,
sputum culture,
NP swab
Retrospective BAL, NP swab, BOS
BOS found only in patients
analysis of 219 sputum culture,
with lower respiratory tract
LTR
viral culture,
infection
Prospective
Lung
biopsy BOS
Adenovirus
infections
case series of tissue,
BAL,
associated with graft failure,
16 LTR
tracheal
BOS, and death
aspirate, hilar
lymph nodes

RVI: respiratory viral infection; LTR: lung transplant recipients; BAL: bronchoalveolar lavage; NP: nasopharyngeal;
PCR: polymerase chain reaction; CI: calcineurin inhibitor.
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5. Prevention, Infection Control, and Treatment
There is considerable variability among transplant centers in regard to surveillance and
treatment strategies. Education and prevention, on the other hand, are strategies that can be
applied by all to protect allograft function given the mounting evidence that CARVs play a role in
CLAD development. Education should be provided to patients, family members, caregivers, and
healthcare professionals on infection-avoidance behavior and the protective effects of community
immunity through vaccination conferred to the immunocompromised patient. Exposure
prevention should not be underestimated; avoiding or limiting contact with sick individuals and
good hand hygiene are important measures that can be practiced by everyone. Specifically,
presenteism, which occurs when healthcare workers go to work despite having a medical illness, is
a public health hazard in regard to disease transmission and extension. Healthcare work culture,
expectations, and the demands of patient care are factors contributing to this problem.
Once considered or confirmed as a diagnosis, infection control is a vital practice to prevent
further transmission and avoid outbreaks. The employment of droplet and contact precautions
both during waiting times for test results as well as after confirmed diagnosis are methods for
containing infection [50, 51]. In cases of outbreaks, other strategies include limiting patient visitors,
screening visitors for symptoms of respiratory tract infections, limiting patient transport while
diagnostic testing is in process, and moving patients to private rooms.
Primary prophylaxis and vaccinations are the two strategies studied for influenza. Primary
prophylaxis can be useful in cases where vaccination is not tolerable or is unavailable. Ison and
colleagues evaluated primary prophylaxis with oseltamivir in stem cell, liver, and kidney transplant
recipients and found a significant reduction in PCR positive (2.1% versus 8.4%) or culture positive
(0.4% versus 3.1%) samples for influenza [52]. Some challenges to adopting this method of
prevention include patient concerns regarding pill burden and drug side effects, as well as cost as
it relates to insurance coverage for a season long prescription. A separate recent study
demonstrated improved influenza vaccine immunogenicity by administering a booster vaccine 4-6
weeks after the initial vaccination in solid organ transplant recipients. After receiving this second
dose, recipients had increased seroconversion rates to H1N1 (53.8% versus 37.6%), influenza A
(48.1% versus 32.3%), and influenza B (90.7% versus 75%) [53]. In a separate study evaluating high
dose versus standard dose flu vaccine administered to solid organ transplant patients, patient who
received the high dose demonstrated significantly better immunogenicity, with seroconversions to
H1N1, influenza A, and influenza B of 40.5% versus 20.5%, 57.1% versus 32.5%, and 58.3% versus
41.6%, respectively [54]. The benefit of influenza vaccination remains significant even if transplant
patients become infected. A recent prospective study evaluating influenza in solid organ
transplant recipients, patients who received influenza vaccine in the same season has lower risk of
pneumonia and intensive care unit admissions and patients treated with antiviral therapy within
48 hours had better outcomes [55]. Unfortunately, there are no approved vaccinations for the
other CARVs. Palivizumab is a monoclonal antibody that is approved for use only in high risk
infants for RSV prevention but has rarely been used in thoracic lung transplant recipients with RSV
[56].
Similar to the management of non-influenza viral infections in immunocompetent patients, the
mainstay of treatment in solid organ transplant recipients is supportive care; however, there is
some supportive data showing that treatment of paramyxoviruses results in less risk of BOS or
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reduced BOS severity. Table 2 lists the existing studies and outcomes of treatment in regard to
graft function, not mortality. Most of the studies have looked at outcomes in RSV treatment, with
smaller numbers of studies evaluating treatment of hMPV and PIV infections. Below are the
emerging or investigational treatments for some of the respiratory viral infections.
Table 2 Publications evaluating effect of antiviral therapy and graft function.
Publication
Patients
Trang et al, Single
center
2018 [57]
retrospective cohort
study of 46 patients
with RSV
Gottlieb et al, Phase 2b randomized
2016 [35]
double blind placebocontrolled trail in
patients with RSV

Treatment
Aerosolized
(N=26)compared
to oral ribavirin
(N=20)
ALN-RSV01 (N=44)
compared
to
placebo (N=33)

Burrows et al, Retrospective analysis
2015 [14]
of 52 patients with
RSV
Schuurmans
Single
season
et al, 2014 retrospective
[38]
observational study of
173 patients with 22
infections
Li et al, 2012 Retrospective analysis
[58]
of 21 patients with
RSV

Oral ribavirin

Fuehner et al, Retrospective analysis
2011 [15]
of 67 patients with
paramyxovirus
infection

Outcome
No difference in clinical outcome
between the two group

Patients treated with ALN-RSV01
trended toward a decrease in new
of progressive BOS (13.6% vs
30.3%); treatment enhanced when
used <5days from symptoms onset
New onset BOS in one patient

Oseltamivir

Advanced BOS stage occurred in 3
patients at 6 month follow up

Oral ribavirin (N=6)
compared
to
inhaled
ribavirin
(N=15)

No clinical difference between the
groups; 2 patients in the inhaled
group developed new onset or
progression BOS at 6 months
follow up
Patients treated ribavirin had
greater graft function recovery
(84% vs 59%) and less onset of BOS
within 6 months (5% vs 24%)

Oral
ribavirin
(N=38) compared
to supportive care
and corticosteroids
(N=29)
Ng et al, 2011 Observational study Oseltamivir in 23 BOS in 6 patients (32%)
[37]
of
24
patients patients
infected with H1N1
Liu et al, 2010 25 patients infected Inhaled ribavirin, Patients without BOS at baseline
[56]
with either RSV or PIV methylpred, and recovered their in FEV1; patients
IVIG
for
PIV with BOS at time of infection had a
infections;
greater decline in FEV1 at time of
palivizumab added infection and remained lower on
for RSV patients
follow up
Pelaez et al, 5 patients
Oral ribavirin with FEV1 returned to baseline after
2009 [59]
IV corticosteroids
treatment and there were no
deaths
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Glanville et al, 18 patients with RSV
2005 [16]

Intravenous
ribavirin and oral
prednisolone until
repeat swabs were
negative
McCurdy et al, Retrospective analysis Aerosolized
2003 [8]
of 15 patients with ribavirin
RSV or parainfluenza
virus

All patients experienced a decline
in FEV1 at time of infection that
recovered within 3 months; 1
patient developed BOS
2 patients (13%) died and 3 (20%)
patients had a decline in FEV1 that
did not return to baseline and was
not consistent with BOS

IVIG: intravenous immunoglobulin; BOS: bronchiolitis obliterans syndrome.

6. RSV
Treatment strategies vary among centers in regard to treating lower versus upper respiratory
tract RSV infections, the route and dose of antiviral agent, and adjunct therapies such as steroids
or intravenous immunoglobulin (IVIG) [60]. Many studies have shown benefit of ribavirin in both
inhaled and oral route [15, 58, 59], though inhaled ribavirin is significantly more expensive and
poses teratogenic risk to pregnant caregivers, and therefore may influence trends in practice. A
recent retrospective study and review showed that oral ribavirin was a safe and cost-effective
alternative to inhaled ribavirin without any difference in clinical outcomes [57].
Ongoing investigational therapies for RSV include RNA interference drugs and fusion inhibitors
[61]. A recent promising phase 2b study evaluating the impact of drug ALN-RSV01, an interfering
RNA, demonstrated reduced incidence of BOS in lung transplant patients after RSV infection [35].
Other investigational drugs that inhibit viral replication and viral entry into cells have been shown
in healthy adults inoculated with RSV to result in more rapid RSV clearance and greater reduction
in viral load [62, 63]. Presatovir is a promising fusion inhibitor that demonstrated a reduction in
viral load in HCT patients. In the hopes of finding the same results in lung transplant patients,
Gottlieb and colleagues conducted a double-blind randomized trial in 77 patients and
unfortunately did not see any reduction in viral load, clinical improvement, or change in lung
function [35].
7. Parainfluenza
Experimental therapies to treat parainfluenza virus have been underway, though nothing has
yet been approved for use. These have included host-directed therapies as opposed to a
pathogen-targeted approach. In a single arm clinical trial in HCT patients, use of a sialidase protein
that inhibits viral attachment to host cells improved the clinical outcome either completely or
partially in 13 out of 16 patients [64].
8. Influenza
Neuraminidase inhibitors (oseltamivir, zanamivir, peramivir) have been proven to be effective
at decreasing flu severity and duration of symptoms [65, 66]. This year a new flu antiviral medicine,
baloxavir, was approved by FDA. Unlike the neuraminidase inhibitors, baloxavir interferes with
RNA transcription, thereby inhibiting viral replication. In the phase III trial baloxavir was not only
associated with faster recovery and reduced risk of complications in high risk patients, but it was
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also superior to oseltamivir in reducing duration of viral replication and in resolving influenza B
illness [67, 68]. Potential limitations include development of influenza virus variants with reduced
susceptibility after a single dose [69, 70], thereby making it difficult to determine if viral detection
after treatment is due to viral shedding or persistent infection. Studies looking at adjunct therapy
with other antivirals have not shown any clinical benefit [71]. A phase 3 study is underway to
evaluate immune plasma as a treatment for influenza. In the results published from the open label
phase 2 trial, patients who were hospitalized with severe infection had a trend toward improved
respiratory status and overall mortality [72].
9. Adenovirus
In lung transplant recipients, adenovirus found in the lung has been shown to cause graft
failure and even death [32, 49]. Less is known about adenovirus viremia; however, one study
suggests that viremia in lung transplant recipients is more common than initially thought, but that
in low levels does not contribute to lung allograft dysfunction [73]. The limited data on antiviral
therapy for adenovirus comes from hematopoietic cell transplant (HCT) recipients. Cidofovir is
used off-label, with some benefit shown in case series and not from controlled studies. High
peripheral blood viral loads correlate with disseminated infections and can be used to clinically to
assess response to therapy [74, 75]. Nephrotoxicity is a common complication that often limits use.
Brincidofovir is a derivative of cidofovir without the associated myelotoxicity or nephrotoxic
effects. There have been two clinical trials looking at brincidofovir in allogeneic HCT patients which
have demonstrated improved survival in patients who sustained a virologic response, including
those who were highly immunosuppressed with CD4 counts less than 50 cells/µl [76, 77]. There
are ongoing trials evaluating the use of adenovirus-specific cytotoxic T-lymphocytes.
10. Conclusions
Respiratory viral infections after lung transplantation are common and have been linked to
graft dysfunction through acute cellular rejection, CLAD, and more recently antibody mediated
rejection. Through these mechanisms they contribute to significant morbidity and mortality in lung
transplant recipients, thereby limiting long-term survival. Though generally limited in treatment,
there are emerging therapies that are promising to decrease the incidence of BOS after infection.
Further investigation and randomized trials are needed to determine the pathogenesis and
optimal treatment for respiratory viral infections so that lung transplant centers can achieve an
effective standardized approach in management of CARVs.
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Abstract
Background: Purified bacterial collagenase and protease enzymes are commonly used to
recover human islets from clinical grade pancreata for subsequent clinical islet
transplantation. The high cost of purified enzymes can be prohibitive for recovering human
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islets from research pancreata used for translational research or pre-clinical studies. In this
study, we successfully isolated islets from human research pancreata using enriched
collagenase products supplemented with BP Protease (DE Collagenase 800 or Collagenase
Gold-BP Protease mixtures) that cost significantly less than purified collagenase-protease
enzymes used for clinical islet isolation.
Methods: Defined, enriched collagenase products (DE Collagenase 800 and Collagenase Gold)
with a purity comparable to purified clinical collagenase blends (> 85% purity) were
prepared from Clostridium histolyticum culture supernatants. These products contained
primarily intact class I (C1) and class II (C2) at about a 75:25 C1:C2 ratio as determined by
analytical anion exchange chromotography. Enriched collagenase-BP Protease mixtures were
used at either 19,000-48,000 or 32,500-78,800 neutral protease U (NP U) per g pancreas,
and hereafter referred to as low or high protease enzyme mixtures. Each enzyme mixture
was diluted up to 350 mL of HBSS and used in a modified Ricordi procedure with isolations
performed at three different islet processing centers.
Results: Comparison of the biochemical characteristics of enriched collagenase to the
purified collagenase products showed the enriched product is comparable and in some cases
superior to those higher priced purified collagenase products. The mean post-purification
islet yields from three different centers were 4444 and 4261 IEQ/g pancreas when using the
high and low protease enzyme mixtures, respectively. The mean stimulation indices
calculated after analysis of glucose-stimulated insulin release were 2.68 and 2.11 when using
the high and low protease enzyme mixtures, respectively.
Conclusions: The use of a low cost enriched collagenase products with biochemical
characteristics comparable to purified collagenase enzymes were shown to be as effective in
human islet isolation as higher priced products. These data indicate that using enzyme
mixtures with high Wunsch activity (measurement of C2 collagenase) may not be required
for successful human islet isolation. The amount of Wunsch activity/g tissue can be reduced
to 25-50% of the amount currently used by some islet transplant centers for isolating human
islets. Further studies are needed to validate enzyme compositions required for successful
human islet isolation.
Keywords
Islet isolation; islet transplantation; low-cost enzyme; enriched; intact C1 collagenase; C1/C2
collagenases ratio; research pancreas; collagenase; thermolysin; neutral protease; BPprotease

1. Introduction
The success of human islet transplantation as a therapy to manage adult patients with type 1
diabetes is dependent on recovering a sufficient number of islets from a human pancreas for
transplant [1, 2]. The major constraint to recover islets was the inability to find a reliable source of
Clostridium histolyticum collagenase required to release islets from pancreatic tissue. Ricordi and
colleagues successfully used Collagenase P [3], a crude collagenase initially manufactured and sold

Page 121/205

OBM Transplantation 2019; 3(2), doi:10.21926/obm.transplant.1902064

by Boehringer Mannheim Biochemicals in 1990. However, there were limitations for using this
product. Only about 30% of these lots could be used for this application and the shelf life ranged
from 12 to 18 months before the ability to recover islets was lost [4]. This resulted in many
laboratories spending significant amounts of time to prescreen new lots of collagenase products
prior to purchase.
The development of Liberase-HI purified enzyme blend by Boehringer Mannheim Biochemicals
in 1994 and its subsequent modifications showed that a consistent collagenase product could be
manufactured for this application [5]. The product manufactured after 2002 contained
approximately 2000 Wunsch Units (WU) of purified collagenase that was mixed in a 60:40 class I:
class II collagenase ratio with purified thermolysin. Liberase-HI set a new standard for enzymes
used to isolate human islets and contributed to the success of Edmonton Protocol [6]. The high
cost of the Liberase-HI product reflected the cost when a multi-step process was required for
enzyme purification. The first step resulted in enrichment of collagenase; the second, separation
of the contaminating clostripain from the collagenase; and the third, separating class 1 (C1) from
class II (C2) collagenase [7]. The final enzyme mixture was prepared by adding purified C1:C2 in a
60:40 ratio to purified thermolysin [5].
New knowledge of the collagenase requirements for human islet isolation indicate that the
requirements can be relaxed for the following reasons. A recent study showed a wide range of
C1:C2 ratios were equally effective in human islet isolation [8]. The structure-function of C.
histolyticum collagenase is known and the ability of different molecular forms of collagenase to
degrade native collagen has been defined. And lastly, a hypothetical model has been proposed
describing how collagenase and protease release cells from tissue. The model emphasizes the use
of intact C1 and C2 collagenase will be the most efficient reagent for degrading the extracellular
matrix and that the narrow specificity of enriched or purified collagenase enables excess
collagenase to be used in the cell isolation procedure [9].
The new knowledge was incorporated into the manufacture of the enriched collagenase
products used in the DE Collagenase 800 and Collagenase Gold products used in this report. The
results from this report confirm an earlier report demonstrating the effectiveness of collagenase
Gold and BP Protease (BPP) to recover islets from human tissue [10]. It extends this report by
showing the biochemical characteristics of these enzymes compared with the current purified
enzymes and demonstrates the effectiveness of DE-800 and Gold-BPP enzyme mixtures which
were tested at three different islet processing centers to confirm the efficacy of low cost enriched
collagenase on islet yield and functions.
2. Materials and Methods
2.1 Donor Pancreas
Human cadaveric donor pancreases (n=15) were obtained through organ procurement
organizations from brain-dead donors after informed consent had been obtained as part of
multiorgan procurement. The procured pancreases were shipped in the cold University of
Wisconsin solution or histidine tryptophane ketoglutarate from the donor center to the islet
isolation laboratory. Islet isolations were performed at three different islet isolation centers to
study the efficacy of low-cost enriched collagenase with a fixed amount of either low or higher
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dose of BPP on islet yield. The islet isolation centers are University of Louisville (UL), University of
Arizona (UA), and University of California, San Francisco (UCSF).
2.1.1 Islet Isolation Enzymes
Enriched C. histolyticum collagenase and purified BPP were obtained from a commercial
supplier (VitaCyte, Indianapolis IN). The enriched collagenase was prepared by minimal processing
of a C. histolyticum culture supernatant that contained predominately collagenase and low
amounts of C. histolyticum neutral protease and clostripain. The neutral protease was removed in
a subsequent processing step, resulting in minimal contamination of this preparation with
clostripain. Two different enriched collagenase products, DE Collagenase 800 (DE-800) and
Collagenase Gold, 1 g pack size (Gold), were used in this study. Both products used the same
collagenase preparation for manufacturing the product with the only difference being the addition
of 18mg (≈ 2.88 million NP Units) of purified BPP to the DE-800 product. The enriched collagenase
used in either product contained approximately 420 mg of enriched collagenase at a ≈ 75:25 C1:C2
ratio and a small amount of clostripain contamination. These products also contained a nonmammalian peptide excipient. The excipient protected the collagenase from proteolytic
degradation during storage and provided additional mass that enabled the product to be readily
weighed out prior to use.
VitaCyte also supplied CIzyme Collagenase HA (Collagenase HA), a purified natural C.
histolyticum collagenase product with a 60:40 class I (C1) to class II (C2) collagenase ratio. BPP is a
purified neutral protease obtained after purification from a Paenbaccillus polymyxa culture
supernatant (1.1 million NP U per bottle). P. polymyxa is an animal origin free product, using
culture media containing only plant-based media components. Both products were supplied as
lyophilized proteins.
Liberase MTF (Roche Diagnostics, Indianapolis IN) and Collagenase NB-1, Premium Grade
(Nordmark Biochemicals, Utersen, Germany) were obtained from other islet isolation groups as
reconstituted frozen enzyme solutions for enzyme characterization.
2.1.2 Enzyme Characterization
The samples used for enzymatic analysis were diluted to 1 A280 U/mL so that equivalent
specific enzyme activities (U/A280 U) could be determined. Collagenase activity was measured by
a fluorescent microplate collagen degradation activity assay [11], the Wunsch assay [12], and a
spectrophotometric microplate modification to the FALGPA Assay [13]. Neutral protease activity
was measured by a fluorescent kinetic microplate assay using FITC-human serum albumin as
substrate [14] or by a spectrophotometric assay using succinyl casein as substrate [15]. In the
latter assay, enzyme units are expressed as μmoles of amino groups liberated per min. Analytical
anion exchange chromatography was performed as previously described [16]. Purified C.
histolyticum C1 and C2 internal standards were used to verify the location of the intact C1 and C2
peaks detected in the collagenase products.
2.2 Human Islet Isolation
Islet isolations were performed using standard protocol as previously reported [17]. On arrival,
the pancreas was trimmed, cannulated, and distended with digestive enzymes. DE-800 or GoldPage 123/205
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BPP enzyme mixtures were used to digest the pancreas and are referred to below as high protease
or low protease enzyme mixtures. This designation is based on the amount of protease product
used per g of pancreas. DE 800 contains 2.88 million NP U whereas the Gold-BPP mixture contains
2.2 million NP U. Each enzyme mixture was diluted in 350 mL in Hanks balanced salt solution for
whole pancreas isolation. After ductal perfusion of the enzymes, the pancreas was digested in a
Ricordi chamber using a modification of Ricordi's semi-automated method. The digested tissue
was then purified by continuous iodixanol (OptiPrep; Axis-Shield, Oslo, Norway) density gradient
with a COBE-2991 cell processor (Terumo BCT, Lakewood, CO). The purified islets were cultured in
CMRL-1066 supplemented medium (Corning/Mediatech Inc., Manassas, VA) for the indicated
number of days prior to functional testing. The research pancreata were either untreated or were
persufflated (Persufflation is a way of delivering oxygen to the entire organ throughout
preservation by using its native vasculature) prior to performing the islet isolation procedure.
These isolations were performed at three different institutions.
2.3 Islet Quality Assessment
Isolated islets from both enzyme products (DE-800 and Gold) were assessed for viability using
fluorescein diacetate/propidium iodide [18]. Islet potency was monitored by oxygen consumption
rate (OCR/DNA) measurement [19]. A glucose-stimulated insulin release (GSIR) test was used to
assess the islet functional quality and subsequently the stimulation index was calculated [20].
2.4 Statistical Analysis
All results were expressed as the mean ± standard deviation, except for OCR/DNA
measurements were expressed as mean ± standard error. Islet yield obtained from low or high
dose protease enzyme mixtures were analyzed by paired or unpaired student t-test. Statistical
significance for the analysis was set at p<0.05.
3. Results
3.1 Characterization of the Enriched Collagenase (DE 800 and Collagenase Gold) Products and
Comparison to Other Purified Collagenase Products
Figure 1 presents the anion exchange chromatographic profile, the C1:C2 ratio derived from
this analysis, and the specific CDA and Wunsch activities for Collagenase Gold, Collagenase HA,
purified collagenase from a Liberase MTF kit, and NB-1 Collagenase. The first major peak from this
analysis is C2 collagenase followed by a second major C1 collagenase peak. Symmetrical peaks
indicate a uniform molecular form of collagenase in the product. Multiple molecular forms of C1
are resolved in this analysis whereas C2 collagenase typically is a symmetrical peak. These results
show symmetrical collagenase peaks were obtained with the Collagenase HA and Collagenase
Gold products (Figure 1A and 1B). The similar specific CDA reflects differences in the C1:C2 ratios.
Collagenase HA is prepared by combining purified C1 and C2 at a 60:40 mass ratio whereas C1:C2
ratio in Collagenase Gold reflects the ratio of collagenase present in the C. histolyticum culture
supernatant. Here, there is a lower percentage of C2 collagenase as reflected by the lower specific
Wunsch activity (Figure 1B).
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The Roche MTF collagenase has a doublet C2 peak and a symmetrical C1 peak. This same
pattern was observed in a different lot of Roche MTF collagenase (Figure 1C). The specific Wunsch
activity is similar to that found in Collagenase HA while the specific CDA was about 25% lower than
that found in the Collagenase HA or Gold products.

Figure 1 High pressure liquid chromatography (HPLC) analysis illustrates differences
between collagenase obtained from VitaCyte, Roche, and Serva enzyme suppliers. (A)
Collagenase HA; (B) Collagenase Gold from VitaCyte; (C) Mammalian Tissue Free (MTF)
Collagenase from Roche; (D) NB-1 Collagenase from Serva.
The NB-1 Collagenase had an unknown peak migrating ahead of the C2 peak. The asymmetrical
C1 collagenase peak indicates the presence of C1b on the back shoulder of the intact C1 peak and
an adjoining smaller peak that likely represents C1c collagenase (Figure 1D). The C1b and C1c
peaks contain truncated C1 where the carboxy terminal collagen binding domain is lost by
proteolytic degradation [21]. Truncated C1 forms also have a lower specific CDA as reflected by
the lower specific CDA found in the NB-1 Collagenase product. The lower specific Wunsch activity
in the NB-1 Collagenase product likely reflects the presence of other contaminants in this product.
3.2 Efficiency of Using Enriched Collagenase with BP Protease for Human Islet Isolation
Islet isolation outcomes from three different centers, utilizing enriched collagenase with high
and low doses of protease are summarized in Table 1 and Table 2. Table 1 summarizes the results
from 8 islet isolations utilizing DE 800 enzyme containing a high protease dose (18 mg of BPP per
vial) to process pancreases from donors ranging from 31 to 69 years. A very low Wunsch activity
per g pancreas was used for isolation, ranging from 5.9 to 14.2 per g pancreas. The characteristics
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of these digests (digestion time, islet morphology, pellet size) were comparable to those using a
standard dose of purified collagenase enzymes. The average post-purification islet yield obtained
was 4444 IEQ/g pancreas (ranges from 3,590 to 8,820 IEQ/g pancreas).
Table 1 Islet isolation outcome using collagenase DE 800 (high dose of BP-protease).
No. of isolations

1

2

3

4

5

6

7

8

Average

Age (yrs.)

69.0

33.0

58.0

37.0

31.0

32.0

40.0

31.0

42.8 ± 14.1

Height (cm)

178.0 160.0

156.0 155.0 168.0 180.0 175.0 157.0

165.7 ± 9.8

Body weight (kg)

88.1

79.5

54.0

70.0

51.7

88.0

47.0

75.0

70.1 ± 15.6

Body mass index
(kg/m2)

27.8

31.1

22.2

29.1

18.3

27.1

15.4

30.4

25.6 ± 5.6

Persufflation time (hr)

20.4

10.8

19.0

NA

NA

NA

NA

NA

16.7 ± 5.1

Cold ischemia time (hr)* 21.4

12.8

20.5

10.3

Trimmed pancreas
weight (g)

126.2

81.9

56.6

52.0 104.0 109.0 83.2

5.9

9.0

13.0

14.2

Wunsch Unit/g tissue

6.2

7.1

12.0

6.8

6.8

8.9

7.2

12.0 ± 5.5

106.0

92.0 ± 25.3

7.0

8.97 ± 3.6

Neutral Protease Unit/g
32,472 50,006 72,398 78,788 39,394 37,587 49,225 38,651
pancreas
Digestion time (Phase I)
17
20
16
15
26
22
16
13
(min)

49,815
±17,043
18.3 ± 4.0

Undigested tissue (g)

33.6

24.7

11.0

1.2

23.0

20.0

31.9

43.3

30.3 ± 23.5

Undigested tissue (%)

26.6

30

19.4

2.3

22

18.3

38.3

40.8

30.4 ± 20.5

Digest islet
351,00 512,00 370,00 364,00 378,00 499,00 324,00 270,00 383,500
number/pancreas
0
0
0
0
0
0
0
0
±82,742
Digest islet
572,20 722,60 497,40 340,75 456,27 391,26 314,40 540,00 479,360
equivalent/pancreas
0
0
0
1
1
0
0
0
±134,434
Digest islet equivalent/g
4,535 8,820 8,790 6,553 4,387 3,590 3,777 5,094 5,693 ± 2,124
pancreas
Embedded Islet (%)

2.0

0.0

1.0

20.0

25.0

30.0

1.0

10.0

11.0 ± 11.4

Tissue volume (ml)

15.0

22.0

15.0

20.0

35.0

45.0

23.0

25.0

23.8 ± 10.1

Post-purification islet
equivalent/pancreas
Post-purification islet
equivalent/g pancreas

663,70 454,60 343,70 309,35 460,93 387,21 224,90 215,50
0
0
0
8
3
7
0
0
5,260 5,549

Viability by FDA/PI (%)

NA

GSIR Stimulation index

1.76

OCR/DNA ± SEM

NA

382,488
±146,398

6,074 5,949 4,432 3,552 2,702 2,033 4,444 ± 1,533
NA

86

89

80

98.6

98.4

92.0 ± 7.7

NA

1.74

2.9

3.2

2.7

2.28

4.18

2.69 ± 0.7

212.0 172.4
±2.8 ±14.9

134.9
±8.0

125.5 133.8 140.4
±7.2 ±3.9 ±4.7

153 ± 5.0

NA

NA
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Table 2 summarized the results from 7 islet isolations using Gold enzyme with a low protease
dose (13.8 mg of BPP per vial) to process pancreases from donors ranging from 34 to 56 years. A
low Wunsch activity/g pancreas was used for isolation, on average 9.8 ± 4.2 (ranging from 6.2 to
19.0). The characteristics of these digests were comparable to those using a standard dose or
purified collagenase enzymes. The average post-purification islet yield obtained was 4261 IEQ/g
tissue (ranging from 2,867 to 8,465 IEQ/g pancreas).
Table 2 Islet isolation outcome using collagenase gold with low dose of BP-protease.
No. of isolations

1

2

3

4

5

6

7

Average

Age (yrs.)

44.0

36.0

52.0

34.0

37.0

56.0

42.0

43.0 ± 8.3

Height (cm)

170.2

173.0

152.0

183.0

162.5

170.0

167.0

168.2 ± 9.5

59.4

118.0

44.9

126.1

73.0

121.0

97.7

91.4 ± 32.5

Body mass index (kg/m )
Persufflation time (hr)

20.6

39.4

19.4

37.7

26.8

41.9

34.2

31.4 ± 9.1

Na

NA

NA

3.3

18.7

3.0

3.0

7.0 ± 7.7

Cold ischemia time (hr)*
Trimmed pancreas weight
(g)
Wunsch Unit/g tissue
Neutral Protease Unit/g
pancreas
Digestion time - Phase I
(min)
Undigested tissue (g)

8.8

14.5

15.5

16.3

24.8

9.4

11.0

14.3 ± 5.4

69.0

82.0

40.0

121.7

77.3

147.2

92.9

90.0 ± 35.2

11.0

9.3

19.0

6.2

7.8

8.2

7.4

9.84 ± 4.2

Body weight (kg)
2

Undigested tissue (%)
Digest islet
number/pancreas
Digest islet
equivalent/pancreas
Digest islet equivalent /g
pancreas
Embedded Islet (%)

27,698 23,307 47,779 19,146 24,110 25,343 28,868 28,036 ± 9,261
19.0

20.0

18.0

21.0

18.0

14.0

14.0

17.7 ± 2.75

10.0

5.0
12.5

70.3
57.7

31.4
40.5

28.1
19.0

30.0
32.3

26.4 ± 22.2

14.4

10.0
12.1

6,563

3,560

8,465

3,134

4,474

3,462

2,867 4,646 ± 2,094

15.0

10.0

10.0

5.0

10.0

7.5

5.0

50.0

40.0

15.0

25.0

15.0

30.0

20.0

6,005

3,496

8,025

2,564

4,234

2,888

2,615 4,261 ± 2,052

92.1
3.0
123.4 ±
5.3

83.6
1.8

84.7
1.9

72.7

74.3

90.3

87.2

NA

NA

26.9 ± 17.3
253,286 ±
307,000 207,000 166,000 210,500 227,000 346,500 309,000
67,033
369,507 ±
452,892 291,923 338,600 381,500 346,030 509,420 266,183
86,481

8.9 ± 3.4

Tissue volume (ml)
Post-purification islet
equivalent/pancreas
Post-purification islet
equivalent/g pancreas
Viability by FDA/PI (%)

27.9 ± 13.1
332,795 ±
414,402 286,656 321,000 312,200 327,495 425,010 242,800
65,806

GSIR Stimulation index

1.2
1.2
2.6
3.1
2.1 ± 0.7
132.7 ± 135.7 ± 154.4 ± 147.5 ±
138.6 ± 12.3
1.5
5.0
2.4
4.8

OCR/DNA ± SEM

83.6 ± 7.4
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Overall, our results from both enriched collagenase (DE 800 and Gold) combined with high and
low dose BPP recovered greater than 4000 IEQ/g from research pancreases, irrespective of donor
characteristics. Similarly, there was no impact on islet yield for organs that had been persufflated,
and the results obtained from this study were comparable to studies utilizing purified enzymes for
human islet isolation (Table 3).
Table 3 Summary of human islet yields from selected reports.

Institution
University of
Louisville
&
others

City of Hope

University of
Minnesota

Reference

This report

Khiatah, B.
et al., 2018
*10+

Balamurug
an, A.N. et
al., 2012
*17+

n

Mean IEQ ± 1 SD*
#
or
SEM /g
pancreas

Enzyme
used
Nordmark/Serva)

8

4444 ± 1533*

DE Collagenase 800

7

4261 ± 2052*

Collagenase Gold/ BP Protease

8

3503 ± 729

48

3551 ± 312

15

2918 ± 276

24

2202 ± 1403*

N/S GMP Grade NB-1 Collagenase &
NB Protease

5

1635 ± 726*

N/S
Premium
Grade
Collagenase/NB Protease

4

2217 ± 1405*

Roche MTF

37

3467 ± 1698*

VC Collagenase HA/Thermolysin

12

5329 ± 2519*

NEM: VC Collagenase HA & Serva NB
Protease

University of
Alberta

O’Gorman,
D. et al.,
2010 *22+

17

4249 ± 424

24

3836 ± 390

University of
Uppsala

Brandhorst
, H. et al.,
2009 *23+

101

4010 ± 232

96

2979 ± 149

#
#
#

#
#

(N/S

=

Collagenase Gold/BP Protease
Roche MTF
N/S NB-1 Collagenase/NB Protease

NB-1

Roche MTF
N/S GMP Grade NB-1

#

Liberase HI

#

N/S NB-1 collagenase & NB Protease

3.3 Functional Assessment of Islets Isolated Using Enriched Collagenase
Quality control results for islets isolated from enriched collagenase with high and low dose
protease showed the following (Table 1 and Table 2): the average islet viability by the fluorescein
diacetate/propidium iodide method were 92±7.7 and 84±7.4, and the average stimulation index in
glucose stimulated release assay were 2.7±0.8 and 2.1±0.8. The average oxygen consumption
rates of the islet preparation were 153±7 and 139±12, respectively.
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4. Discussion
The need for sufficient number of functional islets for successful allo-islet transplantation led
commercial enzyme manufacturers to develop multi-step purification procedures to separate
collagenase from other contaminants found in C. histolyticum culture supernatants [24-26]. These
additional processing steps led to sale of purified collagenase that was priced three to four times
higher than the traditional crude or enriched collagenase products. The open question does this
increased cost required for human islet isolation add value for those researchers who require
human islets for translational research or pre-clinical research studies? And, if no, are there other
alternative products that can be used for this application?
The islet isolation group at the University of Illinois Chicago, frustrated by the inconsistency in
performance of higher priced, purified collagenase enzymes, pre-screened and pre-filtered lots of
Sigma Type V crude collagenase for human islet isolation [27]. Four different lots of Type V
collagenase were pretreated by passing the reconstituted enzyme through 0.8, 0.45, and 0.22 μm
filters. Forty percent of these materials could not pass through the 0.8 μm filter and were not used
for islet isolation. All other materials passed through all the filters and were used for human islet
isolation. Endotoxin contamination was determined on the diluted enzyme solution [27].
This group compared results from 42 and 52 human islet isolations using the Nordmark/Serva
NB-1 Collagenase and NB Protease and pre-filtered Sigma Type V collagenase, respectively and
found no difference in the human islet isolation results as assessed by islet yield per pancreas or
per g of tissue; islet size distribution; islets isolated in the high purity fraction after density
gradient purification; islet viability; or glucose stimulated insulin secretion [27]. Type V had
significantly lower endotoxin contamination and was significantly more efficient in digesting
human pancreas than the Nordmark/Serva enzymes. All lots of Type V collagenase worked for this
application but there was no mention of the relationship of enzyme activities listed on the
Certificate of Analysis to the islet isolation results. Nor is it clear what is meant by 40% rejection of
bottles used in the study which will impact the cost effectiveness of using this enzyme for human
islet isolation [27].
The present report confirms and extends an earlier report that showed Collagenase Gold and
BPP were as effective as collagenase-protease enzymes supplied by Roche’s MTF kit or
Nordmark/Serva NB-1 Collagenase/NB Protease enzymes [10]. These authors found the
Collagenase Gold-BPP mixtures recovered islets with significantly higher viability than those
obtained using the Roche or Nordmark/Serva products. The authors recommended the use of this
product for isolating islets for human research studies based on product performance and cost per
isolation [10].
The human islet yields from this study and prior reports are listed in Table 3. The human islet
yields obtained with low-cost DE 800 or Collagenase Gold-BPP enzyme mixtures are comparable
and in some cases superior to those obtained using higher priced, purified collagenase-protease
enzyme mixtures for human islet isolation. The surprising finding is that in six of eight islet
isolations using DE 800 and five of seven isolations using Collagenase Gold/BPP, < 10 WU/g tissue
were used to digest the tissue. A prior report using purified collagenase and BPP found that 12
WU/g tissue at a 60:40 C1:C2 ratio gave significantly lower islet yields per g tissue and a higher
percentage of undigested tissue (n=5) when compared to results from those isolations using 20
WU/g tissue [20]. The result in the present report may reflect the higher C1:C2 ratio (75:25) where
Page 129/205

OBM Transplantation 2019; 3(2), doi:10.21926/obm.transplant.1902064

the majority of the C1 is intact enzyme. A prior report using recombinant collagenase and BPP
found that a wide range of C1:C2 ratios (55:45 to 38:62) had no influence on islet yields [8].
Further experiments will need to be performed to confirm this observation.
The effectiveness of low-cost DE 800 and Collagenase Gold/BPP enzyme mixtures reflects the
biochemical characteristics of these enzymes which are comparable and in some cases superior to
purified enzymes supplied by other manufacturers (Figure 1). This analysis was performed on
reconstituted-frozen purified collagenase from other suppliers and was sent to VitaCyte by other
islet isolation labs. In our experience, reconstitution and freezing of purified collagenase has no
impact on the biochemical or enzymatic activity of this enzyme.
The consistency of collagenase used in the DE 800 or Gold products is the result of VitaCyte’s
focus to improve the collagenase raw material. New knowledge of collagenase structure-function
by Matsushita’s group was translated into a hypothetical model of tissue dissociation that
proposed that the primary function of collagenase is to degrade native and denatured collagen [9].
The restricted specificity of this enzyme for these substrates means that an excess amount of
collagenase with minimal bioactive contaminants will not affect the outcome of any cell isolation
procedure. Consequently, if collagenase is in excess, then control of the neutral protease activity is
critical for successful cell isolation. The Collagenase Gold can be used to replace any purified
collagenase enzyme product used for human islet isolation.
The enriched collagenase is also manufactured as a GMP grade product (Collagenase Gold
+).This product is sold at a higher price because of the performance of additional assay to ensure
consistency and safety of the final product. The Gold + product does not contain excipient and is
as stable as the Collagenase Gold product.
In summary, the data generated from three different islet isolation centers using this new
enriched collagenase resulted in comparable outcomes as those obtained utilizing with the current
GMP grade enzymes, used for human islet isolation.
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Abstract
Background: Hepatocellular carcinoma (HCC) is a lethal tumor, for which liver resection and
transplantation are the only potentially curative treatments. No prospective, randomized
study has compared survival in patients with compensated cirrhosis after the two operations.
Methods: Decision analysis modeling is an objective method to quantify risks and benefits.
This study aimed to use decision analysis with a Markov model to estimate the impact of
liver transplant and surgical resection on survival for patients with early stage (i.e., within
Milan criteria) HCC and compensated cirrhosis.
Results: The model considered waitlist drop off due to tumor progression, the probability of
tumor recurrence, and the impact of hepatitis C on post-transplant survival. Peri-operative
mortality was estimated as 4% after resection and 7% after transplantation. The resection
© 2019 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
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group had a 67% probability of tumor recurrence at 5 years and a median survival time after
recurrence of 24 months. The transplant group had a 36% probability of tumor recurrence
at 5 years, and a median survival time after recurrence of 8 months. The baseline analysis of
this model revealed an overall survival benefit of 2.4 years for the transplant group over the
resection group. Sensitivity analyses suggest that this survival benefit remains unless the
probability of recurrence in the surgical resection group decreases to less than 50% at 5
years or the transplant waitlist time is longer than 27 months.
Conclusions: In conclusion, considering the advantages and disadvantages of each surgical
therapy, liver transplantation for HCC in patients with well compensated cirrhosis due to
hepatitis C is associated with better overall survival than resection over a wide range of likely
scenarios.
Keywords
Hepatectomy; Milan criteria; hepatitis C; cirrhosis; cancer

1. Introduction
There are two main surgical options for the treatment of hepatocellular carcinoma (HCC),
resection and transplantation [1]. Liver resection is typically limited to patients with wellcompensated cirrhosis and solitary tumors. Transplantation is often reserved for patients with
solitary tumors no larger than 5 cm or up to three tumors no larger than 3 cm, which constitute
the Milan criteria.
Retrospective series, of comparable patients, report either equivalent outcomes or superior
outcomes for transplantation vs resection [2-11]. However, metadata analysis of these studies do
not address the complexity of treating patients with HCC as most of the studies do not account for
tumor progression or death while on the transplant waitlist. Moreover, there is great variation in
how patients were selected into each treatment paradigm, with respect to tumor burden and
underlying liver reserve. Finally, a variety of resection techniques and the diversity among the
patient populations in resection and transplant series also limit the ability of meta-analysis to
merge patient groups and increase the power of the observation. These limitations identify that
prospective randomized trials and metadata analysis struggle to deal with a complex patient
population, resulting from heterogeneous patient and tumor characteristics that would make
patient accrual for a randomized trial difficult. Despite these limitations the question of how to
stratify patients for surgical treatment for HCC is important due to rising concerns over resource
utilization in American healthcare as well as the finite availability of donor livers.
In response to this problem decision modeling represents the next best approach for weighing
the risks and potential benefits of the two treatment options, while accounting for the complex
factors impacting the survival of these patients. Decision analysis is a quantitative method of
evaluating surgical decisions by breaking complex decisions down into their component parts [12].
A decision model includes plausible therapeutic options for treating a particular condition and the
potential consequences of each option [13]. Values reported in the published literature are used
to quantify the probability of a potential outcome occurring and its associated improvement in or
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detriment to survival. During the analysis of the model, the expected overall survival benefit of
each therapy is calculated to determine which treatment maximizes survival for a hypothetical
cohort of patients with the specified medical condition. The strength of the model’s conclusion is
tested using sensitivity analysis to vary probabilities in the model and determine which
probabilities, if any, change the preferred therapy. This allows the reader to put the trade-offs in
risks/benefits associated with each treatment strategy into perspective.
This study aimed to use decision analysis to address the long-debated question of whether
transplantation or resection maximizes survival for patients with HCC and well-compensated
cirrhosis due to hepatitis C. This is particularly relevant in the context of less decompensation of
liver disease (improved liver function), but no objective change in de novo tumor emergence or
tumor recurrence after successful treatment of hepatitis C.
Hepatitis C patients are particularly vulnerable to multifocal disease and at high risk of tumor
recurrence over a 5-year time frame, irrespective of resection or transplant. The emergence of
successful antiviral treatment for hepatitis C may potentially impact de-novo tumor emergence in
the remnant liver after resection as well as decrease the likelihood of reactivation of hepatitis C
after liver transplant. However, an objective impact on cancer specific events after successful
treatment of hepatitis C has not yet been realized and de novo tumor emergence rates after
resection remain > 50% [14]. Therefore, a better understanding of the complexities involved in
the model and inclusion of important variables not previously extracted from the published data
would help clarify the appropriate weight of the two approaches on outcome.
2. Materials and Methods
2.1 Decision Model
The decision model was built and analyzed using TreeAge Pro (Williamstown, MA). It
considered a hypothetical cohort of 55-year old patients, healthy enough to tolerate major surgery,
with hepatitis C, Child’s A cirrhosis, and tumors meeting Milan Criteria. The age was chosen based
on a published median age range of 45-65 for patients with HCC undergoing resection or
transplantation [15-43]. At the initial decision node in the model, hypothetical patients had an
equal chance of either: 1) undergoing immediate resection or 2) being placed on the liver
transplant waitlist. The model considered waitlist dropout after tumor progression, peri-operative
mortality, probability of tumor recurrence, likelihood of hepatitis C recurring after transplant and
survival after both transplantation and resection for patients with hepatitis C (Figure 1). Patients
assigned to the waitlist entered a Markov simulation whereby, during each cycle, they either: 1)
remained on the waitlist, 2) experienced tumor progression and waitlist dropout, or 3) underwent
a liver transplant (Figure 2). The Markov simulation was run with one-month cycle lengths over a
5-year period. This timeframe was chosen because 5-year survival and recurrence data is welldocumented for both operations. For patients who did not experience a peri-procedural death or
tumor recurrence, tail utilities were assigned using the declining exponential approximation of life
expectancy (DEALE) [44]. Uncertainty surrounding the probability of each outcome was addressed
by using sensitivity analysis to examine the impact of varying each probability over a range of
values.
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Figure 1 Basic decision tree outline. Branches subsequent to transplant waitlist are
represented in figure 2. Decision nodes are represented by boxes, chance nodes are
represented by circles and terminal nodes are represented by triangles. Pt=patient,
HCC=hepatocellular carcinoma, peri-op=peri-operative, alt=alternative.

Figure 2 Markov node representing potential outcomes after placement on the
transplant waitlist. Chance nodes are represented by circles and the Markov node is
represented by the M inscribed in a circle. Triangles represent nodes that refer back to
one of the initial branches of the Markov node. Death represents a terminal node. Periop=peri-operative.
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2.2 Data Sources
The probabilities input into the decision model were abstracted from published data, including
national transplant data from the Organ Procurement and Transplantation Network [45]. Medline
and PubMed searches were performed to locate articles reporting results after hepatectomy or
transplantation for HCC. Additional studies were identified from the bibliographies of the articles
obtained during the literature search (Table 1). Articles published prior to 1996 were excluded
from calculation of peri-operative mortality and tumor recurrence as significant advances in
operative technique and modifications in post-transplant immunosuppression have occurred since
then. Over the past decade, better patient selection, preoperative portal vein embolization [46,
47], and enhanced surgical techniques have minimized intra-operative bleeding, decreased perioperative mortality, and helped improve short-term outcomes after surgical resection of
hepatocellular carcinoma (HCC). When studies from the same institution reported overlapping
dates of patient accrual, the study with patients most closely matching our hypothetical patients
was selected. When multiple sources reported data for a particular probability, the probability
entered into the model was a weighted average of the data from all sources.
2.3 Assumptions
The model assumes the following:
1. Patients with a tumor recurrence after transplantation are ineligible for alternative liverbased therapies (e.g., chemoembolization or radiofrequency ablation) or for an additional
transplant. This assumption is based on the low incidence of isolated intrahepatic tumor
recurrences after transplantation for HCC [36, 48].
2. Patients awaiting a transplant may undergo liver-directed therapies, such as
chemoembolization, radiofrequency ablation, or yttrium-90 radioembolotherapy.
3. Patients with a tumor recurrence after resection are ineligible for transplantation.
4. Patients with a tumor recurrence after transplantation are ineligible for resection.
2.4 Waitlist Outcomes
The monthly probability of transplantation while on the waitlist was based on the national
averages for waitlist time as reported by the Organ Procurement and Transplantation Network
[45]. Regional variations in waitlist time were taken into account with sensitivity analysis. The risk
of tumor progression and subsequent waitlist dropout was based on studies reporting liver
transplant waitlist dropout rates for patients with HCC [30, 49-51]. Based on data in the literature,
the probability of tumor progression was varied over time, with the monthly probability of
progression increasing as waitlist time increased (Table 2).
2.5 Treatment Efficacy
Postoperative mortality, incidence of tumor recurrence, and survival after post-operative
tumor recurrence were based on data from series of patients with HCC undergoing
transplantation or resection. Based on data reported in the literature, tumor recurrence risk after
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transplantation was also varied over time, with the risk of recurrence declining in each
postoperative year (Table 3) [30, 50-52].
Table 1 Probabilities used in the base case analysis and sensitivity analyses.
Variable

Baseline

Range
Tested

References

Threshold
Value

Threshold
in Range

[16, 22, 24, 31,
34, 41-43, 49, 5358]
[35, 41, 42, 52,
54, 55, 59]
[23, 24, 31, 53,
60]
[52-54, 60]

None

no

<50%

no

>63

no

None

no

[61-69]

None

no

[70]

>120

no

Resection
Peri-operative Mortality

4%

1-21%

5-yr Tumor Recurrence

67%

55-93%

Median Time to Recurrence*

18

13-24

Recurrences Amenable to
Alternative Therapies
5-yr Survival for Compensated
Hepatitis C cirrhosis
Median Survival After
Alternative Therapies*
Median Survival After HCC
Recurrence*
Transplant Waitlist

61%

25-72%

93%

85-96.5%

24

11-40

[21, 43, 53, 54]

>137

no

Median Waitlist Time*

10.5

0-36

[45]

>27

yes

1-yr Dropout from
Transplant Waitlist
Median Survival after Tumor
Progression*
Peri-operative Mortality

28%

25-38%

[30, 50-52]

(see results)

19.5

17-24

[52, 71-73]

None

no

7%

0-13%

>30%

no

5-yr Tumor Recurrence

36%

8-63%

[16, 18, 30, 34,
43, 49, 55, 58, 7479]
[15, 19, 22, 27,
29, 31-35, 39, 40,
43, 55, 75, 78, 79]
[19, 20, 29, 36,
43, 79, 80]
[38, 81-88]

46

Median Survival After HCC
8
1-9
Recurrence*
5-yr survival after Transplant
69%
61-80%
for Hepatitis C

unless otherwise indicated values expressed as percent

All median times are expressed in months

(see results)

None

no

<58%

no
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Table 2 Tumor progression while on waitlist.
Waitlist Time (months)

Monthly Probability of Tumor Progression

1-6

0.017

7-12

0.029

13+

0.045
Table 3 Tumor recurrence after transplant.

Postoperative Month

Monthly Probability of Tumor Recurrence

1-12

0.0165

13-36

0.0043

36-60

0.0023

2.6 Life Expectancy
The life expectancy of patients surviving the first five post-operative years was estimated using
the DEALE. The DEALE estimates life expectancy based on 5-year survival rates for patients with a
particular medical condition using the following formulas:
µ = - 1/5 ln (S)
in which, µ = average annual mortality rate for patients with the condition,
S = 5-year survival probability,
and
life expectancy = 1/ µ.
2.7 Sensitivity analysis
The impact of changing each probability in the model was examined with sensitivity analyses.
One-way sensitivity analysis varies a single probability over a range. For each parameter in both
treatment groups, a one-way sensitivity analysis was performed and a threshold value (if any) was
determined, beyond which the preferred choice of operation changed. Two-way sensitivity
analysis varies two probabilities simultaneously. Selected two-way sensitivity analyses were also
performed.
3. Results
3.1 Baseline Analysis
In the baseline analysis of our model, the following probabilities were used for the resection
arm: 4% peri-operative mortality, 67% risk of tumor recurrence at five years, and 61% of
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recurrences amenable to alternative therapies. After resection, patients with hepatitis C and
compensated cirrhosis, but no recurrence, had a 93% survival at five years. This survival
probability takes into account both age-specific and hepatitis C cirrhosis-related mortality. The
resection arm also included a median time to tumor recurrence of 18 months, a median survival of
46 months after a recurrence treated with alternative therapies, and a median survival of 24
months after an untreated recurrence (Table 1).
The following probabilities were used for the transplant waitlist arm: 28% risk of waitlist
dropout at 1 year, 7% peri-operative mortality, and 36% risk of tumor recurrence at five years.
Hepatitis C patients without a post-transplant cancer recurrence had a 69% survival at five years.
This post-transplant survival probability is specific to patients with hepatitis C and accounts for
patients who develop recurrent hepatitis C in their graft and thus, are at risk of recurrent liver
failure. The transplantation arm also included a median waitlist time of 10.5 months, a median
survival of 19.5 months after tumor progression for patients on the waitlist, and a median survival
of 8 months after tumor recurrence (Table 1).
Baseline analysis revealed a survival benefit of 8.7 years with resection and 11.1 years with
placement on the transplant waitlist (net survival gain of 2.4 years with assignment to the
transplant waitlist).
3.2 Sensitivity Analyses
3.2.1 One-Way
Each probability was tested with one-way sensitivity analysis. Transplantation maximized
survival relative to resection at all values of (i.e., the model outcome was insensitive to) the
following variables: perioperative mortality after resection, percent of recurrences amenable to
alternative therapies after resection, five-year post-resection survival for patients with
compensated hepatitis C, median survival after waitlist drop off due to tumor progression, and
median survival after post-transplant tumor recurrence. In the resection arm, each of these
variables had a threshold value beyond which resection resulted in a longer overall survival than
transplantation: five-year risk of tumor recurrence (threshold <50%), median time to tumor
recurrence (threshold >5.2 years), median survival with alternative therapies for tumor recurrence
(threshold >10 years), and median survival with untreated tumor recurrence (threshold >11.4
years). In the transplantation waitlist arm, each of these variables had a threshold value beyond
which survival after resection exceeded survival after transplantation: median waitlist time
(threshold >27 months), perioperative mortality (threshold >30%), and five-year post-operative
survival for patients with hepatitis C (threshold <58%). Of all these variables, only the 27-month
waitlist time was within the range reported in the literature (Table 1). If the monthly probability of
waitlist dropout exceeded a constant rate of 6% or the monthly probability of tumor recurrence
after transplantation exceeded a constant rate of 1%, resection had a greater survival benefit.
3.2.2 Two-Way
Peri-operative Deaths. In the literature, the risk of peri-operative death after resection for HCC
ranges from 1 to 21%. The reported risk of peri-operative death after transplantation for HCC
ranges from 0 to 13% (Table 1). Simultaneously varying of these both risks in a two-way sensitivity
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analysis demonstrated that over the entire range of reported values, overall survival for patients
with HCC was longer after transplantation (Figure 3).

Figure 3 Two-way sensitivity analysis: Risk of peri-operative death after resection vs.
transplant. Light gray represents combinations of probabilities where resection
maximizes survival. Dark gray represents combinations of probabilities where listing for
transplantation maximizes survival. Black box represents the published range of
probabilities. Black dot represents the baseline values in the model. OLT=orthotopic liver
transplant.
3.3 Tumor Recurrence
The literature reports five-year risks of tumor recurrence after resection ranging from 55 to
93%. Five-year tumor recurrence risks after transplantation range from 8 to 63% (Table 1).
Simultaneously varying both risks in a two-way sensitivity analysis showed that over the majority
of these ranges, transplantation resulted in longer survival. With a 60% five-year tumor recurrence
risk after resection (the lower end of the reported range), post-transplant tumor recurrence would
have to exceed 54% (near the upper end of the reported range) for resection to be the preferred
strategy (Figure 4).

Page 142/205

OBM Transplantation 2019; 3(2), doi:10.21926/obm.transplant.1902063

Figure 4 Two-way sensitivity analysis: 5-year risk of tumor recurrence after resection vs.
transplantation. Light gray represents combinations of probabilities where resection
maximizes survival. Dark gray represents combinations of probabilities where transplant
listing maximizes survival. Black box represents the published range of probabilities. Black
dot represents the baseline probabilities. OLT=orthotopic liver transplant.
4. Discussion
The optimal treatment for patients with well-compensated cirrhosis and early stage HCC is
often debated. Hepatitis C is particularly daunting since these patients are more vulnerable than
other liver patients to post-operative morbidity and mortality even in the face of what appears to
be well -compensated liver disease. This is in contrast to patients with Hepatitis B who are more
likely to have better underlying liver reserve since cancer can occur prior to the development of
significant fibrosis. For this reason, we cannot extrapolate survival data from Asian series of
patients undergoing resection for HCC. This analysis was restricted to patients with Hepatitis C
alone, as these patients account for the majority of HCC cases within the United States.
Within the US, patients with well compensated Hepatitis C are frequently considered “too
healthy” for liver transplantation yet are challenging surgical candidates with underlying liver
parenchyma that is at high-risk for developing additional tumors. This dilemma highlights the main
challenges of resection: 1) inadequate liver reserve and 2) frequent recurrences within the
remnant liver. The former has been addressed with pre-operative portal vein embolization to
stimulate remnant liver hypertrophy and pre-operative “functional” evaluation to determine if the
remnant liver will be adequate [89]. These practices have lowered post-resection morbidity and
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mortality, but unfortunately, efforts to improve five-year recurrence rates have been less
successful. By comparison, the main disadvantages of transplanting patients with HCC are: 1)
higher peri-operative mortality, 2) risk of hepatitis C recurrence with subsequent graft failure, and
3) predominately extra-hepatic tumor recurrences, for which treatments are limited. Transplant
surgeons have lowered postoperative mortality to 5-7% and tumor recurrence is relatively low for
patients meeting Milan criteria (Table 1). Prior to the emergence of effective treatment of
hepatitis C, viral five-year graft-failure rate from recurrent hepatitis C was approximately 20% [90].
With eradication of the viral component of the disease prior to transplant this variable would be
far less likely to handicap the transplant arm of the model and widen the difference between
survival benefit between the two groups.
This decision analysis accounts for key issues surrounding both resection and transplantation
for the treatment of HCC. The inability to account for all of these issues in retrospective
comparisons limits the conclusions that can be reached from review of the existing literature on
this topic. Over the vast majority of the ranges of variables in the model, transplantation is
preferred for patients with early HCC and well-compensated cirrhosis due to hepatitis C. As
expected, the factors most heavily influencing the outcome of the model were recurrence and
waitlist time (including dropout after tumor progression). Even with early stage HCC, recurrence
rates after resection remain high. Alternative therapies are available to most patients with a
recurrence after resection [60], but these treatments are rarely curative. In contrast, recurrence
rates are low after transplantation for tumors within Milan criteria. The larger number of cures
with transplantation outweighs the negative impact of inadequate systemic therapies for extrahepatic recurrences, which represent a larger proportion of the recurrences after transplantation.
Transplantation as a treatment alternative invariably introduces issues regarding organ
availability and allocation. The primary goal of this study was to use novel methods to evaluate the
two treatment options independent of organ allocation practices. However, that should not
distract from the applicability of the model. Organ availability and organ allocation practices will
contribute to our ability to apply these principles and should continue to motivate us toward
improvements in these areas since the model would suggest that to not do so would be accepting
a compromise in outcome for patients with cancer as a complication of their liver disease.
Variables that do not have an established value within the literature cannot be easily accounted
for in any decision analysis model. Organ allocation practices and organ availability within
different regions of the US would fall into this category as would surgical resection as a bridge to
transplant in patients with hepatitis C. In areas of the world with predominantly hepatitis B related
liver disease, resection as a bridge to transplant has been an established strategy. However, the
likelihood of successful salvage when a patient recurs after resection in this setting is less than 50%
and the cancer specific outcomes are inferior compared to primary liver transplant [91]. In the
arena of hepatitis C, the high likelihood of de novo tumor emergence despite successful treatment
of the virus would weigh heavily against this strategy in patients otherwise appropriate candidates
for transplant upfront.
Sensitivity analyses allow readers to evaluate each strategy in a decision model relative to their
own patients and practice. For example, longer waitlist times and/or organ shortages limit
transplantation in some regions. To address this problem, many centers have liberalized donor
criteria and/or developed living-related donor programs. These changes have successfully
shortened waitlist times without negatively impacting patient or graft survival [92, 93]. The results
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of this study suggest the potential benefits of these strategies. Other centers, however, continue
to offer resection as first line therapy for patients with early HCC. In this regard, this study
highlights the need for improvements in neo-adjuvant or adjuvant treatments to decrease fiveyear recurrence rates after resection to below 50%. As novel anti-angiogenic therapies are
introduced [94], a 10-15% decrease may be attainable.
All decision analyses have certain limitations. The strength of the model depends on the quality
of the data entered and the range of probabilities used for each variable. Decision models often
analyze questions that are difficult to address with randomized trials. Therefore, retrospective
studies, which are less powerful, often provide the data entered into the model. To overcome this,
sensitivity analyses are used to test a range of values for each variable to determine if different
values alter the optimal strategy. The outcome of this model did not change over a wide range of
probabilities tested, indicating that its conclusion is robust, despite the retrospective studies used
in its construction. That said, the studies used in this model introduce other issues that might
affect interpretability. For example, few studies report outcomes solely from patients with early
HCC and well-compensated cirrhosis, since transplantation has historically been offered to
patients with moderate to severe liver dysfunction. This likely handicaps the transplant arm to a
greater degree than the resection arm, since resection is limited to patients with better preserved
liver parenchyma. Again, this is dealt with in the one- and two-way sensitivity analyses. Even with
the data biased against transplant, liver transplantation emerged with a two-year survival benefit
over resection in well compensated patients. The strength of the current model is the breadth of
variables used in its construction that are noticeably absent from previously published models on
this topic [95, 96]. No other model considers the impact of recurrent hepatitis C and graft failure
after transplant, nor do the other models include the impact of salvage therapies on post
resection survival, both important variables that impact overall survival.
The recent emergence of successful treatment of hepatitis C would introduce another variable
that would potentially impact both arms of the model. However, the impact of successful antiviral
treatment on post resection recurrence has not been documented and is therefore unavailable for
inclusion in the model. The impact of successful antiviral treatment on overall survival in patients
otherwise eligible for liver transplant has also not been validated. However, the AJCC staging
system for hepatocellular carcinoma and the oncologic principles linked to treatment done with
curative intent would support any treatment associated with the best disease specific and overall
survival for the patient. For this reason, leveraging for any patient with hepatitis C related liver
disease and HCC who meet all other transplant criteria remains our institutional practice.
The depth of this current decision analysis helps practitioners put early stage liver cancer in
perspective, highlighting the unique variables that may contribute to outcome in any particular
patient. El Serag, et al. published a decision analysis model comparing resection to transplantation
for patients with cancer, not limited to patients with well-compensated cirrhosis. For patients who
meet transplantation criteria for liver-related variables, there is less debate that transplantation is
the preferred strategy. For Child’s A patients who are considered “too healthy,” the debate
continues, and many centers advocate surgical resection initially, with transplantation as salvage
for patients who recur. Unfortunately, a minority of patients who recur go on to receive “salvage”
transplantation, especially in patients with Hepatitis C [75]. In addition, peri-operative mortality
after “salvage” transplantation is significantly higher than after primary transplantation for HCC
[75]. These considerations suggest that transplantation up front is the preferred method, thereby
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optimizing outcomes, by offering the most efficacious treatment initially and focusing future
efforts on the minority of patients who will require other therapies for recurrence. The baseline
analyses of El Serag’s model [96] did agree with this model’s conclusion that transplantation is
preferred to resection for treating HCC. The results of their sensitivity analyses, however, differ
from those in this model. For example, the baseline analysis of El-Serag’s model assumed no
waitlist time, which is unrealistic. His sensitivity analysis showed that when waitlist time exceeded
4.3 months, resection was preferable to transplantation [96]. The only other publication on this
topic (59) predicted that a waitlist time shorter than 10 months was required before listing for
transplantation had a survival benefit over immediate resection [95]. This second study also did
not consider waitlist drop off or the impact of salvage therapies on surgical outcome. Our current
study found a persistent survival benefit after transplantation with waitlist times up to 27 months.
Our lower waitlist dropout rate (28% at 1 year vs. 30% at 6 months) and longer survival with
incurable HCC (50% survival at 19.5 months vs. 20% survival at 12 months) [95] are based on
contemporary figures from a national database and likely account for this difference. These
improvements likely reflect earlier detection of tumors due to improved surveillance of patients
with cirrhosis and/or advancements in nonsurgical therapies for hepatocellular carcinoma, which
may lower the risk of tumor progression while on the waitlist and extend the life expectancy of
patients with advanced disease.
This study suggests that liver transplantation is the preferred surgical option for patients with
hepatitis C, well-compensated cirrhosis, and HCC meeting Milan criteria. The survival benefit after
transplantation persists over the likely range of probabilities tested with sensitivity analysis.
Resection only outperforms transplantation once waitlist times exceed 27 months or the five-year
risk of tumor recurrence after resection drops below 50%. In the 2007 report of the Scientific
Registry of Transplant Recipients, which includes data from 2001-2006, only 17% of reporting
transplant centers had median waitlist times longer than 27 months for livers [97]. Patients at
these centers are at risk for tumor progression while on the waitlist and should be evaluated for
resection. Centers with limited transplant availability that rely on surgical resection should explore
clinical trials focused on decreasing postoperative recurrence rates.
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Abstract
Pancreatic islet transplantation represents an effective therapy with lower morbidity for
patients carriers of type 1 diabetes compared to whole pancreas transplantation. Although
complete insulin independence is usually not achieved it allows control of glycemia balance
reducing the risk of severe hypoglycaemia events and impaired awareness of hypoglycaemia.
Recent trials had demonstrated islet transplantation to be more effective than current
medical treatment and improvements in outcomes also have been reported after the
introduction or modification of current immunosuppressive protocols. The principal
disadvantage of this technique is the shortage of pancreatic islets/pancreas , needing several
donors for 1 recipient, and the inflammation which affected graft viability. These limitations
have led researchers to develop alternative way to assure higher effectiveness such as the
© 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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development of new cells sources like xenogenic lines (porcine), stem cell-derived β cells or
alternative transplantation sites or moreover peculiar techniques to increase cells viability
after graft (encapsulation).
Keywords
Pancreatic islet transplantation; diabetes; alterantive β-cell sources

1. Introduction
Human pancreatic islet transplantation (IT) became an effective therapy in selected patients
with type 1 diabetes (T1D) [1-4]. Usually this procedure is reserved to those who present unstable
T1D with impaired awareness of hypoglycaemia (IAH), severe hypoglycaemic episodes (SHE) and
glycemic lability which cannot be controlled by current medical treatment [2-13]. Nevertheless,
insulin independence was present after 1 year in less than 10% of all patients treated between
1980 and 1999 [2-5]. Since the introduction of the Edmonton protocol in 2000 it improved to 44%
from 2007 to 2010 [5, 14, 15]. According to the last report of the Collaborative Islet Transplant
Registry (CITR) to date more than 1.500 procedures have been performed worldwide in 40
recognized centres. Long-term clinical outcomes in selected centres nowadays are comparable to
those of whole pancreas transplantation with a 5 years insulin independence rate of 40 to 70% [5].
In patients in which insulin independence is not present at long term, islet transplantation
increases anyway outcomes associated with medical therapy, especially regarding SHE [5, 8, 10,
13]. This late was confirmed by the TRIMECO study published in 2018 [12]; the first randomized
study on islet transplantation which demonstrated that glycemic control was effective after IT, but
also overall glycemic control was easier for those recipients in which graft function was transient
[12]. Herein we would like to review the state of the art of pancreatic IT and the new concepts
which may modify and ameliorate its outcomes.
2. State of the Art
2.1 Current Indications
Main indication for IT are represented by patients aged >18 years old with a T1D lasting for
more than 5 years and who fail to control glycemic balance under appropriate medical monitoring
and therapy [1, 5, 6, 9-13]. Glucose metabolic balance of those patients usually is fragile and they
present IAH, SHE or labile levels of blood glucose [9]. Other groups of patients which may eligible
for IT are patients with T1D after kidney graft and young patients (less than 18 years old) with
severe episodes of hypoglycaemia not suitable to other treatments [3, 6]. However, high bodymass-index (BMI) patients (>30 kg/m2) and patients requiring more than >1.0 U/Kg daily insulin
and weighting >90 kg should not be included in IT protocol due to the risk of high insulin resistance
[6].
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2.2 Islet Isolation
The main limit for IT is represented by the limitations of islets source, indeed islets are isolated
from the pancreas of deceased donors [16]. Islet are better isolated in pancreas of donors aged 20
to 50 years, with a BMI>30 kg/m2 and normal glucose level.
The current isolation technique is nowadays represented by the Automated Method using the
Ricordi Chamber which was firstly reported by Ricordi et al. in 1989 and furtherly ameliorated [17].
The theoretical minimal β-cell mass recommended is 5.000 islet equivalent (IEQ) per kg of
recipient, but current reports suggest that insulin independence could be better achieved when
the IT contains >7.000 IEQ/kg [3, 6]. A normal adult pancreas contains average of 1.000.000 islets,
nevertheless, currently 250.000 IEQ per pancreas are obtained after cell isolation [3, 17]. Thus
improvement of islet isolation is required. Furthermore, isolation process induced injury that
affected islets viability.
2.3 Islet Transplantation
Currently IT is made by transportal infusion [2-4]. The portal vein can be accessed by
percutaneous transhepatic approach by an interventional radiologist or by open surgical technique
when the first modality is not possible either for anatomical limitations of the liver (angiomas or
intrahepatic vascular anomalies) or lack of experienced radiologists [2-4]. Although standardized
intraportal IT harbour some risk as post-procedure bleeding, portal thrombosis, mild transaminase
elevation, biliary tree lesion [2-4].
3. IBMIR
Instant Blood Mediated Inflammatory Reaction (IBMIR) is a characterized by platelet activation,
coagulation and complement system mediated inflammation triggered by the IT when exposed to
ABO-compatible blood [18, 19]. It is actually responsible for a substantial loss of islet, measured in
between 25% to 50% of the whole islets graft [7, 18, 19]. To prevent IBMIR activated protein C,
low molecular weight heparin or islet surface heparinization, have been used with good outcomes
[20-22]. TNF-α and IL-1 blockade have been used to reduce the inflammatory response and
ameliorate islet’s engraftment [23, 24]. Early Natural killer T (NKT) cell mediated action is also
responsible of early graft loss and so far trials using molecules which downregulate NKT activation
such as α-galactosylceramide or anti-Gr-1-antibody has been made by different groups [25-27]. A
better knowledge of all inflammatory mechanisms may ameliorate the islet engraftment reducing
the immediate loss of cells due to the IBMIR.
3.1 Immunosuppression
Once the IT has been done the patient undergoes to immunosuppressive therapy by T-cell
depletion drugs such as alemtuzumab (anti-CD52 antibody) as in the Edmonton group or
thymoglobulin plus etanercept as in the protocol promoted by Hering et al [2-4, 6, 8]. After the
induction period a maintenance of immunosuppression has to be performed. The ideal protocol is
not still available. So far different drugs help researchers to obtain transplanted islet function.
Tacrolimus is an effective inhibitor for allo-rejection but may be responsible of nephrotoxicity,
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neurological disorders like tremors and headache and may interfere with insulin secretion [3, 28].
Nevertheless 5-years insulin independence has been achieved in patients on high doses of
calcineurin inhibitor, when a sufficient mass of β-cells is transplanted [3, 28].
4. New Concepts
4.1 Islets Isolation and Preservation Improvements
The pancreas preservation, islets isolation and preservation procedures induced injuries,
leading the necessity to improvement in order to limit these lesions. Indeed, these delicate
procedures impact on the cell integrity, thus have a key role on the low IEQ obtaining, on the islets
viability and on pro-inflammatory phenomenon participated to IBMIR injury [29]. It is necessary to
improve these procedures pre-IT; advances could be addition of apoptosis inhibitor (to limit the
phosphatidylserine expression at cell surface), use of anti-Tissue-Factor or anticoagulant agents,
anti-inflammatory drugs or blocking antibodies, which are major actors of IBMIR. The infusion of
anticoagulation agents such as dextran sulfate or heparin has been shown to improve islet survival
by downregulating the IBMIR response in the experimental setting, but remains to be validated in
clinical studies [30]. In addition, after islet isolation, the better time of IT need to be define; freshly
versus cultured islets. The islets culture could be an interesting period to control the graft quality
and to suppress the necrotic cells prior to IT. However, it seems that the freshly islets have a
better viability index compared to cultured [31]. Moreover, graft of freshly human islets to the
Nude mice showed better results than graft from cultured islets (24h, 48h, 72h at 37°C) [32].
In order to preserve the graft viability and limit the IBMIR reaction, islets graft encapsulation
seems to be a judicious way. Indeed transplantation of pancreatic islets encapsulated within
immuno-protective microcapsules is a strategy that has the potential to overcome graft rejection.
Nevertheless, one of the major factors limiting the long-term function of encapsulated islets is the
pericapsular fibrotic overgrowth [33, 34]. Currently, various strategies to overcome or reduce the
pericapsular fibrosis are tested, including alternative capsule materials/composition, coencapsulation with immunomodulatory cells, administration of pharmacological agents, and
alternative transplantation sites.
4.2 Alternative Transplantation Sites
Although the liver is used as the standard site of transplantation it is hampered by the IBMIR
reaction, is not suitable for graft removal or biopsy. So far many centres are trying to find an
“alternative” site as several report in literature are published. The ideal site should be easily
accessible for IT, well vascularized and improves graft survival.
The omentum represents a potentially attractive site because of its rich blood supply with
portal drainage, a large surface, easy access for minimally invasive grafting techniques. In a recent
report of Baidal et al. a 43-years old patient achieved normal blood glucose levels after omental
transplantation [35].
Another site that may avoid IBMIR and is well perfused and oxygenated is represented by the
gastric submucosal space. Fujita et al demonstrated feasible in pigs and a trial is ongoing to
validate this as an alternative site (trial NCT02402439, University of California, USA) [36].
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Finally two specific sites demonstrated to be attractive to researchers: intramuscular and
subcutaneous spaces [37-41]. Muscular tissue is characterized by a rich vascular pattern which
provides high oxygen flow to islets [37, 38]. Rafael et al. reported a successful auto-transplantation
in a 7-years old girl with normal levels of HbA1c throughout 2 years with a C-peptide measured up
to 1.37 ng/ml [39]. A pilot study of Bertuzzi et al. validate the site on 4 patients, proving the
feasibility, even if engraftment outcome was not effective after 24 months [40].
Subcutaneous IT has been reported by Gala-Lopez et al [41]. By means of a CellPouch®(Sernova Corp, Canada) they inserted pancreatic islet into a plastic mesh-based device with
removable plugs in subcutaneous tissue. The graft reversed diabetes in mices but was ineffective
in humans [41].
Overall an anatomical site alternative to the liver for IT is still not found, because many
parameters should be taken into account. First the degree of vascularization of the site: islet needs
a constant blood flow and high tension oxygen to survive after transplantation. Second the
eventual traumatism may trigger inflammatory responses that even in the absence of IBMIR could
harm the graft. All of these sites are potentially a possible alternative to intraportal IT and further
clinical trials are demanded to validate extrahepatic islet transplantation.
4.3 Alternative β-Cell Sources
Due to the limitations of pancreas’s donors and the need of using two or three pancreas for a
single recipient to achieve a sufficient whole number of IEQ/patient alternative sources of
pancreatic islet have been investigated. These include β-cell derived from primary xenotissue and
from human stem cell [42-48]. Xenogenic β-cell production has been thought to overcome the
demand of human islet: the advantage is an unlimited on-demand supply and absence of ethical
issues. Two aspects of xenogenic transplantation should be managed: immune reaction and
zoonotic infection transmission. To prevent xenogenic immune reactions multiple
immunosuppressive drugs were developed and tested on non-human primates models (NHPM)
[49], while although no transmission of porcine viruses has been demonstrated on NHPM,
genomic editing technologies may be warranted in the future development of xenogenic-to
human IT [50].
Cure of diabetes in small mammals by means of stem cells has been reported recently [45, 46].
To apply to human clinical setting anyway the development of facilities to obtain a large amount
of stem cell derived β-cells are needed, as well as a safe and effective transplantation method. To
date one multicentric phase I/II trial (NTC02239354, Alberta, Canada) is ongoing. In 2017 ViaCyte
further initiated a second trial using a perforated macroencapsulation device containing PEC-01
cells, in which it is anticipated that cell survival will be improved by more optimal
neovascularization, but recipients in that trial will require full systemic immunosuppression (PECdirect™ (VC-02™, NCT03163511).
Researchers implant stem cell at the differentiation phase of endocrine progenitors
subcutaneously using a macroencaspulation device to protect cells from allogenic immunity and to
reduce the risk of tumour development and given the nature of the graft the protocol do not need
any immunosuppression [4].
Indeed the aim of an encapsulation device is to create a protective physical barrier for the
transplanted β-cells in order to reduce inflammatory response and avoid the need for
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immunosuppression [4, 51]. An ideal device creates a favourable environment which provide rich
blood supply to allows normal insulin secretion to maintain normoglycemia and at the same it
guarantees adequate cell viability through isolations and protection of the transplant from the
immune system and effective nutrient/waste exchange. It should be biocompatible, prevent
sensitization and rejection and do not contain potentially tumorigenic cells. Different substances
are developed to pursue encapsulation such as alginate coated membranes and hydrogel glucosepermeable devices [52-55]. As peritoneal cavity could provide an adequate environment to
implantation of encapsulated islet, a recent trial has been started to assess the effectiveness of
alginate membranes (NCT01379729, UZ Brussels, Belgium). Nevertheless, despite the amelioration
in biotechnologies for islet encapsulation, translation into clinical investigation has been limited by
foreign body inflammatory responses of recipients which is still a limiting factor for its use [4, 51].
5. Conclusions
During the last 30 years IT has become a feasible alternative to whole pancreas transplantation,
which harbours a reduced morbidity and, after the introduction of the Edmonton protocol and
proper immunosuppressive agents, an equal effectiveness to achieve glycemic control in T1D
patients with insulin independence at 5 year of up to 70%. Even in those patients in whom insulin
independence is not keep at long-term, recent studies such as the TRIMECO trial favour IT as an
effective modality of treatment for T1D if compared with insulin therapy alone [3, 4, 12, 13].
Further researches have to be conducted to ameliorate survival of the transplanted β-cell, as well
to find the perfect transplantation site in the human recipient. Xenogenic or stem-cell production
of β-cell will moreover allow to satisfy the shortage of islet which limit the use of IT the therapy of
choice of T1D.
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Abstract
Cardiac allograft vasculopathy (CAV) limits long-term survival after heart transplantation.
CAV with discrete or tubular lesions can be treated with percutaneous coronary intervention
(PCI) with high procedural success. Revascularization with balloon angioplasty, bare-metal
stents, and first-generation drug-eluting stents has been associated with high and
unacceptable restenosis rates. However, second-generation drug-eluting stents are
associated with favorable stent and lesion patency. Stent and lesion patency now closely
resemble the expected rates in their use in non-transplant CAD. A PCI strategy with routine
follow-up surveillance angiography is associated with favorable survival, and should be
considered established therapy especially in patients who are ineligible for retransplantation. Drug-coated balloons may offer an alternative revascularization option and
require a shorter duration of dual anti-platelet therapy. Randomized data is needed to
determine who to treat, when to treat, and with what to treat CAV after heart
transplantation, and the optimal duration of dual anti-platelet therapy.
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1. Perspectives on Heart Transplantation
Orthotopic heart transplantation (OHT) remains the therapy of choice for select patients with
end-stage heart failure. While median graft survival is well beyond a decade, factors such as
malignancy, chronic graft dysfunction, and cardiac allograft vasculopathy (CAV) continue to limit
long-term survival. CAV is also known as transplant coronary artery disease (CAD) and shares little
with native CAD in morphology or pathophysiology. CAV unlike CAD is a diffuse disease involving
not only the epicardial vessels, but also the microvasculature. It is characterized by concentric
intimal hyperplasia with minimal calcification, and while it can have discrete or tubular lesions, it is
often associated with distal arteriopathy, resulting in both proximal and distal segments being
equally affected. There is usually poor or no collateral supply and an absence of compensatory
arterial remodeling. Most importantly the process is primarily immunologically driven and often
rapidly progressive [1-3].
CAV is diagnosed angiographically and described, according to the International Society for
Heart and Lung Transplantation (ISHLT) CAV grading scale (Table 1), after resting vasospasm is
excluded, as mild, moderate or severe based on severity and distribution of stenoses, as well as
presence of allograft dysfunction [3]. Ischemia-reperfusion, immunologic, and infectious insults
promote chronic endothelial cell injury and inflammation leading to a form of coronary vasculitis
with diffuse concentric fibrous intimal thickening [3]. As angiographic diagnosis lags behind
disease, adjunct intravascular ultrasonography (IVUS) can be used to assess for early intimal
thickening. The rapid progression of ≥0.5 mm intimal thickening in the first year after
transplantation is associated with downstream mortality, non-fatal major adverse cardiac events,
and development of angiographic CAV [4]. More recently evidence has emerged for the use of
optical coherence tomography to detect layered fibrotic plaque and bright spots, which are
strongly associated with downstream CAV progression. These intravascular findings may represent
the presence of organized and repeated mural arterial thrombosis and chronic vascular rejection
[5, 6]. Further studies are needed to investigate the use of intravascular imaging in the
identification and tailoring of therapies to patients at highest risk of CAV.
CAV can exhibit morphological subtypes of discrete or tubular lesions (type A), which
angiographic appear similar to non-transplant CAD, diffuse concentric narrowing (type B), with
sharp tapering (type B1) or gradual tapering (type B2), and irregularly narrowed vessels with
occluded branches and distal obliteration (type C) as illustrated in Figure 1 [1]. The latter types of
CAV are associated with worse prognosis [3, 7]. CAV typically has poor or no collateral supply, and
when occluded is equally likely to be occluded in a proximal segment as a distal segment [1]. The
compensatory arterial remodeling seen in non-transplant CAD (Glagov’s phenomenon) is impaired
in CAV by a fibrous infiltration of the media and adventitia [2].
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Table 1 International Society for Heart and Lung Transplantation recommended
nomenclature for cardiac allograft vasculopathy.
ISHLT CAV Grade

Definition

CAV 0 (Not significant)

No detectable angiographic lesion
Angiographic left main (LM) <50%, or primary vessel with
maximum lesion of <70%, or any branch stenosis < 70%
(including diffuse narrowing) without allograft dysfunction
Angiographic LM <50%; a single primary vessel ≥70%, or isolated
branch stenosis ≥70% in branches of 2 systems, without allograft
dysfunction
Angiographic LM ≥50%, or two or more primary vessels ≥70%
stenosis, or isolated branch stenosis ≥70% in all 3 systems; or
ISHLT CAV1 or CAV2 with allograft dysfunction (defined as LVEF
≤45% usually in the presence of regional wall motion
abnormalities) or evidence of significant restrictive physiology
(which is common but not specific; see text for definitions)

CAV 1 (Mild)

CAV 2 (Moderate)

CAV 3

Definitions
a). A “Primary Vessel” denotes the proximal and Middle 33% of the left anterior
descending artery, the left circumflex, the ramus and the dominant or co-dominant right
coronary artery with the posterior descending and posterolateral branches.
b). A “Secondary Branch Vessel” includes the distal 33% of the primary vessels or any
segment within a large septal perforator, diagonals and obtuse marginal branches or any
portion of a non-dominant right coronary artery.
c). Restrictive cardiac allograft physiology is defined as symptomatic heart failure with
echocardiographic E to A velocity ratio >2 (>1.5 in children), shortened isovolumetric
relaxation time (<60 msec), shortened deceleration time (<150 msec), or restrictive
hemodynamic values (Right Atrial Pressure >12mmHg, Pulmonary Capillary Wedge
Pressure >25 mmHg, Cardiac Index <2 l/min/m2)
Adapted from Mehra, et al [3].

Figure 1 Stanford classification of anatomic abnormalities in transplant coronary
vascular disease [1].
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The treatment of CAV is not adequate and therefore centers on primary prevention and
traditional risk factor modification including treatment of diabetes, hypertension and
hyperlipidemia. Statin therapy by their lipid-lowering and pleotropic effects decreases
development of CAV and overall mortality [8]. Treatment of immune factors might also slow the
development of CAV and include management of HLA antibodies, and prevention and treatment
of CMV infections and allograft rejection. The use of certain antiproliferative immunosuppression
drugs such as mycophenolate mofetil and proliferation signal inhibitors (PSI) such as sirolimus and
everolimus have been reported to reduce first-year intimal thickening in de novo heart transplants
[9-11]. In addition, early intensification of immunosuppression known as induction therapy with
anti-thymocyte globulin [12], and maintenance of an increased level of immunosuppression are
associated with reduced first-year intimal thickening [13]. After development of CAV, PSI drugs
have been shown to slow the progression of this disease [14, 15]. The only definitive treatment is
re-transplantation especially in the presence of distal arteriopathy (types B and C morphologies)
for which no revascularization options are available [7].
Type A focal or tubular CAV is amenable to revascularization with percutaneous coronary
intervention (PCI) [1]. While there is no randomized data for the use of PCI for CAV after heart
transplantation, there has been a large clinical experience at multiple centers supporting its
feasibility. Various studies have demonstrated clinical benefit in stent and lesion patency as well as
overall allograft survival [16-20]. As an aside, experience with surgical revascularization for CAV is
poor with perioperative mortality approximating 30% due to the diffuse nature of this disease.
Thus, coronary artery bypass surgery has been largely abandoned for CAV [7].
2. Early Experience with Percutaneous Coronary Intervention: Balloon Angioplasty and Bare
Metal Stents
Early experience with balloon angioplasty demonstrated feasibility of percutaneous
revascularization, with angiographic success approximating 90% in reducing lesion stenosis to
≤50%. However, restenosis occurred in 55% of lesions at 8 months in a multicenter registry.
Patients with distal arteriopathy had significantly lower survival and increased need for repeat
revascularization, and overall survival was only 61% at 19 months [7]. Despite increased
experience with angioplasty, restenosis rates remained high occurring in 53%-72% of lesions at 812 months [21, 22], worse than the expected restenosis rates in the use of angioplasty in native
CAD which approximates 30% at 1-yr. With the advent of bare metal stents (BMS), PCI in CAV saw
reduced restenosis rates [21, 23]. Early experience with BMS resulted in angiographic restenosis of
44% at 4.6 months [23]. with more contemporary cohorts demonstrating 1-yr angiographic
restenosis rates of 22%-49% [18, 19, 21, 22, 24]. Clopidogrel and statin use were found to be
higher in patients without restenosis,[22] an association replicated in a mixed balloon angioplasty
and BMS cohort [25]. Higher doses of immunosuppression were also associated with less
restenosis [21]. However, as compared with clinically-driven target lesion revascularization (TLR) in
native CAD [26], lesion failure remained high in CAV despite the use of BMS. However, it is
important to note that restenosis rates in CAV cohorts may appear higher due to frequent use of
annual surveillance angiography. These annual studies are performed as the donor heart is
denervated and there are no anginal symptoms of CAV post-transplantation. In native CAD,
patients having had PCI undergo angiographic follow-up only when clinically indicated, thus
Page 167/205

OBM Transplantation 2019; 3(2), doi:10.21926/obm.transplant.1902061

restenosis rates can be 3 times lower than those found in transplant patients with PCI who
undergo routine annual surveillance angiography [26].
3. Controversy in Remote Lesion Progression in Patients with in-Stent Restenosis
Despite improved angiographic results, there continues to be controversy on the impact of PCI
on clinical outcomes. In fact, some investigators have concern about harm from PCI. To that point,
one study of 25 patients who received BMS for treatment of CAV found that those who developed
in-stent restenosis had increased late lumen loss in non-stented reference lesions as compared
with patients without in-stent restenosis. This led to the concern that stenting may incite
inflammation of non-stented lesions, and may in fact be detrimental [27].
4. First-Generation Drug-Eluting Stents: Paclitaxel- and Sirolimus-Eluting Stents
Drug-eluting stents (DES) are stents with polymer coated metallic scaffolds, and initial
iterations eluted paclitaxel and sirolimus to prevent intimal growth and reduce restenosis rates. As
a PSI, sirolimus-eluting stents seemed a natural fit for percutaneous revascularization for CAV.
Afterall, systemic PSI attenuates CAV development. Early and contemporary experience with the
use of first-generation DES were indeed generally associated with less in-stent restenosis than
with the use of BMS [19, 28], with recent cohorts demonstrating angiographic 1-yr in-stent
restenosis rates of 12.5-16% [18, 20]. However, restenosis rates still remained higher when
contrasted to the use of first-generation DES in native CAD. In fact, some cohorts have
demonstrated no differences in long-term lesion patency between DES and BMS, suggesting a
catch-up phenomenon [24, 28]. The initial experience with the use of first-generation DES for CAV
has therefore tempered the excitement for percutaneous revascularization for CAV after heart
transplantation.
5. Second-Generation Drug-Eluting Stents
Second generation everolimus or zotarolimus-eluting DES have consistently demonstrated
improved clinical and angiographic outcomes as compared with first generation DES [10, 29]. Our
center’s early experience with the use of everolimus-eluting stents in 21 heart transplant patients
and 34 CAV lesions was associated with binary restenosis and TLR of 5% and 6%, respectively, at
one year, lower rates than previously reported with the use of first-generation DES.[30] Our
updated experience of 48 patients and 113 lesions demonstrate 1 and 3-yr in-stent restenosis
rates approximating 3% and 10%, respectively [17]. comparable to the use of everolimus-eluting
DES in native CAD with 1 and 3-yr target lesion failure rates of 4% and 9% [29]. It is not clear why
first-generation DES did not share the same success as second-generation DES but differences in
eluted drug, polymer, and thickness and material of metallic scaffold may be to blame. With
device iterations in drug, polymer, and stent-design, the gap in stent patency rates between CAV
and native CAD has narrowed significantly. PCI is now not only feasible with high procedural
success, but is also increasingly associated with reliable mid-to-long term angiographic outcomes.
In a cohort with severe CAV with index PCI at 9.4 years after transplantation, a revascularization
strategy utilizing second-generation DES was associated with, remarkably, 1, 3, and 5-yr survival of
93.2±3.3%, 82.4±5.1%, and 68.0±7.4%, which are comparable to the general heart transplant
Page 168/205

OBM Transplantation 2019; 3(2), doi:10.21926/obm.transplant.1902061

population [16]. With advent of “third” generation drug-eluting stents with biodegradable
polymers and novel polymer-free designs, stent and lesion patency may finally be equivalent to
that of their use in native CAD. As a field we have come a long way indeed.
6. Future Directions: Intracoronary Physiology and Intravascular Ultrasound
While IVUS is well studied in the transplanted heart to assess intimal thickening as a predictor
of clinical and angiographic outcomes, its use is not established in guiding PCI for CAV after heart
transplantation. In fact, its utility in native CAD has been under intense debate until recently. Two
large trials randomizing patients to IVUS-guided PCI versus conventional PCI demonstrated IVUS
guidance resulted in 50% reductions in MACE driven by reductions in TLR and stent thrombosis [31,
32]. Our center has found a similar relationship in the use of IVUS in PCI for CAV after heart
transplantation.[33] Further investigations are warranted.
7. Future Directions: Drug-Coated Balloons and Need for Randomized Data
Several questions remain unanswered regarding the optimal modality for revascularization.
Second-generation DES are associated with acceptable rates of lesion patency. Will there be a role
for drug-eluting stents with biodegradable polymers and novel polymer-free designs? Will there
be a role for drug-coated balloons either to replace the use of DES in the treatment of CAV or to
be used to treat intermediate severity lesions which are risk to progress? What is the optimal
duration of dual anti-platelet therapy after development of CAV, and can it be used to stabilize
non-stented lesions? Currently, drug-coated balloons seem to be a natural fit for revascularization
of CAV after heart transplantation due to the diffuse nature of CAV and the frequent involvement
of smaller distal vessels. Until recently, drug-coated balloons have only been found to be
efficacious for treatment of in-stent restenosis, being as good at preventing TLR as compared with
re-stenting with a DES [34], but data is emerging for their use in de novo lesions as well. Sirolimus
drug-coated balloons are also being developed. With ongoing advances in intracoronary
physiology, intravascular imaging, and percutaneous treatment modalities, randomized data is
needed to determine the who to treat, when to treat, and with what to treat CAV after heart
transplantation, and the optimal duration of dual anti-platelet therapy.
8. Summary
While re-transplantation remains the definitive treatment for severe and rapidly progressive
CAV, for patients with focal or tubular lesions, PCI is associated with high procedural success. The
use of second-generation DES is associated with favorable stent and lesion patency and now
closely resemble the expected rates in their use in native CAD. A PCI strategy with routine followup surveillance angiography is associated with favorable survival, and should be considered
established therapy especially in patients who are ineligible for re-transplantation. Drug-coated
balloons may offer an alternative revascularization option and require a shorter duration of dual
anti-platelet therapy.
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Abstract
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1. Introduction
Left ventricular assist devices (LVADs) are utilised in refractory end-stage heart failure. These
devices are used as a bridge to transplant, destination therapy, and occasionally as a bridge to
recovery [1]. Right heart failure (RHF) is a frequent complication with significant mortality and
morbidity [2].
2. Definition of RHF in LVAD Patients
Right ventricular failure (RVF) leads to poor filling of the left ventricle (LV), and thus insufficient
flow to the left ventricular assist device. This subsequently leads to inadequate flow from the
LVAD itself, and the patient will suffer from the sequelae of both right and left heart failure,
culminating in end-organ malperfusion and central venous congestion.
The Interagency Registry for Mechanically Assisted Circulatory Support (INTERMACS) defines
right heart failure as signs and symptoms of persistent right ventricular dysfunction following
LVAD insertion. This is stratified into mild, moderate, and severe according to inotrope therapy
duration (≤7, 8-14, and >14 days, respectively) [3]. However, this definition is limited to patients
left unsupported mechanically post-procedure, and is retrospective in nature. In patients with
severe RVF following LVAD insertion, it may indeed be fatal to leave them without definitive
mechanical support.
Potapov et al developed a criteria for the diagnosis of right heart failure post LVAD insertion in
2009 [4]. RHF is diagnosed by:
- Death
- Inability to wean from cardiopulmonary bypass CPB
OR any 2 of the following (sustained for 15 minutes after complete withdrawal of CPB):
- LV flow rate index ≤ 2.0l/min/m2
- Administration of ≥ 20 inotropic equivalents (IE)
- Mean arterial pressure (MAP) ≤ 55mmHg
- Central venous pressure (CVP) ≥ 16mmHg
- SvO2 ≤ 55%
Right heart failure signs in patients fitted with an LVAD reflect the physiologic sequelae
expected. These include elevated right atrial pressures with a relatively low left atrial pressure,
poor LVAD filling, and low systemic blood pressure. It is important to note that high left atrial
pressures in conjunction with high right atrial pressure and low cardiac index may suggest LVAD
inflow obstruction, which may be due to thrombosis of the inflow cannula, and should not be
confused with RVF. This is often found in conjunction with increased LVAD power output. The
physiological changes of RVF can all be determined by pulmonary artery catheter measurements.
Echocardiographic findings will demonstrate poor right ventricular ejection, whilst also
demonstrating whether the LVAD inflow is obstructed [5].
3. Decision of LVAD vs BiVAD
The indications for ventricular assist devices are not diagnosis-specific, and are rather
determined by the degree of heart failure, responsiveness to medical therapy, and the
intermediate- to long-term plan. Thus, patients are divided into:
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-

bridge to transplant (BTT)
Bridge to decision (upon transplant) (BTD)
Bridge to recovery (BTR)
Destination therapy (DT)
INTERMACS lists profiles of patients receiving mechanical assist devices, from which outcomes
of therapy are evaluated on a regular basis. The INTERMACS classes are listed below:
1) Critical cardiogenic shock
2) Progressive decline on inotrope support
3) Stable but inotrope dependent (in- or out-patient)
4) Resting HF symptoms (home on oral therapy)
5) Exertion intolerant
6) Exertion limited
7) Advanced NYHA class III symptoms
Biventricular assist devices (BiVADs) are utilised where an LVAD alone would be insufficient
therapy due to the significance of the right heart failure. This configuration is simply a permanent
right ventricular assist device (pRVAD) inserted in conjunction with an LVAD. However, this must
be weighed against the significantly higher morbidity and mortality of BiVADs when compared
with LVADs. In fact, Kirklin’s review of the INTERMACS database published in 2008 found that
BiVADs had twice the mortality rate of LVADs [4]. Similarly, in the 7th INTERMACS annual report, it
was found that BiVAD recipients had a 50% survival at 12 months compared with 80% in LVADs [6].
Although this may be a reflection of an overall more unwell pre-operative condition of the patient
rather than the device itself, Cleveland found that BiVAD recipients had a significantly higher rate
of infection, bleeding, and device failure than LVAD recipients [7].
Yet, a planned permanent RVAD has been proven to be of greater benefit than delayed
placement of an RVAD in LVAD recipients. Fitzpatrick et al (2009) found that in a cohort of 99 LVAD
recipients, planned RVADs had a superior survival to delayed RVADs, and a trend towards
improved bridging to transplantation. However, the two groups had no significant pre-operative
differences that would help differentiate them [8]. This reiterates the difficulty in the choice of
LVADs and BiVADs. The single device - LVAD alone - has better survival, less morbidity, and
improved quality of life; yet a failure to implant the more complex device early - a planned BiVAD has significant negative consequences.
4. Pathogenesis of Right Ventricular Failure in Setting of An LVAD
In patients with an LVAD, there are a multitude of haemodynamic and anatomical changes that
occur which have potential to affect the right ventricle. In the pre-operatively impaired right
ventricle, there is potential that these changes cause systemic cardiovascular compromise. These
changes by the LVAD can be grouped into effect on right ventricular preload, afterload, and
anatomical function [5, 9-11].
4.1 Preload
With the insertion of an LVAD in a previously failed heart, there is a sudden increase in the
volume ejected into the systemic circulation. This is followed by an increase in venous return from
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the end-organs to the right atrium, and thus an increase in preload. Hence, the workload upon the
right heart has increased rapidly between pre- and post-LVAD implant phases.
4.2 Afterload
In an otherwise normal pulmonary vascular system, the unloading of the left ventricle should
subsequently unload the pulmonary vasculature. Hence, any pre-existing passive pulmonary
hypertension secondary to left heart failure would be alleviated, and right ventricular afterload
would decrease. However, in a pulmonary vasculature compromised by obstructive disease
(atherosclerosis or emboli) this would have the opposite effect. The increase in preload to the
right ventricle previously described would further elevate pulmonary pressures that are not
unloaded by the LVAD, as the pulmonary hypertension is not secondary to left heart failure.
4.3 Anatomical and Functional Changes
Ventricular interdependence has been described by Santamore et al (1998) as ‘the forces that
are transmitted from one ventricle to the other through the myocardium and pericardium,
independent of neural, humoral, or haemodynamic changes’ [12]. This concept has been studied in
animal and other laboratory experiments, concluding that reduction in left ventricular output led
to 20-40% reduction in RV systolic pressure and output [13-15]. The mechanism behind this is
believed to be related to the orientation of muscle fibres in the right ventricle (non-concentric),
and the assistance the septum provides - essentially as an anchor - against which it contracts.
Interventricular septal deviation to the left occurs with LVAD placement (Figures 1 and 2). This
is due to the volume being unloaded by the device and displaced directly into the ascending aorta
via the conduit. This has been shown in various studies utilising ultrasonic crystals and
echocardiography [5]. Although this shift may lead to better compliance, it also impacts the
contractility of the right ventricle. The unnatural leftward bending of the septum has consequent
pathologic compression of myocardial fibres on the RV side of the septum [16]. Hence, an LVAD
will subsequently have a detrimental effect on right ventricular ejection.
In summary, in patients with an LVAD, unloading of the left ventricle alters the size and shape
of the right ventricle (in particular the interventricular septum) as well as affecting the
haemodynamic flow before and after the RV. Hence, an increase in workload and distortion of
anatomy and functionality of the right ventricle is thought to be a major contributor in unexpected
RV failure with LVAD implantation [5, 9-11]. Certain pre-operative characteristics of right
ventricular dysfunction may provide clues as to which patients cannot compensate for these
changes.
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Figure 1 Trans-esophageal echocardiography showing movement of interventricular
septum to the left with inflow cannula of LVAD in situ [17].

Figure 2 Midpapillary (A) and long axis (B) biventricular imaging demonstrating optimal
shape of RV in the LVAD patient [18].
5. Incidence and Aetiology of RHF in LVAD Population
Although infrequent in all cardiac surgical procedures with an incidence of 0.04-0.1%, acute
refractory right ventricular failure occurs in 20-50% of LVAD insertions [15, 19, 20]. This
complication is becoming increasingly more frequent with more marginal candidates having LVADs
implanted, and the device being utilised more frequently [21].
The aetiology of the RHF is likely a combination of:
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1) The original insult to the left ventricle
2) The acute or chronic increase in afterload contributed by the left heart failing, and
3) The mechanical effects described above, once the LVAD is inserted
6. Outcomes of RHF in LVADs
RHF post-LVAD has a significant post-operative mortality. Dang et al reported a more than 3
fold early mortality (≤30 days) in LVAD patients who were complicated with RHF than those who
were not (19% vs 6.2%; p = 0.037) [2]. Kormos et al (2010) also reported that survival to
transplant was significantly lower in patients suffering RHF post LVAD insertion) [1]. Survival to
transplant, recovery, or ongoing device support at 180 days was 71% in those with RHF, compared
with 89% in those without (p < 0.001) [1]. Similarly, there is a known increase in overall morbidity.
Delayed rehabilitation, increased transfusion requirements, and delayed or failed restoration of
end-organ function have been associated with RVF post-LVAD insertion [22].
7. Predictors of RHF
Independent assessments of right heart function, such as RV ejection fraction, CVP, and TAPSE
are not alone adequate to distinguish right heart failure [22-24]. As preload is reduced with left
heart failure, right ventricular dysfunction can be masked, and is often more obvious once the
LVAD is inserted. The LVAD insertion also significantly impacts upon ventricular interdependence
as described previously, exacerbating an impaired right ventricle.
Several features have been identified as risk factors for right heart failure post-LVAD insertion
including end-organ dysfunction, non-ischaemic cardiomyopathy, and severe TR [23]. More
complex scoring systems have been developed and analysed to predict right ventricular failure
following LVAD implantation. These scoring systems were developed in retrospective cohort
studies utilising logistic regression scoring of blood, echocardiographic, and right heart catheter
results. Some of the more common scoring systems will be discussed below [22, 24-26].
7.1 Matthews’ Score
Published in 2008, Matthews et al used multivariate logistic regression on a sample of 197
patients whom underwent LVAD implantation [22].
RHF was defined as the post-operative need for:
1) Intravenous inotrope therapy > 14 days,
2) Inhaled nitric oxide ≥ 48 hours,
3) Right-sided circulatory support (ECMO or RVAD), or
4) Hospital discharge with an intravenous inotrope
68 patients suffered right heart failure, and the pre-operative findings were analysed to
determine significant risk factors. A vasopressor requirement, elevated ALT, bilirubin and
creatinine were all independent predictors of RHF. Furthermore, a scoring system was formulated
to determine an odds-ratio for RV failure. Below is the scoring allocation as well as the scoring
system (Table 1 and Table 2).
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Table 1 Scoring allocation.
Predictor

p-value

Vasopressor requirement

<0.005

Points
4

Aspartate Aminotransaminase 0.001
(AST) ≥ 80 IU/l

2

Bilirubin ≥ 2.0mg/dl

<0.005

2.5

Creatinine ≥ 2.3mg/dl

<0.005

3

Table 2 RVF risk (Matthews’) score.
Score

OR

95% CI

180 day survival

≤3

0.49

0.37-0.64

90±3%

4-5

2.8

1.4-5.9

80±8%

≥5.5

7.6

3.4-17.1

66±9%

p-value
0.0045

7.2 Fitzpatrick’s Score
Fitzpatrick et al (2008) reviewed 266 patients whom underwent LVAD implantation at the
University of Pennsylvania from 1995-2007 [23]. Multivariate logistic regression identified that the
most significant predictors for RVAD were:
- Low cardiac index (CI)
(≤ 2.2l/min/m2)
- Low RV stroke work index (RVSWI) (≤ 0.25mmHg/l/m2)
- Severe pre-op RV dysfunction
- High Pre-operative creatinine
(≥1.9mg/dl)
- Previous cardiac surgery
- Low systolic blood pressure (SBP) (≤96mmHg)
If a patient fulfilled one of the above criteria, it was assigned a 1; and if they did not meet a
criterion, it was assigned a 0 in the following equation:
18x(CI) + 18x(RVSWI) + 17x(creatinine) + 16x(previous cardiac surgery) + 16x(severe RV
dysfunction) + 13x(SBP)
Thus, the maximum number a patient could acquire was 98 and minimum was 0. A threshold of
50 points was utilised by this study; delineating:
- < 50 predictive of successful LVAD
- ≥ 50 predictive of need for BiVAD
Based upon the above, the sensitivity and specificity of these scores was 83% and 80%,
respectively. 96% of patients that scored < 30 underwent successful LVADs, whilst 89% of patients
scoring ≥ 65 required BiVADs.
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7.3 Atluri’s (CRITT) Score
Atluri et al (2013) developed a scoring system to predict right ventricular failure following
insertion of continuous flow LVADs [25]. They evaluated 218 patients operated on in their centre
between 2003-2011, with the intent of identifying independent risk factors of right heart failure,
and to develop a tool to predict this outcome pre-operatively. They used univariate analysis and
multivariable logistic regression, and identified the following:
A score of 2 or more provided a sensitivity of 84%, specificity of 63%, and negative predictive
value of 93%. That is, a score less than 2 predicted successful isolated LVAD therapy in 93%.
The above scoring systems have some limitations. Cardiac index and RVSWI require invasive
tests such as a right heart catheter - not readily performed in the acutely unwell patient.
Furthermore, a patient on ECMO may not project accurate right ventricular and tricuspid function
on echocardiography (Table 3).
Table 3 Atluri’s (CRITT) score.
Predictor (pre-op)

OR

95% CI

p-value

CVP > 15mmHg

2.0

0.9-4.2

0.089

Severe RV dysfunction 3.7

1.7-8.1

0.001

Pre-operative
Intubation

4.3

1.9-9.6

<0.001

Severe tricuspid
regurgitation (TR)

4.1

1.4-12.4

0.011

Tachycardia
(>100bpm)

2.0

0.9-4.3

0.086

These scoring systems have been shown in their publications to be highly sensitive, yet not all
are particularly specific and thus it can be difficult to justify the expense, morbidity and mortality
associated with a second VAD. None of them have been validated in prospective studies. Finally,
these scoring systems do not determine which patients will be sufficiently managed with a
temporary device compared with permanent support. The sensitivies and specificities of each
scoring system are outlined in Table 4.
Table 4 Comparison of scoring systems.
SCORING SYSTEM

SENSITIVITY

SPECIFICITY

Matthews, 2008 [22]

35%

-

Fitzpatrick, 2008 [24]

83%

80%

Atluri, 2013 [26]

84%

63%
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8. Management
8.1 Prevention
The management of RHF following LVAD insertion can begin pre-operatively, with the intent of
prevention. Pre-operative management is aimed at reducing large volume shifts, particularly with
the use of blood products which may cause volume strain. Monitoring of right ventricular function
pre-operatively is suggested in those who are deemed high risk [18]. A pulmonary artery catheter
can provide accurate assessment of RV function and pulmonary vascular resistance (PVR) and
allow titration of inotropes and pulmonary vascular dilators. Dobutamine and milrinone are agents
commonly used for right heart optimization. These inodilator agents are often used in conjunction
with other pulmonary vascular dilators such as iloprost and inhaled nitric oxide (NO).
Norepinephrine is also a useful adjunct to maintain perfusion pressure to the right coronary artery,
as well as end organs. Aggressive diuresis assists in lowering central venous pressure, reducing
end organ venous hypertension, reducing right ventricular strain and normalizing right ventricular
geometry.
A large double blinded, randomised control trial encompassing centres in Germany and the US
investigated whether inhaled nitric oxide (NO) was of benefit in the LVAD population [4].
Unfortunately, it did not prevent RV failure post-operatively, despite decreasing mean pulmonary
artery pressures (mPAP) and increasing LVAD flows. Several small studies have evaluated the use
of milrinone, inhaled nitric oxide, and phosphodiesterase inhibitors in optimizing right heart
function [27, 28]. Although these studies demonstrate reduction in pulmonary artery pressures
and improved RV echocardiography findings, they are small sample sizes and do not exclusively
evaluate use of these agents in the pre-operative period.
8.2 Peri-Operative Management
Good peri-operative technique with the intent of reducing unnecessary blood loss, reducing
CPB time, and good myocardial protection are all vital in protecting against post-operative RVF.
Maintaining perfusion pressure peri-operatively, avoiding air embolism down the right coronary
artery, and not expecting the right heart to deliver high flows immediately are useful protective
strategies. Several publications have reported the outcome of concomitant tricuspid valve surgery
(TVS) for severe TR at the time of LVAD implantation. Tricuspid regurgitation (TR) is often
secondary to RV and TV annular dilatation in LVAD recipients, reflective of the chronicity of their
heart failure. Furthermore, the geometric changes to the septum by the LVAD are thought to
contribute to worsened TR [29]. Significant TR has been found to be associated with right heart
failure following LVAD implantation [30]. Hence, the reasoning for TV repair or replacement to
prevent post-LVAD RVF has been reported in several publications. A systematic review and metaanalysis on concomitant TVS by Dunlay et al was published in 2015 [31]. They reviewed 6 papers
comparing the outcomes of LVAD+TVS versus LVAD alone. No paper found any difference in
mortality. Additionally, pooled analysis found no difference in need for RVAD, whether
concomitant TVS was performed or not. A subset analysis evaluated the 3 publications which
selected patients with moderate and severe TR only, and no difference in need for RVAD postoperatively was re-affirmed. Although a link exists between significant TR and post-operative RVF
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in LVAD recipients, tricuspid valve surgery may not be enough to prevent the need for mechanical
right-sided support.
8.3 Post-Operative Management
Inotrope therapy is most commonly used for post-LVAD RHF, and success of this will be
determined by end-organ function and LVAD flows. If these are compromised, and
echocardiographic findings confirm RV failure with the aforementioned consequences, mechanical
therapy needs to be instituted. Chemical therapies proven to be of benefit in RHF include:
- Inhaled Nitric Oxide (see above)
- Dobutamine - increases cardiac index and stroke volume, whilst maintaining preload
- Dopamine - of benefit in hypotensive patients
- Milrinone - agent of choice if tachyarrhythmic patient
Phosphodiesterase inhibitors including milrinone and iloprost have been shown to improve
right heart function in the peri-operative period. Hamdan et al reported on the use of sildenafil in
8 of 16 patients with RVF and pulmonary hypertension receiving LVADs. Patients also received
nitric oxide. This small population was shown to have significantly improved PVR, pulmonary
artery pressure, trans-pulmonary gradient (TPG), cardiac index, and other measurements of right
heart function [28].
Once again, the use of multi-modal therapy with careful monitoring is likely to be most
beneficial.
Pulmonary artery balloon pumps have been utilised for short periods of time, although with
limited success [4]. The main mechanical options are a temporary right ventricular assist device
(tRVAD) and permanent RVAD. It is important to note that there is no specific mechanical right
ventricular device - all permanent RVADs utilised are off-label use of devices designed as LVADs.
8.4 Temporary RVAD (tRVAD)
Various tRVADs exist on the market currently, or are used as such.
8.4.1 CENTRIMAG™
LoForte et al describes the use of a CentriMag™ device as a temporary right ventricular device
[29], whilst Aissaoui reports on both Thoratec PVAD and CentriMag™ at different times for
temporary right ventricular support [32]. The CentriMag™ is a magnetically levitated radial pump,
and is utilised as a temporary device for either left or right ventricular support. It has been
approved for use up to 30 days in either position. In its form as a tRVAD, the inflow cannula lies in
the right atrium, whilst the outflow cannula is in the main pulmonary artery [33].
8.4.2 IMPELLA™
The Impella RP™ device has recently been described for use as a temporary RVAD by Anderson
et al (2015) in the prospective RECOVER RIGHT study [31]. The Impella RP™ is a 22Fr catheterbased percutaneous micro-axial pump mounted on an 11Fr catheter. The catheter is advanced via
the femoral vein into the pulmonary artery, with the pump traversing the tricuspid and pulmonary
valves. The pump’s inflow is positioned in the IVC and the outflow in the PA, able to expel blood
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up to 4l/min. Its intended use is up to 14 days. In the 2015 non-randomised trial, 30 patients were
recruited and divided into 2 cohorts: patients suffering RHF post LVAD insertion (n = 18; cohort A)
and patients who had RHF post-cardiotomy or post myocardial infarction (n = 12, cohort B).
Anderson reported a 70% survival to discharge of both cohorts combined, and although not
statistically significant, a higher survival to discharge in cohort A (77.8% vs 53.8% in cohort B). In
2018, Anderson reported on sixty patients in a prospective study dividing patients into the same
two cohorts as the 2015 study [34]. Cohort A (RVF post-LVAD) had 31 patients, and Cohort B (postcardiotomy RVF and post myocardial infarction RVF) had 29 patients. Once again, survival to
discharge or at 30 days (whichever was longer) was 77.4% in Cohort A, and 73.3% overall. In short,
the Impella RP is a novel method for right heart support and appears to be a useful support
strategy for LVAD patients with post implant RHF.
8.4.3 TANDEMHEART™
The TandemHeart is a ventricular assist device that has been proposed for use in left heart
failure. However its use has been proposed by Schmack et al (2016) as a right ventricular assist
device in conjunction with an LVAD [35]. They proposed that the cannula is placed via the right
internal jugular vein via a Seldinger technique over a previously inserted Swann-Ganz catheter.
The outer cannula (29Fr) is positioned in the RA (under TOE guidance) and the inner cannula (16Fr)
in the pulmonary trunk. There are no clinical reports of this device’s use as a temporary RVAD as
yet.
8.4.4 CENTRIFUGAL PUMP AS AN RVAD
An alternative temporary support consists of a modified ECMO circuit, with the oxygenator
removed. Temporary RVAD support is provided by a Biomedicus centrifugal pump (Figure 3). A 21
French inflow cannula is inserted via the femoral vein, with the tip of the cannula in the proximal
IVC or right atrium. The return cannula is via an 8mm Dacron graft sewn end-to-side to the main
pulmonary artery. This is tunnelled from the thorax to exit the anterior abdominal wall [36].

Figure 3 Centrifugal pump as an RVAD Saxena, 2015 [37]
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Weaning of the tRVAD is performed in the intensive care unit, where LVAD flows and
haemodynamic and echocardiographic parameters were monitored. A patient is deemed suitable
for decannulation if weaning studies are successful, then placed back on full flow until
decannulation. Decannulation can be performed in either the ICU or operating room depending on
whether return to the operating room is necessary for other reasons, such as evacuation of
mediastinal clot. The access femoral cannula is removed and manual pressure applied. The return
line is decommissioned by removing the 21Fr cannula, withdrawing the Dacron graft sufficiently to
expose a sterile portion, clamping, dividing and oversewing the graft and letting it retract back into
the chest [36, 37] (Figure 4).

Figure 4 Centrifugal pump as an RVAD. Saxena, 2015 [37].
8.5 Permanent RVAD
An alternative to temporary RV support with an LVAD, is the insertion of a permanent RVAD. In
this case, a patient would be discharged with a BiVAD (two permanent devices) as opposed to an
LVAD, alone. As mentioned previously, early permanent RVAD insertion has been shown to have
lesser mortality, morbidity, and successful bridging to transplant than if implanted secondarily - i.e.
following failure of temporary support.
9. Comparisons of Temporary and Permanent RVADs
Clear guidelines as to the institution of tRVAD or pRVAD at the time of LVAD insertion are
lacking, and thus the decision making is inconsistent across centres and surgeons. Temporary
RVAD is preferred as a single device on discharge has lesser morbidity and mortality [4], whilst the
cost of biventricular permanent devices is significant. Yet readmissions for heart failure and
complication rates suggest that this cost-saving decision may be flawed. Similarly, a tRVAD may
not in fact have a lower mortality and morbidity compared with a pRVAD [35, 38], and a planned
insertion of a pRVAD has superior survival and reduced morbidity than an unplanned insertion [8].
Loforte et al reported in 2013 on 77 patients whom received an LVAD in combination with a
right ventricular device [35]. They divided their groups as follows:
- A1:
temporary RVAD implemented primarily (ie concurrently with the LVAD)
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-

A2:
temporary RVAD implemented secondarily (Delayed up to 48 hours post LVAD
insertion)
- B:
BIVAD or total artificial heart (TAH)
The patients were all deemed to have a high risk of RV failure post LVAD insertion according to
3 different scoring systems: the Matthews’, Fitzpatrick’s, and Berlin scores. Furthermore, there
was no significant difference in the scores between those whom received temporary or
permanent RV devices. The only significant difference between group A and B was the presence of
an IABP (76% vs 55%, respectively; p = 0.05), whilst all other demographic and pre-operative data
were similar.
Interestingly, the stratification of patients for BiVAD or tempRVAD/LVAD was determined by
the patients. All 46 patients in group A were worked up and planned for BiVADs, but were given
the option of temporary RVAD support when they refused. Hence, patient preference
distinguished which device was utilised.
Loforte found that survival to discharge was the same across the two major groups (56.5% vs
54.8%; p = 0.56). Similarly, 90 day and 6 month survival were no different. In fact, the most distinct
findings in the study were between planned and unplanned temporary RV support (group A1 vs
A2). Survival to discharge was better in the planned group (A1 57.1%, A2 45.4%; p = 0.04). A
higher number of patients died whilst on support when tRVADs were delayed (A1 20%, A2 45.4%;
p = 0.04), and were less likely to be weaned from their RV support device (A1 71.4%, A2 45.4%; p =
0.02).
Aissaoui et al performed a retrospective study on 173 patients from 2000-2011 whom received
LVADs with a right ventricular device [39]. Amongst this group, 84 received BIVADs and 87 had
LVAD with therapy for RV failure. Of these, 57 had LVAD combined with tRVAD, and 32 had LVAD
with medical therapy for RHF. RV failure was defined as the need for a temporary RVAD, or
inotropic therapy for more than 14 days post-LVAD insertion. The only differences across the
groups were that BiVAD patients were younger than those who received medical therapy or
temporary RVADs (50 vs 54yo; p = 0.011), as well as having a higher pre-operative CVP (15.8 vs
11.1mmHg; p = 0.005).
Mortality was seen to be significantly higher in the BiVAD group within 48 hours of surgery (8%
vs 0%; p = 0.005). However, as with Loforte’s findings, 6 month survival was no different between
the BiVAD and non-BiVAD groups (52% vs 43%; p = 0.71). Importantly, survival to discharge was
not reported.
Other differences were readmission for device related infections (26% BiVAD; 15% LVAD with
RVF) and overall neurological complications (BiVAD 37%, LVAD with RVF 20%; p = 0.002).
Finally, readmissions for heart failure were significantly lower in the BiVAD group compared to
the LVAD with RVF group (1% vs 11%; p = 0.02). Yet it is important to make note of how these
groups were analysed. In this study, the grouping of LVAD with RVF was:
- LVAD + tempRVAD, or
- LVAD + medical therapy only
Unfortunately, there was no direct comparison of temporary and permanent RVADs in this case,
with medical therapy grouped along with the temporary devices when comparing outcomes.
The current literature does not outline which patients would benefit from temporary over
permanent RV mechanical support, and how to differentiate them. This is an area of ongoing
research, and clear guidelines are lacking.
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10. Right Heart Failure and Cardiac Transplantation
Right heart failure has been recognised as an independent risk factor of poor outcome pre- and
post- heart transplantation.
The presence of an RVAD in conjunction with an LVAD has been found to be a risk factor for
reduced survival to transplantation. Ochiai et al reported in 2002 on 245 LVAD-recipients [23]. 9%
of the cohort necessitated a permanent RVAD, although no comment was made upon RVF postLVAD insertion that did not require a permanent RVAD. Nevertheless, survival to transplant was
significantly less in patients who had a RVAD (17% vs 74%, p < 0.001).
Baumwol reported in 2011 on 40 LVAD recipients and their survival to transplant [40]. They
noted that survival to transplant was significantly impacted by LVAD recipients complicated by
post-operative right heart failure 54.5% vs 90.9% (p = 0.027). Of the 13 patients who had postLVAD RVF, only 3 received mechanical support in the form of a temporary RVAD. No comment was
made on whether patients had a permanent RVAD inserted thereafter.
Ravis et al retrospectively analysed 221 patients in their centre on the waiting list for heart
transplantation [41]. Initially categorised HE1 (highly-emergent category 1) - patients transpanted
within 8 days of listing) patients were excluded in order to identify patients on a waiting list. This
study reported that 47 candidates died whilst still on the waiting list (21.3%). Multivariate analysis
determined that the only independent risk factors associated with waiting-list mortality was an
LVEF<30% (HR 3.76, 95%CI 1.38-10.24; p = 0.01) and severe right ventricular failure (HR 2.89,
95%CI 1.41-5.92; p = 0.004). Once again, severe RVF (pre-operatively) was identified as an
independent risk factor for post-transplant mortality on multivariate analysis (HR 5.38, 95%CI
1.38-10.24; p = 0.02). Importantly, only 19 patients had an LVAD pre-transplant (8.6%).
The literature clearly demonstrates that the need for a permanent RVAD and/or the presence
of RV failure significantly impairs survival to transplant and even post-transplant outcomes. More
data needs to be gathered to identify whether permanent or a temporary device will impact
survival differently.
11. Summary
Right ventricular failure is a common complication, to some degree, following LVAD insertion
and is a major cause of morbidity and mortality. It has also been found to reduce survival to
transplant. The pathophysiology is complex, and, as such, the indication for a concomitant RVAD is
not always clear. Several scoring systems exist that aim to predict RVF in hope of preventing the
poor outcomes of a late RVAD insertion. These have yet to be validated in prospective cohort
studies. Furthermore, they often require comprehensive assessment utilising right heart
catheterisation and echocardiography – not always possible or accurate in the acutely unwell
patient on ECMO. The role of temporary RVADs has been utilised more frequently in its various
forms in more recent times. Its use has been driven by the desire to reduce morbidity and improve
survival to transplant by avoiding biventricular devices. Although survival in the short-term has
been comparable between permanent or temporary RVADs (amongst LVAD-recipients), overall
morbidity and survival to transplant has not yet been shown to be advantageous. Further research
needs to be performed to assist in guidelines to clarify guidelines for temporary versus permanent
mechanical support in the LVAD-recipient.
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Abstract
Total pancreatectomy (TP) is performed for not only malignant pancreatic diseases but also
benign disease such as chronic pancreatitis or pancreatic injury. However, because this
surgery involves removal of the whole pancreas, both exocrine and endocrine pancreatic
functions are abolished, significantly impairing the nutritional statuses of patients as well as
having other detrimental outcomes. Thus, especially in benign cases additional treatment to
recover endocrine function is recommended, as permanent endocrine dysfunction
significantly decreases quality of life. Historically, islet and pancreas allotransplantations
have been performed to recover endocrine function in severely diabetic patients. In TP
patients, islet autotransplantation (IATx) can be performed in patients with benign
pancreatic disease with absent endocrine function after removal of the pancreas.
Autotransplantation rescues pancreatic function and prevents the onset of secondary
diabetes mellitus. In this review article, we describe the current status of TP with IATx and
include one of our own cases.

© 2019 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
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provided the original work is correctly cited.
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1. Introduction
Total pancreatectomy (TP) is a surgical treatment for malignant pancreatic diseases such as
pancreatic cancer and intraductal papillary mucinous neoplasm. In the 20th century, TP was once
considered as a “lethal surgery” because it caused unexpected deaths from excessive surgical
stress. However, today, TP is considered an effective and safe surgery with low mortality rates
(less than 2 %), and is commonly selected as a therapeutic option for the malignant pancreatic
diseases [1].
TP can also be performed for benign pancreatic disease like chronic pancreatitis (CP) or
pancreatic injury, usually as a last therapeutic resort [2]. However, surgery can abolish pancreatic
exo- and endocrine functions, significantly impairing the nutritional condition of the patients
postoperatively. In particular, diabetes mellitus (DM) can result from TP, and is classified as type
3c DM (pancreatogenic diabetes). The type 3c DM is characterized by endocrine instability due to
the absence of both insulin and glucagon, which works to the decrease and increase blood glucose,
respectively [3]. In patients who develop this, controlling blood glucose can be quite difficult
despite treatment with insulin. Moreover, endocrine dysfunction can cause non-alcoholic fatty
liver disease and non- alcoholic steatohepatitis [4]. In contrast, exocrine dysfunction resulting
from TP leads to the malnutrition and body weight loss from steatorrhea, diarrhea, and vitamin
deficiency [5]. Impairment of quality of life (QOL) owing to the permanent abolishment of exoand endocrine pancreatic functions can be significant in TP patients; because benign diseases do
not generally influence poor prognosis, these patients have to suffer from decreased QOL
throughout their lives. Fortunately, exocrine function can be recovered by the use of pancrelipase;
however, additional treatments for the recovery of the endocrine function are needed.
In this paper, we review the procedure of islet autotransplantation (IATx), characterized by
transplantation of islets acquired from the resected self-pancreas. IATx is a representative
treatment for rescuing endocrine function, and enables stabilization of blood glucose in patients
who receive TP. In this review article, we examine the current status of the TP with IATx.
2. Pancreas and Islet Transplantations
Before commentary of IATx, we must first understand pancreas and islet transplantations (PTx
and ITx). In general, “transplantation” means “allotransplantation.” Allotransplantation is different
from autotransplantation in various aspects, including indications and methodology (summarized
later).
Both PTx and ITx aim to improve or cure the unstable control of the blood glucose in severe DM
patients, especially in type 1 DM [6]. The first PTx was performed on a 28-year-old woman at the
University of Minnesota in 1966 [7]. PTx was considered as an experimental treatment until the
1980s, and institutions performing PTx were limited in the United States and Europe during this
period [8]. A turning points for PTx came with the introduction of novel immunosuppressants,
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including tacrolimus and mycophenolate mofetil, and development of cold preservation of organs
using University of Wisconsin (UW) solution during the 1980s to 1990s. These innovations,
combined with the evolution of surgical technique, improved the therapeutic outcomes of PTx,
and the number of transplants gradually increased [9]. According to a recent report of the United
Network for Organ Sharing (UNOS) and the International Pancreas Transplant Registry (IPTR), over
48,000 PTxs were performed worldwide [10]. PTx is classified into three categories based on its
combination with kidney transplantation: 1) simultaneous pancreas-kidney transplant (SPK), 2)
pancreas after kidney transplant (PAK), and 3) pancreatic transplant alone (PTA). Among them,
SPK is the most frequently performed procedure (74 %), followed by PAK (17 %) and PTA (9 %).
The graft function is the best in SPK, for which graft survival is superior to that in PAK and PAT
(89.1 % vs. 84.4 % in PAK, 82.7 % in PAT at 1 year after transplantation). Moreover, there has been
recent improvement in graft survival in SPK (82.2 % in 2010-2014 vs. 79.4 % in 2005-2009, p = 0.01;
at 3 years after transplantation) and PAK (75.4 % vs. 67.3 %, p = 0.002) [10]. Today, PTx, especially
SPK, is considered a preferable surgery for curing T1DM with an increased likelihood of long graft
survival.
The procedure can be summarized in three parts as: removal of donor pancreas, bench surgery
and transplantation. The removal of the pancreatic graft is performed by simultaneous
hepatopancreatectomy, simultaneous removal of pancreas and kidney after hepatectomy, or
sequential removal of liver, pancreas and kidney. In case of hepatopancreatectomy after removal
of small intestine graft, the pancreatic graft is removed by transection of hepatic artery at
gastroduodenal and common hepatic arteries for hepatectomy, transections of the greater
omentum and short gastric arteries at the border of gastric wall, transection of gastric antrum,
isolation of the pancreas and spleen from retroperitoneum, and resection of the aorta. The
separation of the liver and pancreas is done on back table. Case of simultaneous removal of
pancreas and kidney after hepatectomy are performed by the same method of simultaneous
hepatopancreatectomy, except for transection of the common bile duct. Finally, en bloc pancreatic
graft is performed with the duodenum, spleen, vascular stumps of superior mesenteric and splenic
arteries, and portal vein removed. The pancreatic graft is moved to the back table, and next,
reduction of the duodenum, reconstruction of the Y graft (connection between iliac artery from
the donor and the superior mesenteric and splenic arteries), and mobilization of the portal vein
are performed. The arterial reconstruction consists of anastomoses between the external iliac
artery and the superior mesenteric artery, and between the internal iliac artery and the splenic
artery, respectively. The portal vein is extended using the common iliac vein in many cases, and
bifurcation of the internal and external iliac veins is used for reconstructions of splenic vein and
superior mesenteric vein in case in which the portal vein is cut at the bifurcation of splenic and
superior mesenteric veins. In case of SPK, pancreas is intraperitoneally transplanted at the right
iliac fossa, and kidney is extraperitoneally transplanted at the left iliac fossa. The drainage route of
the pancreatic juice is selected from the bladder and enteric routes; the former is characterized by
side-to-side duodenovesical anastomosis, and the latter is characterized by side-to-side
duodenojejunal anastomosis. While the bladder route was often used previously, the enteric route
is usually chosen in many institutions [8, 11].
ITx is a cellular replacement therapy characterized by an infusion of isolated islets from a donor
pancreas via portal vein into liver in clinical settings. Clinical ITx was first used at the University of
Minnesota in 1974 [12], and the first report of a patient who received ITx and achieved
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normoglycemia without insulin usage was in 1989 [13]. However, the therapeutic effects of ITX
were not satisfactory in the 1990s. According to the newsletter of International Islet Transplant
Registry (ITR) in 2001, the rates of graft survival (C-peptide ≥ 0.5 ng/mL) and insulin independence
rates at 1 year after transplantation was 41 % and 14 %, respectively (http://www.med.unigiessen.de/itr/newsletter/no_9/news_9.pdf). In 2000, a group at the University of Alberta in
Canada found that all seven patients with type 1 DM who received ITx achieved insulin
independence, and three of the seven patients stayed this way for over a year. They modified the
methodology of ITx by enhancing immunosuppression by induction of novel immunosuppressants,
including sirolimus (mTOR inhibitor), daclizumab (anti-CD25 antibody) and tacrolimus (a
calcineurin inhibitor), and by acquiring sufficient islet volume for normoglycemia with multiple
transplantations [14]. Their methodology was named the “Edmonton Protocol”. In 2005, the
Alberta group reported their long-term outcomes of ITx, and showed that rates of graft survival
and insulin independence at 1 year after transplantation were approximately 90 % and 60 %,
respectively. In contrast, the insulin independent rate at 5 years after transplantation decreased
significantly to 7.5 % [15].
After this report, many institutions worldwide have attempted to improve the long-term
outcome of ITx. For example, the Minnesota group assessed the outcomes of eight patients who
received ITx from single donor using modified Edmonton Protocol with induction therapies of
daclizumab to antithymocyte globulin (ATG) and TNFα inhibitor etanercept; the patients achieved
insulin independence in all cases [16]. According to the tenth annual report of the Collaborative
Islet Transplant Registry (CITR) in 2015, rates of insulin independence, graft survival (C-peptide ≥
0.3 mg/mL), achievement of normoglycemia (fasting blood glucose levels 60 – 140 mg/dL) and
hemoglobin A1c (HbA1c) ≤ 7.0 % at 5 years after transplantation in patients receiving islet
transplant alone (without kidney transplantation) are approximately 40 %, 70 %, 80 %, and 70 %,
respectively. For these data, T-cell depletion medications, such as ATG, TNFα inhibitors for
induction immunosuppression, mTOR inhibitors and calcineurin inhibitors for maintenance
immunosuppression were used and resulted in more than 325,000 islet equivalents (IEQs; 150 µmsized islet = 1 IEQ) of transplanted islets and more than 35 years recipient age
(https://citregistry.org/system/files/10AR_Scientific_Summary.pdf). Moreover, phase 3 trials of
human islet transplantation in type 1 DM patients, which were performed in North America from
2008 to 2014, were complicated by severe hypoglycemia (CIT-07). This trial revealed that 87.5 % of
cases at 1 year and 71 % at 2 years after ITx achieved HbA1c <7.0% and avoided severe
hypoglycemic events [17]. ITx disadvantages include the impossibility of acquiring 100 % pure
islets from the donor pancreas and difficulty of engraftment from tissue hypoxia, initial
inflammation, or rejection. ITx advantages include minimum surgical stress and faster recovery
after transplantation and retransplantation for achieving normoglycemia [18]. The transplant
efficacy of ITx is considered to be inferior to that of PTx, however, recent outcomes of ITx
improved dramatically, become closer to that of PTx.
The first step of ITx is pancreas procurement for islet isolation. When the donor pancreas is
removed, the duodenum and spleen are removed from the pancreas on back table. Next, a
catheter is inserted into the major pancreatic duct to infuse a preservation solution, such as UW
solution or modified Kyoto (MK) solution, for protection of the duct [19]. The pancreas is then
packed into the preservation container with oxygenated perflurocarbon (PFC) and UW solution [20,
21]. The pancreas is then transferred to the specified institution for islet isolation. The process of
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islet isolation has three steps: perfusion, digestion, and purification. The pancreas is placed into a
safety cabinet, decontaminated using iodine and antibiotics solutions, and then, injected with
collagenase solution via the major pancreatic duct [22]. For collagenase, a blend of liberase
mammalian tissue-free collagenase (liberase MTF) and thermolysin, a neutral protease (NP)
(liberase MTF C/T), or collagenase NB1, supplemented with NP (collagenase NB1/NP) is mainly
used [23]. Collagenase is continuously injected at lower pressure (60-80 mmHg) for the first 5
minutes, followed by high pressure (160-180 mmHg) until the pancreas is fully distended [24].The
distended pancreas is cut into 7-10 pieces, and loaded into the Ricordi’s digestion chamber in a
circulation tubing system warmed to 37 °C. After loading the collagenase solution into the system,
the pancreas is digested by collagenase circulation with gentle shaking of the Ricordi’s chamber.
The digested tissue is sampled and checked under a microscope, and when 50 % of the free islets
are found in the samples, the digestion is stopped. Then, digested tissue is collected, washed by
centrifuge, and suspended into a single conical tube [25]. Purification of islets from the digested
tissue is performed by COBE2991, a cell processor using a continuous density gradient using Ficoll®
solution, etc. [26].
The process of ITx is performed under X-ray and ultrasonography examinations. First, a catheter
is inserted into portal vein using ultrasonography via percutaneous transhepatic route under local
anaesthesia. After confirming the position of the catheter by portography, the islets-suspended
bag with heparin is connected to the catheter, and islets are dropped with monitoring portal
pressure. After completion of the islet infusion, the entry tract is plugged with a haemostatic
sealant, and the catheter is removed [27].
3. Islet Autotransplantation for Total Pancreatectomy
In general, surgical treatments for CP are performed on patients with refractory pain despite of
abstinences from alcohol, smoking, analgesics, and endoscopic treatment [28]. The surgical
treatments are classified into two categories: 1) drainage, including Partington and Frey
procedures, and 2) resection, including pancretoduodenectomy (PD) and distal pancreatectomy
(DP). The appropriate surgery is selected depending on the status of the patients and the severity
of the lesion [2]. The Frey procedure, a lateral pancreatojejunostomy with coring-out of the
pancreatic head region, has been mainly performed in Japan. The useful therapeutic effects of the
Frey procedure have been shown by various studies. For example, Negi and colleagues showed
that 75% of patients who received the Frey procedure acquired partial and complete pain relief,
and only 7% developed DM after surgery. The median follow-up was 6.4 years [29]. The Gestic
group showed useful effects of the Frey procedure in pain relief (91% of patients experienced
complete resolution of pain after a median postoperative span of 77 months) [30]. Our previous
study also showed similar results; 92.9% and 77.0% of patients who received the Frey procedure
experienced improvement in pain at 1 and 3 years after surgery, respectively. The rate of newonset DM and worsening DM was 10% 3 years after the surgery [31]. According to recent
guidelines for treating CP in Japan, TP should be considered in patients with inflammatory changes
in the entire pancreas, have uncontrollable pain despite use of narcotics, and can adhere to
certain lifestyle changes including abstinence from alcohol, smoking, or other drugs
(https://doi.org/10.2169/naika.105.2001). Based on these findings, TP with IATx can be a
therapeutic option for CP, but it is considered a therapy of last resort in Japan.
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In contrast, there are some institutions that aggressively promote TP with IATx, mainly in the
United States. Since the first IATx was performed at the University of Minnesota in the 1970s,
approximately 800 patients, most of them with CP, received IATx [32, 33]
(https://citregistry.org/system/files/1st_AR_Auto.pdf). IATx is a therapy considered for the
recovery of endocrine function in patients receiving TP. According to the report of 400 TP patients
with IATx at the University of Minnesota, 85 % and 77 % of patients at 1 year and 2 years,
respectively, experienced pain relief, and half of the patients did not require the use of analgesics.
For endocrine function, 28 % did not require insulin treatment, and 49 % were able to successfully
manage blood glucose using insulin 1 year after the surgery. These ratios were maintained at 3
years after surgery (30 % and 33 %, respectively). Indeed, 77 % and 63 % of patients at 1 year and
3 years, respectively, had experienced endocrine functions after IATx [32]. The Minnesota group
later accumulated over 500 cases and therapeutic outcomes, and revealed that the rates of pain
relief and engraftment of autologous islets were 92.6 % and 87.5 % at 1 year after TP with IATx
[34]. Moreover, a systematic review using five clinical studies about IATx for treatment of CP
indicated that reduction in narcotics necessity was achieved by IATx in two studies. In addition,
46%-64% of patients at 5 years and 28 % at 10 years after the treatment did not require the use of
narcotics [35].
Though rejection due to acquired immunity is not induced by IATx, many of the islet grafts fail
to engraft because of tissue hypoxia and innate immune response early after transplantation. Thus,
it is difficult to recover endocrine function completely, despite undergoing IATx. Acquiring as many
islets from the resected whole pancreas as possible is important for fully the therapeutic effect of
IATx. According to a study of previously mentioned Minnesota group, the transplantation of more
than 5,000 IEQs/ kg body weight increased the percentage of insulin-free to 72 % at 3 years after
TP with IATx, while only 12 % of the patients who received transplantation of fewer than 2,500
IEQs / kg body weight was free from insulin [32].
The complications of TP with IATx can be categorized by procedure. IATx-related complications
include portal vein embolization and portal hypertension, and both result from an infusion of islets
into the portal vein. The occurrence rate of portal vein embolization is approximately 5 %, and
fortunately, this complication is generally curable by anticoagulant therapy [36-39]. However,
there are a few cases of patients who need surgical embolectomy [37]. In contrast, portal
hypertension is seen more frequently in IATx patients rather than allogeneic ITx, because the
tissue volume tends to be increased in IATx [40]; traditionally, the purification of islets has been
performed for IATx [41]. Matsumoto and colleagues indicated that there was a positive correlation
between the tissue volume and portal pressure; therefore, they recommended that purification
should be performed even in cases of IATx, when tissue volumes after digestion were >15 mL [42].
In contrast, the Minnesota group recommended a reduction of tissue volume to <0.25 mL*body
weight (kg) to prevent portal venous thrombosis [38]. The main complication of IATx is bleeding,
which is induced by portal hypertension or heparinization [32]. The major complication related to
TP is known to be delayed gastric empty (DGE). According to a study at the Johns Hopkins Hospital,
DGE was seen in 35% of patients who underwent TP with IATx [43]. Postoperative cholangitis is
also a known complication of TP and can impair the transplanted islets via oxidative stress [44].
The other indications for TP with IATx are pancreatic injury [45] and pancreatic arteriovenous
malformation (AVM) [46], a rare disease. Patients with AVM, who experience repeated bleeding
and episodes of pancreatitis, might require TP with IATx [46]. TP with IATx is mainly performed to
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relieve the uncontrollable pain from CP. However, many CP patients in Japan are alcoholics, and
do not need narcotics. Drainage or resection of the lesion causing pain is performed in patients
requiring intervention. Therefore, TP with IATx may not be necessary for many Japanese CP
patients. In contrast, there are over 200 patients with hereditary pancreatitis who may be at an
increased risk of pancreatic cancer in Japan [47]. Some of these patients might need TP to relieve
uncontrollable pain and improve nutrition, and thus, IATx can be available therapy to support
endocrine function [48]. Overall, most CP patients do not require TP with IATx, but some patients
exist who may uniquely benefit from this procedure in Japan. In these cases, this treatment should
be promoted.
In 2011, clinical TP with IATx was performed in a 59-years-old man with pancreatic AVM, acute
pancreatitis (AP), and bleeding at Tohoku University in Japan [46]. After this patient’s procedure,
several islet transplant institutions have performed this treatment in Japan (no publication at
present). Mainly, there are two differences in the TP procedure for malignant pancreatic tumors
and IATx compared with benign diseases: 1) the necessity of lymph node dissection, and 2) the
time of ligation of the main artery, which flows into the pancreas. While lymph node dissection is
essential for curative operations for malignant pancreatic tumors, there is no need for IATx.
For ligation of the main artery, ligations of the gastroduodenal and splenic arteries are
performed in the period immediately before completion of the pancreatectomy to shorten the
warm ischemic time in IATx; in contrast, the arteries are ligated as early as possible to avoid
unnecessary bleeding in malignant tumors. A high skills level is required for curative surgery for
malignant tumors, but TP for IATx patients requires additional skills, since the volume of bleeding
is often higher increased from preserving blood flow and presence of inflammatory changes in the
pancreas. These findings generally occur in cases of CP, making the identification of the anatomy
difficult.
Here, we describe the procedure of TP with IATx as it was performed during the first case in
Japan. It should be noted that for TP, en-bloc resection of the whole pancreas is preferable for
IATx in general. Here, however, we divided the process into two steps: DP and PD procedures. The
procedure was planned in detail before surgery to diminish unnecessary bleeding and to shorten
the operative time by performing islet isolation from distal pancreas and PD at the same time. The
resected pancreas was soaked in cold ET-K solution and transported to the cell processing center
in Tohoku University. A series of reconstructions of cholangiojejunostomy, gastrojejunostomy, and
closure of the abdomen was performed during islet isolation from the head and body of the
pancreas. The islet infusion catheter was inserted into the portal vein via teres hepatis and fixed
with elastic thread. The islets were then infused via the catheter into portal vein while monitoring
portal pressure and blood glucose in the same manner as in islet allotransplantation (Figure 1).
Pressure of the portal vein before transplantation was 8 mmHg, and pressure during
transplantation was mildly increased (11–12 mmHg). Total time of transplantation was 85 minutes.
The procedure was performed under general anaesthesia, and the patient recovered from the
anaesthesia without trouble or complications correlating with the transplant procedure. During
the perioperative period, the patient received continuous intensive insulin therapy with
continuous injection of low molecular weight heparin and high total parenteral nutrition while
fasting for resting transplanted islets. Continuous insulin therapy was changed to multiple daily
insulin injections 1-2 weeks after transplantation, when the vascular network was established.
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Discharge of the patient was permitted after establishing the daily doses and patterns of insulin
usage, and after the patient received education on insulin self-administration.

Figure 1 Scheme of total pancreatectomy with islet autotransplantation.
Over 5 years have passed since transplantation in our case. At present, the patient has nearly
stable blood glucose control and maintains a HbA1c level at baseline with the use of additional
insulin, with minimal hypoglycemic symptoms and no hypoglycemic shock (Figure 2). The
symptoms of exocrine dysfunction, like pancreatic steatorrhea, can be prevented by use of
pancrelipase. We performed TP with IATx for four cases total and succeeded in engrafting
transplanted islets in two of the four patients (verified by serum C-peptide measurements and
maintenance of stable blood glucose at a stable insulin dose).
Finally, we summarize the differences between ITx and IATx. The differences are evident in
both the indication and procedure technique. ITx is chosen for severe DM patients, especially type
1 DM patients, who have poor and unstable blood glucose level despite intensive insulin therapy,
including insulin pump therapy. In contrast, IATx should be chosen for patients who need rescuing
of their endocrine function from pancreatogenic diabetes after TP. Regarding procedure technique,
ITx is characterized by the infusion of islets via a percutaneous transhepatic route under local
anesthesia in an x-ray room. IATx can be performed following TP in the operating room or the xray room in cases for which the surgery and islet isolation can be completed at the same
institution. If the cell processing center is far from the hospital or the postoperative conditions of
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the patient cannot permit IATx following TP on the same day, the transplantation is performed
later by a method similar to ITx. The transplantation route can be ensured by intraoperative
cannulation of the catheter into the portal vein via the teres hepatis or superior mesenteric vein in
IATx. Regarding islet isolation, while the purification process is necessary for ITx because of the
reduction of extra-islet cellular components, including acinar and ductal cells, this process can be
omitted in IATx, except in cases in which the tissue volume is too high (Table 1).

Figure 2 The postoperative course of a case who received total pancreatectomy with islet
autotransplantation.
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Table 1 Summary of the differences between ITx and IATx.
ITx
INDICATION

T1DM with poor control of
blood glucose level in spite of
intensive insulin therapy

AIM

To cure DM
To improve the endocrine
function
Purification process is necessary

ISLET ISOLATION

TRANSPLANT PROCEDURE Intraportal infusion via
percutaneous transhepatic
route under the local anesthesia

IMMUNOSUPPRESSANTS

Necessary permanently

COMPLICATIONS

By immunosuppressants: mouth
ulcers, diarrhea, and acne
By procedure: bleeding, portal
thrombosis, portal hypertension
[49]

IATx
Patients who receive
pancreatectomy due to
pancreatic benign diseases (CP,
trauma, etc…)
To prevent pancreatogenic
diabetes
Purification should be
considered when the tissue
volume is high
Intraportal infusion via branch
of portal vein including superior
mesenteric vein and teres
hepatis under general analysis.
Can be done following TP in
operation room
Not necessary
Due to TP: delayed gastric
empty, cholangitis
By procedure: bleeding, portal
thrombosis, portal hypertension

4. Conclusions
In this paper, we review TP with IATx and discuss our experiences. It is critical that IATx is
performed to recover the endocrine function lost by TP. Though IATx is not a therapy that can lead
to complete recovery of absent endocrine function, it can facilitate the adequate blood glucose
control with insulin usage. Furthermore, IATx improves the prognosis of patients who have
undergone TP with increased postoperative QOL. Thus, IATx should be promoted as a useful
additional therapy for patients receiving TP for benign pancreatic diseases.
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