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Abstract

Islet cell transplantation is a developing treatment for patients suffering from severe Type-1
diabetes. The long-term insulin independence after islet cell transplantation has been
difficult to achieve, and this has been linked to several factors. One of the major cause of
poor long-term outcome is inflammation surrounding the islets. Inflammation in islets is
caused at several stages, donor induced, during organ preservation, islet isolation stress,
peri-transplant inflammation or instant blood mediated inflammatory reaction (IBMIR), and
post-transplant hypoxia. In addition to inflammation, auto/allo-immune attack causes
rejection and the toxicity of the immunosuppressive agents used can also affect islet
transplant outcomes. In this review, we will summarize the various inflammatory processes
that occur during islet transplantation along with past and previous approaches used to
reduce inflammation in pre-clinical and clinical studies.
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1. Introduction

Pancreatic islet transplantation for severe type 1 diabetes (T1D) patients incorporates islet cells
which confers euglycemia and reduces the life-threatening hypoglycaemic episodes. T1D is caused
due to autoimmune destruction of pancreatic beta cells that produce insulin required for
maintaining glucose homeostasis. Although insulin administration can somewhat manage the
disease, its long term complications has been overwhelming. Alternatively, islet transplantation
can provide tight glycemic control and prevent long-term complications. In 2000, the Edmonton
group reported insulin independence in 7 consecutive islet transplant recipients treated with a
glucocorticoid-free immunosuppressive regimen for 1 year [1]. However, insulin-independence
rates have declined to 10% after 5 years, due to poor long-term graft survival [2]. The phase 3
clinical trial for transplantation of human islets to T1D patients with severe hypoglycaemic
episodes reported <7% HbalC in 70% of patients after 2 years and hypoglycaemic awareness was
restored. The study concluded by recommending islet cell transplantation as a favourable option
for T1D patients with severe hypoglycaemic unawareness [3]. However, rate of achievement of
normoglycemia was <30% for 2 years, which is affected by several factors including islet isolation
stress, peri-transplant inflammation, hypoxia, auto/allo-immune assault, and toxicity of
immunosuppressive agents. In this review, we will discuss the mechanism and regulation of
inflammatory response in islet transplantation and the factors that affect islet graft function
(Figure 1).
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Figure 1 Factors affecting islet graft function.
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2. Donor Induced Inflammation
2.1 Ischemia

Pancreas procurement initiates ischemia [4, 5] and cold ischemic time (CIT) beyond 8 hours
results in reduced islet yields [6], poor purification recovery [7] and graft dysfunction in human
islet transplantation [8, 9]. Cold ischemia time is not of major concern in autologous islet
transplantation, as most centers have islet isolation facility for processing the pancreas. However
this is an issue in allogeneic islet transplantation sometimes, because the organs are procured in a
different hospital and has to be shipped to an islet isolation facility for processing which adds
significant cold ischemic time. Pancreas persufflation through both the superior mesenteric artery
and either the splenic artery (human) or celiac trunk (pig) demonstrated increase in ATP levels
which was beneficial to human and porcine islets [10]. Preservation strategies to reduce ischemic
injury needs to be further explored.

2.2 Cytokine Storm

Brain-dead condition leads to “cytokine storm”, which causes systemic inflammation and
deteriorates islet function [11, 12]. In brain-dead rat model, proinflammatory cytokines such as IL-
1B, TNF-a and IL-6 were increased in the serum and pancreas, which caused poor islet yield, and
function in vitro and in vivo. Islets also overexpressed nuclear factor-kappa B (NF-kB) p50, c-Jun
and ATF-2 [13]. Another study showed that brain-dead in combination with warm-ischemic stress
increased expression of TF and MCP-1, which are inflammatory mediators of IBMIR [14].

Pre-treatment of brain-dead donors with IL-1 receptor antagonist (IL-1ra) increased
engraftment and islet graft function by preventing innate immune activation and decreasing the
expression of inflammatory cytokines/chemokines [15]. Another study reported that non-heart-
beating donors yielded 12.6% more islets than brain-dead donors with comparable viability [16].
Short term outcome results of islet transplantation from DCD and DBD donors have been
comparable, however, defined criteria for acceptance of DCD pancreas for islet isolation is
necessary [17].

3. Inflammation Caused During Isolation
3.1 Enzymatic and Mechanical Stress

Enzymatic and mechanical stress during isolation contributes to early islet graft failure by
inducing apoptosis/necrosis and production of proinflammatory cytokines [18, 19]. The isolation
procedure activates mitogen-activated protein kinase (MAPK) p38 and c-Jun NH2-terminal kinase
(JNK), which leads to apoptosis in islets [18]. Gene expression analysis revealed upregulation of
4560 genes associated with chemokine, hypoxia, apoptosis and stress in the isolated islets [20].
Moreover, the top 15 upregulated genes have NFkB binding sites within their promotor region,
suggesting that NFkB may be activated during isolation [21]. Additionally, isolated islets showed
downregulation of anti-inflammatory IL-10 gene and upregulation of proinflammatory IL-8 gene
[21, 22]. Therefore, inhibiting the NF-kB pathway during isolation might improve islet survival and
function.
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4. Peri-Transplant Inflammation — IBMIR

Islets, which are commonly transplanted into the portal vein, are subjected to inflammatory
reaction known as instant blood-mediated inflammatory response (IBMIR), which is characterized
by coagulation, complement activation, and proinflammatory cytokine secretion by the islet
infiltrating immune cells [23, 24]. It is estimated that approximately 50% of transplanted islets are
damaged by IBMIR during the peri-transplant period. This response occurs within hours to days
and has been demonstrated in autologous, allogeneic and xenogeneic conditions [25-27]. Islet
isolation and stress causes upregulation of proinflammatory chemokines MCP-1 and IL-8 by islets
that upon contact with blood recruits macrophages and neutrophils into the islets. Islets also
express high levels of TF that activates coagulation. All these events are common in autologous,
allogeneic and xenogeneic islet transplant setting. Additionally in allogeneic and xenogeneic islets,
there is binding of IgM antibodies to the islets which triggers the activation of complement
pathway. A combination of coagulation, inflammatory cell infiltration and complement activation
comprises the devastating effect of IBMIR [28].

4.1 Coagulation

Transplanted islets can activate coagulation cascade by tissue factor (TF) expressed on the
surface of isolated islets. TF activates platelets, which is enhanced by direct binding to collagen or
endothelial cells in transplanted islets [29, 30]. Thrombin also activate platelets by binding to
protease activated receptors (PARs) on their cell surface, which generates a clot capsule
containing platelets and infiltrating CD11b+ leukocytes [31, 32]. Preventing coagulation by
thrombin inhibitor Melagatran, low molecular weight dextran sulfate, anti-TF antibody (CNTO859)
and heparin suppresses IBMIR and improves islet function [31, 33-35]. Recent study showed that
Developmental endothelial locus-1 (Del-1) could regulate IBMIR by regulating coagulation
activation and inflammation [36]. CD39 has been beneficial to exert anti-coagulant and anti-
inflammatory properties [37].

4.2 Complement

Complement activation has also been reported in allo- and xenogeneic, but interestingly, not in
autologous islet transplantation [27]. Activation of both classical and alternative pathways has
been associated during IBMIR [38]. Specifically in xenogeneic islet transplantation, alternative
complement pathways play a major role during IBMIR [39]. Therefore complement inhibition
therapies such as Factor H [39], compstatin [40], soluble complement receptor 1 (CR1) and C5a-
blocking peptide were developed and prevented IBMIR and improved islet function [41, 42]. A
recent study showed that pre-treatment of islets with APT070: a membrane-localizing C3
convertase inhibitor, protected human islets allograft from complement-mediated damage by
reducing intra-islet inflammation and decreasing cytokine expression [43].

4.3 Innate Cell Infiltration and Inflammatory Cytokine Secretion

Innate immune cells in the islet microenvironment secrete IL-1B, which increases local
expression of chemokines leading to inflammatory cell recruitment to islets [28, 44-46]. In
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addition, IL-1B inhibits B cell function and promotes Fas-triggered apoptosis through NFkB
activation [47]. Islets damaged during isolation release danger signals and cytokines such as high-
mobility group box 1 (HMGB1), IL-1B, TNF-a, etc. [48-52]. HMGB1 can bind to receptor for
advanced glycation end-products (RAGE) or Toll-like receptor (TLR) expressed on islets and
immune cells and upregulate proinflammatory cytokines by the activation of transcription factors
including NF-kB, MAPK, and Janus kinase-signal transducer and activator of transcription (JAK-
STAT) [53-58]. It has been reported that downregulating HMGB1 activity improved islet survival
and function [59-61].

Islets also secrete a variety of chemokines which recruit innate immune cells through receptors
such as CXCR1 and CXCR2 [62-65]. Reparixin, an inhibitor of CXCR1/2, has shown improvement in
islet transplantation by inhibiting the recruitment of polymorphonuclear leukocytes and NKT cells
to the liver [62]. A phase Il study have shown that patients receiving allogeneic islet transplant
with reparixin showed improved safety and efficacy, which indicates decreased insulin
requirement and positive C-peptide [62]. Another study showed that blocking NFkB in islets using
Withaferin A prevents pro-inflammatory cytokine induced apoptosis and improves islet
engraftment by alleviating IBMIR [24, 66].

5. Hypoxia and Cytokine Signalling
5.1 Revascularization

Transplanted islets are dependent on oxygen diffusion from the surrounding microenvironment
for their survival and function before the vasculature is formed [4]. It takes several days to weeks
for the islets to re-establish blood flow [67, 68]. However, islets remain in low oxygen tension
even after several months [4, 69, 70]. Although vascular endothelial growth factor (VEGF) is known
to modulate islet angiogenesis after transplantation, the expression of VEGF in transplanted islets
is significantly reduced [71-73]. Recent study reported that islets treated with human embryonic
stem cell-derived MSC overexpressing VEGF demonstrated improved islet graft revascularization,
function and survival [74].

Alternative transplantation sites have been proposed to improve islet engraftment and
function [75, 76]. Subcutaneous space can be considered to be a suitable site for accessibility and
spaciousness although it is limited by poor vascularization [75-77]. Prevascularization of the
subcutaneous site has been reported to reduce islets loss and improved long-term outcomes of
islet transplantation by inducing vascularization [77].

5.2 Hypoxia Induced Inflammation

Hypoxia produces reactive oxygen species (ROS) in and around transplanted islets [78]. Because
B cells contain low levels of antioxidative enzymes such as catalase, superoxide dismutase and
glutathione peroxidase, they are prone to oxidative stress associated with ROS [79-82].
Overexpression of antioxidants such as manganese superoxide dismutase and metallothionein in
islets can protect B cells from oxidative stress [83, 84]. Moreover, intra-ductal glutamine
administration reduced oxidative stress and improved islet yield and graft function [85]. Recent
studies have reported that systemic administration of antioxidants such as catalytic antioxidant
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redox modulator and exendin-4 improved islet survival and function by reducing oxidative stress
(86, 87].

6. Immunosuppression Mediated Islet Damage

Islet transplantation depends on potent immunosuppressive therapy to prevent immune graft
rejection. However, immunosuppressive regimen is associated with islet toxicity and increased risk
of malignancies and opportunistic infections [88]. Currently, the common immunosuppressive
protocols used in clinical islet transplantation include induction immunosuppressive therapy with
either ATG or IL-2 receptor monoclonal antibody, followed by maintenance immunosuppressive
therapy including tacrolimus and sirolimus [89, 90]. Tacrolimus induces B-cell apoptosis and
inhibits insulin secretion [91, 92]. The B-cell toxicity of sirolimus is controversial. Sirolimus has
been reported to reduce insulin secretion, impair revascularization, and antagonize angiogenesis,
which results in reduced islet engraftment [93, 94]. On the other hand, sirolimus showed no
negative effects in islet engraftment and proliferation [95, 96].

Immune tolerance of the transplanted islets is much needed to eliminate the use of B-cell toxic
immunosuppressive agents. Alternative strategies such as immunomodulatory molecules have
been introduced to prevent graft rejection. Inhibition of CD40/CD154 costimulation pathway
improved long-term islet allograft survival in non-human primates without immunosuppression
[97]. However, the human clinical trial of a humanized anti-CD40L monoclonal antibody was
suspended due to increased incidence of thromboembolic complications [98]. Another
costimulatory blockade agent cytotoxic T-lymphocyte associated protein 4-immunoglobulin
(CTLA4-Ig), which binds to CD80 and CD86 and inhibits T cell activation, demonstrated insulin
independence from a single donor islet transplantation and prolonged allograft survival without
calcineurin inhibitors [99].

7. Auto/Allo-lmmune Rejection
7.1 Alloimmune Response

Multiple islet infusion are high risk factors for increased de novo DSA, which is associated with
graft failure [100, 101]. A recent study reported that 5/16 islet transplant recipients (31%)
developed de novo DSA against mismatched donor HLA: three recipients post-first transplant; two
recipients post-second transplant [102]. They demonstrated that de novo DSA was associated with
decreased function at 3 months and graft loss at 12 months, due to antibody-mediated rejection
[102]. However, alemtuzumab induction was linked with reduced incidence of subsequent DSA
formation.

Another study showed that only 2 recipients (4.8%) among 42 islet transplant recipients had
pre-formed anti-HLA antibodies [103]. They also demonstrated that 13/42 recipients (30.9%)
developed de novo DSA against mismatched donor HLA, including one patients who had pre-
formed DSA because of a previous kidney transplant. Surprisingly, there were no significant
correlation between appearance of DSA and graft dysfunction. It is suggested that the reasons
might relate to the low DSA titres, inability to activate the complement and the lack of allogenic
endothelial targets in islet graft [103]. Alloimmune rejection remains a significant obstacle of
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successful islet transplant and further study will be required to characterize optimal patient-donor
matching characteristics [101].

7.2 Autoimmune Recurrence

Four major islet autoantigens, glutamic acid decarboxylase 65 (GAD65), proinsulin, islet
tyrosine phosphatase (IA-2), and zinc transporter 8 (ZnT8), have been identified and are targeted
by autoreactive lymphocytes in T1D patients [104-106].

T1D patient’s undergoing islet transplantation still have autoimmune memory which has the
capacity to destroy islets. Besides, immunosuppressive protocols to prevent rejection don’t affect
autoimmune memory, which result in autoimmune recurrence [107, 108].

It has been reported that autoreactive memory CD4+ and CD8+ T cells play major roles in the
autoimmune recurrence after transplantation [109-112]. Islet specific memory T cells are
preserved in the circulation for a long time and reactivated by islet antigen exposure during islet
transplantation, which leads to rejection of transplanted islets. Compared to naive T cells, memory
T cells have higher sensitivity to antigenic stimulation and less dependent on costimulatory signals
[113, 114]. Recurrence of islet autoimmunity can happen regardless of HLA matching. It has been
reported that GADG65-specific memory CD4+ T cells in the peripheral blood and pancreas
transplant lymph nodes of T1D patients with recurrent autoimmunity expressed the identical TCR
VB and CDR3 sequence [110, 111]. In murine models, autoreactive CD4+ T cells specific for islet
specific antigens (BDC-2.5 TCR transgenic cells) can destroy islet allografts, which were established
in NOD SCID recipients, in the absence of donor MHC class Il expression [115]. In another NOD
mice model, islet B cell cytotoxicity assay demonstrated that activated macrophages induced by
CD4+ T cells directly killed islet [116]. However, it remains to be elucidated that how HLA-
restricted autoreactive CD8+ T cells can recognize and destroy allogenic islet grafts expressing
disparate HLA molecules. In addition, lymphopenia caused by immunosuppression can induce
homeostatic proliferation of autoreactive memory T cells, accompanied with increased production
of IL-7 and IL-15 [108, 117].

8. Current Anti-Inflammatory Clinical Trials

Several ongoing clinical trials including anti-inflammatory, immunosuppression and transplant
site protocols are shown in Table 1. TNF-a is released during IBMIR and induces apoptosis in 3
cells. In addition, islets are also exposed to IL-1 during intraportal transplantation which can
cause apoptosis. Anti TNF blockade with etanercept has been reported to improve islet
engraftment in clinical trial on single-donor and marginal dose islet transplantation [118].
Previously, a combination therapy of Anakinra and Etanercept, in clinical islet transplantation
showed that all patients achieved insulin independence from a single-donor islet transplantation
[119]. These results might suggest synergistic effects to improve islet transplantation by regulating
circulating inflammatory mediators such as IP-10, TNF-a and IL-18 [120].
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Table 1 Ongoing clinical trials in islet transplantation

Trial Number Phase Sponsor/investigator Description

NCT02520076 1/2  University of Alberta/Shapiro et al. To demonstrate AAT efficacy in preventing non-immunologic loss of transplanted islet mass
in a single donor islet transplant

NCT02505893 2 Ospedale San Raffaele/Piemonti et al. To investigate combination therapy consisting of minimal islet transplantation (1500 IEQ/kg
BW), ATG, rapamycin and pegfilgastrim in T1D

NCT02464878 2 Massachusetts General Hospital/Markmann To evaluate AAT efficacy in achieving insulin independence after first infusion of single

et al. donor islets

NCT02402439 1 University of California/Posselt et al. To test the safety and efficacy of gastrointestinal submucosal islet transplantation in T1D
patients with kidney allografts

NCT01909245 2 City of Hope Medical Center/Kandeel et al.  To test the safety and efficacy of islet transplantation using ATG in T1D patients

NCT02213003 1/2  University of Miami/Alejandro et al. To test the safety and efficacy of islet transplantation onto the omentum in T1D patients

NCT00306098 2 University of Miami/Alejandro et al. To assess the effect and ability of infliximab, etanercept and exenatide in T1D patients by
slet transplantation

NCT01967888 2/3 Dompé Farmaceutici S.p.A/Bellin et al. To assess the safety and efficacy of reparixin (CXCR1/2 inhibitor) to improve transplant
outcomes in TPIAT

NCT03073577 1 University of Alberta/Shapiro et al. To evaluate the safety and cytoprotective capacity of antiaging glycopeptide (PKX-001) in
islet transplantaion for T1D

NCT01897688 3 Northwestern University/Luo et al. To demonstrate the safety and efficacy of islt transplanation under alemtuzumab induction
for T1D

NCT02727608 2 Uppsala University/Tufveson et al. To evaluate the safety and efficacy of eculizumab (complement inhibitor) to prevent
destruction of islet grafts in T1D

NCT01722682 1/2  Ospedale San Raffaele/Piemonti et al. To evaluate the safety and efficacy of bone marrow as site for islet transplantation in T1D
patients

NCT02064309 1/2  Uppsala University Hospital To investigate the safety of implantation of the human islet containing device Beta-Air in TiD

NCT02713997 4 University of Minnesota/Bellin et. al. To investigate the use of etanercept with AAT to improve islet autograft survival and

function in TPIAT patients




OBM Transplantation 2018; 2(2), doi:10.21926/obm.transplant.1802013
9. Other Strategies to Prevent Inflammation

Encapsulation of islets have been investigated to protect against inflammatory and immune
reactivity. A PTFE semipermeable membrane has been utilized to protect Islets from immune
attack and thereby prevent allogenic rejection [121]. Microencapsulation of islets with gel based
materials such as alginate or agarose has been used to prevent infiltration of immune cells, but
poor angiogenesis, hypoxia and poor diffusion of insulin and have limited the use these materials
[122]. Another drawback of micro and macro capsules is the need for an appropriate transplant
site due to the increased graft volume [123]. Coating of the islet surface with a nanofilm of
hydrogel material has the potential for reducing or eliminating the use of immunosuppression
while addressing most of the problems faced by macro- and micro- encapsulation [124].

Another strategy of mesenchymal stem cells (MSCs), non-hematopoietic, multipotent and self-
renewing cells, has been an attractive therapy in islet transplantation [125, 126]. MSCs have been
shown to reduce inflammatory responses of allogeneic islet grafts by the immunosuppressive
activity of matrix metalloproteinase-2 and -9 [127]. MSCs can also inhibit apoptosis and promote
angiogenesis by secreting cytokines such as VEGF, hepatocyte growth factor (HGF) and
transforming growth factor beta 1 (TGFB1) [128-131]. Furthermore, MSCs have been
demonstrated to differentiate into insulin producing cells [132, 133]. In a phase | study, Wang
et.al., has shown safety and efficacy of co-transplantation of autologous bone marrow-derived
MSCs with islets in CP patients undergoing TPAIT [134]. MSC patients showed improved islet
engraftment compared with controls, although the number of MSCs recipients were limited [134].

10. Conclusions

Inflammation in islet transplantation has been associated with poor outcomes in islet cell
transplantation. Regulating inflammation at various stages of transplantation may promote long-
term islet graft survival. A multi-centre approach is needed to develop strong anti-inflammatory
strategies and implement in clinical islet transplantation for improved success. Future directions to
improve the success of islet transplantation should focus on blocking the effect of IBMIR using
novel more potent anti-inflammatory therapeutics. Furthermore, attack by immune cells needs to
be addressed using improved micro or macro encapsulation strategies. Finally, development of
alternative sources of islets from stem cells that can be altered by genetic tools such as
CRISPR/Cas9 to prevent immune assault will be needed.
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