
Send Orders for Reprints to reprints@benthamscience.ae

 Current Diabetes Reviews, 2015, 11, 135-143 135

 1875-6417/15 $58.00+.00 © 2015 Bentham Science Publishers

Monitoring Inflammation, Humoral and Cell-mediated Immunity in  
Pancreas and Islet Transplants 

Paolo Monti*, Debora Vignali and Lorenzo Piemonti 

Diabetes Research Institute (DRI), IRCCS San Raffaele Scientific Institute, Via Olgettina 60, 20132 Milan, Italy 

Abstract: Type 1 diabetes (T1D) is caused by the chronic autoimmune destruction of insulin producing beta cells. Beta 
cell replacement therapy through whole pancreas or islet transplantation is a therapeutic option for patients in which a sta-
ble glucose control is not achievable with exogenous insulin therapy. Long-term insulin independence is, however, ham-
pered by the recipient immune response that includes activation of inflammatory pathways and specific allo- and auto-
immunity. The identification and monitoring of soluble and cellular biomarkers are of critical relevance for the prediction 
of graft damage, for the evaluation of responses to immune-modulating therapy, and for target pathways identification to 
generate novel drugs or therapeutic approaches. The final objective of immune monitoring is to find ways to improve the 
outcome of pancreas and islet transplantation. In this review, we discuss the available tools to monitor the innate, humoral 
and cellular responses after islet and pancreas transplantation, and the most relevant findings generated by these meas-
urements. 
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INTRODUCTION 

Type 1 diabetes (T1D) is a chronic autoimmune disease 
in which the insulin-producing beta cells are selectively de-
stroyed. Exogenous insulin administration is the most com-
mon therapeutic approach for patients who developed T1D, 
and in the majority of cases insulin therapy is sufficient to 
maintain a good glycaemic control. The improvements in 
insulin therapy with new available drugs and intensive 
treatment regimens substantially improved glycaemic ho-
meostasis in recent years. Unfortunately, exogenous insulin 
therapy is still not sufficient to prevent long-term complica-
tions, and the life expectancy of patients with T1D is still 
shorter than that of the general population [1].  Moreover, in 
a significant number of patients, insulin therapy alone is not 
sufficient to achieve stable glucose levels [2]. Consequently, 
these patients can suffer of frequent hypo- and hyperglycae-
mic episodes and have an increased risk of developing long-
term diabetes related complications. For these patients, beta 
cell replacement through islet or pancreas transplantation is 
clinically indicated to restore, at least temporarily, normo-
glycaemia and is therefore a potential cure for the disease.  

The major obstacle to successful islet and pancreas trans-
plantation is the recipient’s immune response to the grafts. 
Both the innate and specific immune responses are involved 
in the immune-mediated damage of islet and pancreas al-
lografts. The innate immune response occurs within few 
hours from transplantation through the release of inflamma- 
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tory mediators and recruitment of cells such as mono-
cytes/macrophages and neutrophils. This acute inflammatory 
reaction spontaneously exhausts within few days but appears 
to substantially impair beta cell engraftments. In the clinical 
setting of islet transplantation, it was estimated that up to 
80% of transplanted islets are lost during the early inflamma-
tory response [3].  

The adaptive immune response occurs later and is re-
sponsible for the long-term reduction of the functional beta 
cell mass, resulting in the loss of insulin independence in a 
significant proportion of cases. Allogeneic islet or pancreas 
transplantation into a recipient with T1D triggers a complex 
adaptive B cell and T cell response. Donor islets and pancre-
ases express allogeneic major and minor histocompatibility 
antigens that elicit host humoral and T cell responses, and 
can lead to a classical allograft rejection. In addition, donor 
beta cells express beta cell specific antigens that were tar-
geted by T cells and B cells during the autoimmune process 
[4-7]. These include (pro)insulin, glutamic acid decarboxy-
lase 65 (GAD65), insulinoma associated protein 2 (IA2) and 
zinc transporter 8 (ZnT8) that were shown to be highly anti-
genic in humans both for B cells and T cells [8].  Therefore, 
transplanting islets or pancreas into a recipient who devel-
oped T1D can result in autoimmunity recurrence. Beta cell 
replacement into a recipient with pre-existing autoreactive T 
cells and B cells is essentially a re-challenge of an adaptive 
memory response. As a consequence, while the alloreactive 
response can be efficiently controlled with immunosuppres-
sion, autoimmunity recurrence appears to be highly resistant 
to standard immunosuppressive drugs, therefore posing an 
additional set of therapeutic obstacles for the success of beta 
cell transplantation. In this complex context, the improve-
ment of the outcome of pancreas and islet transplantation 
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depends on the capacity to design novel immunomodulating 
therapies taking in account not only the alloreaction, for 
which standard immunosuppression was designed, but also 
strategies to control early inflammation and autoimmunity 
recurrence. Finally, immune monitoring represents the tool 
to identify pathways and mechanisms to target and, impor-
tantly, to evaluate the efficacy of novel treatments tested in 
clinical trials. Ideally, immune monitoring should provide 
information about a single patient needs in terms of immu-
nomodulation, helping to find personalized therapies to in-
crease the chances of the transplantation to succeed. 

By measuring functional parameters, loss of graft func-
tion and rejection are suspected when organ damage has 
been established, and potential intervention therapy would 
start relatively late in terms of initiation of the rejection 
process. Ideally, monitoring of relevant immunological bio-
markers should anticipate and predict organ damage allow-
ing a timely and early intervention. Monitoring the immune 
response by direct tissue biopsy is impractical both for pan-
creas and islet transplantation. Insulitis characterized by in-
flammatory T cell infiltration targeting beta-cells and sparing 
exocrine tissue was described after pancreas graft biopsy [9]
but it is hard to propose such an invasive procedure in the 
absence of a misfunctioning graft or a biomarker favouring 
the suspect of immune rejection. On the other hand, in islet 
transplantation biopsy is impractical for a low-volume and 
widely dispersed endocrine tissue [10]. 

Cellular and antibody-based assays in peripheral blood 
have therefore been proposed for surrogate monitoring to 
evaluate the contributions of auto- and alloreactivity. From a 
technological point of view, there was a great improvement 
in our capacity to detect and follow changes in immune bio-
markers, mainly due to the use of multiplexed platforms and 
the introduction of novel specific reagents such as MHC 
multimers, able to detect rare but fundamental cell popula-
tions. With the exception of autoantibody and alloantibody 
measurements, most of these techniques are not entirely 
validated and standardized among different laboratories. 
This represents a major challenge for the future in order to 
compare results from different treatments and different pa-
tients cohorts. 

In this review, we discuss which information we can ob-
tain from immune monitoring, what we need to monitor in 
order to collect clinically relevant information and when, 
during the clinical history of the transplanted patient, this 
information is of particular interest in terms of prediction 
and intervention. Finally, we will discuss recent technical 
improvements, and how immune monitoring has led to the 
discovery of relevant mechanisms of immune-mediated beta 
cell destruction and the development of innovative treat-
ments.  

MONITORING THE EARLY INFLAMMATORY  
RESPONSE 

Early inflammatory events heavily affect islet and pan-
creas engraftment. It is now possible to perform simultane-
ous measurement of more than 50 inflammatory mediators, 
cytokines and chemokines on the Luminex platform, provid-
ing the instrument to monitor key inflammatory pathways 
and to identify the important ones. Measurements of in-

flammatory biomarkers both in the donor pre-transplant, and 
in the recipient early post-transplant can provide useful in-
formation with respect to the early adverse effects of trans-
plantation. The inferiority of organs from brain dead donors 
is the result of hemodynamic stability, hormonal changes 
and neurological effects unleashing a cascade of inflamma-
tory events. Brain dead donors are affected by activation of 
vascular endothelium, complement, coagulation, and the 
innate immune response, resulting in the systemic release of 
proinflammatory cytokines and chemokines such as IL-1, IL-
6, TNFalpha, IL-8 and CCL2/MCP-1. A clear link between 
brain death and impaired graft survival was reported in kid-
ney, heart, liver and lung transplantation [11].    

Although the mechanism was not entirely elucidated, do-
nor CCL2/MCP-1 level was shown to be an important pre-
dictive inflammatory biomarker of pancreas transplantation 
outcome. In fact, high circulating levels of CCL2/MCP-1 in 
the donor were negatively associated with graft survival after 
simultaneous kidney-pancreas transplantation [12]. Donor 
circulating CCL-2/MCP-1 was predictive of the levels of 
CCL2/MCP-1 released by the graft after revascularization 
and was associated with increased frequency of graft loss for 
thrombosis.  

In islet transplantation, inflammatory mediators and 
chemokines released by islets in culture can be predictive of 
the transplantation outcome. The isolation and purification 
procedures of islets for transplantation provides stress sig-
nals that induce islets to produce and secrete “danger sig-
nals” including tissue factor (TF), high mobility group pro-
tein B1 (HMGB1), cytokines and chemokines such as CCL-
2/MCP-1, CXCL12/SDF-1, and CXCL8/IL-8.  

TF is a master mediator of platelet activation and aggre-
gation and cause the instant blood mediated inflammatory 
injury  (IBMIR) when islet preparations are injected into the 
portal vein. IBMIR consists of a thrombotic reaction charac-
terized by activation of the coagulation and complement cas-
cades [13], cloth formation and leukocytes recruitment into 
the islets. It is estimated that 60-80% of transplanted islets 
can be destroyed by IBMIR within days when islets are 
transplanted into the liver. Islet preparations supplemented 
with low-molecular-weight dextran sulphate instead of hepa-
rin, were shown to significantly prolong survival, due to its 
superior capacity to inhibit IBMIR [14].  

HMGB1 is released by dying cells, and the concentration 
of HMGB-1 reflected the degree of islet damage and corre-
lated with poor islet transplantation outcome in animal mod-
els and in autotransplantation [15]. Recently we showed a 
correlation between the release of HMGB1 and the release of 
pro-inflammatory factors (CXCL8, CXCL10, CXCL-9 and 
IFN-gamma). However, we were unable to confirm a predic-
tive correlation with islet function in allotransplantation set-
ting.  

Islets produce and secrete chemokines with the potential 
to directly recruit cells of the innate immune system [16]. 
Secretion of CCL2/MCP-1 by islets has been largely investi-
gated both in human and mouse models of islet transplanta-
tion showing its important role in islet damage mediated by 
monocytes and macrophages. CCL2/MCP-1 concentration in 
islet preparation was highly predictive of the local inflamma-
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tory response and short-term human islet function in the in-
trahepatic transplantation model [17].  

To reduce the impact of donor derived inflammatory me-
diators pre-transplant, ex-vivo treatment or organs has been 
suggested. This is particularly feasible for isolated islets to 
prevent local inflammation once transplanted. Specific anti-
inflammatory strategies on cultured islet have shown the 
potential of this approach in animal models. These include 
inhibition of the master regulator of inflammation nuclear 
factor kappa-light chain-enhancer of activated B cells (NF-
kB) in beta cells with ex-vivo gene therapy [18] and drugs 
[19,20]. 

The recipient’s innate immune response includes the pro-
duction of soluble mediators, often elicited by inflammatory 
molecules produced by the grafts, and the recruitment of 
innate cells at the graft site. Important specific pro-
inflammatory molecules such as TNF-alpha and IL-1beta are 
released by isolated islets and by activated leukocytes during 
graft rejection. Biologicals specifically targeting these mole-
cules have been included in induction protocols in clinical 
islet transplantation. These include Etanercept, a fusion pro-
tein that binds the TNF receptor 2 to the constant end of a 
human IgG1 antibody and acts as a TNF-alpha inhibitor, and 
Infliximab, a chimeric monoclonal antibody targeting TNF-
alpha [21, 22]. The IL-1 receptor antagonist Anakirna is also 
used as induction anti-inflammatory strategy in the first 
phases of islet transplantation protocols [23].  

Polymorphonuclear leukocytes (PMN) are rapidly and 
massively recruited to transplanted islet and pancreas grafts 
within hours and represent the predominant infiltrating popu-
lation [24,25,26]. A master regulator of PMN infiltration in 
transplanted patients and in animal models is CXCL8/IL-8. 
CXCL8/IL-8 engages CXCR1/2 receptors and recruit neu-
trophils at the graft site. Specific targeting of CXCR1/2 with 
Reparixin (an allosteric non-competitive inhibitor) was 
shown to enhance pancreatic islet survival after transplanta-
tion [27]. On the basis of these pre-clinical results, Reparixin 
is currently in an ongoing phase 3, multicentre, randomized, 
double blind clinical trial for islet transplantation. 

Immune monitoring of the innate immune response have 
had two important implications. The first is that the donor 
inflammatory status is predictive of the transplantation out-
come. This is relevant to the selection of organ donors and 
the possibility (at least for islet transplantation) to use ex-
vivo specific anti-inflammatory molecules in order to reduce 
the pro-inflammatory activity. The second is that an anti-
inflammatory therapy could protect transplanted grafts by 
the innate response early post transplantation, and substan-
tially improve the long-term transplantation outcome. Both 
selectivity and timing of the treatment are critical to deter-
mine the beneficial effect of anti-inflammatory therapy, and 
ongoing clinical trials will reveal the real impact of this 
therapeutic approach. 

HUMORAL IMMUNITY 

Islet or pancreas grafts can elicit a humoral response with 
autoantibodies and alloantibodies or both. Even though a 
direct pathogenic role of circulating auto and alloantibodies 
remains controversial, the information from immune moni-

toring of the humoral response has a high value as predictive 
biomarkers of the transplantation outcome. Measurements of 
circulating antibodies are also relatively easy and more stan-
dardized as compared to measurement of autoreactive T 
cells, making monitoring of the humoral response more reli-
able and suitable to perform in clinical trials. Many labs are 
specialized in measuring auto- and alloantibodies, and serum 
samples are easier to collect, preserve and ship for studies 
than frozen PBMC samples required for T cell measure-
ments. Here we report the results of studies  monitoring the 
humoral response pre- and post-transplant in terms of predic-
tion of the transplantation outcome. 

Monitoring Autoantibodies 

Autoantibodies against (pro)insulin, GAD65, IA-2, and 
ZnT8, appeared in the pre-clinical phase of type I diabetes, 
in which they have a clear and important prognostic and di-
agnostic value [28]. Autoantibody measurements have un-
dergone to an intensive effort for standardization among dif-
ferent laboratories making humoral immune monitoring 
highly reliable also between different patient cohorts. 
Autoantibodies can persist for years after the onset of diabe-
tes and islet or pancreas transplantation is occasionally per-
formed in patients who still have circulating autoantibodies. 
The presence of pre-transplant autoantibodies can only 
weakly predict the outcome of transplanted pancreata [7]. 
With respect to islet transplantation, it was early reported 
that autoantibody positive recipients pre-transplant showed 
an earlier loss of function than autoantibody negative pa-
tients [29]. Later reports, however, could not confirm the 
predictive value of pre-transplant autoantibodies in the islet 
transplantation outcome [30,31,[32].  

Appearance or rise of autoantibodies after transplanta-
tion, despite immunosuppression and T cell depletion, indi-
cates the presence of autoimmunity recurrence, even though 
the correlation with the transplantation outcome was not al-
ways clear.  A correlation between changes in GAD65 and 
IA-2 autoantibody titres post pancreas transplantation was 
early reported [33,34]. The combination of autoantibody 
titers with measurements of autoreactive T cells have di-
rectly shown that autoimmunity recurrence, in the absence of 
any evidence of allorejection, may be a cause of loss of graft 
function and, importantly, that the number of cases of auto-
immunity recurrence after pancreas transplantation are 
probably underestimated [7] . In a group of 25 pancreas re-
cipients, the addition of ZnT8 autoantibody to the traditional 
autoantibody screening panel (GADA, IA and IA2A), in-
creased capacity to predict graft failure to 80% with a sensi-
tivity of 95%, while the autoantibody status before transplant 
did not influence the clinical outcome [35]. Similarly in islet 
transplantation, measurements of post-transplant autoanti-
body changes, including serum conversion, spreading and 
increasing titres were predictive of the islet transplantation 
outcome using simultaneous measurements of ZnT8A, 
GADA and IA2A [32].  These observations about the dy-
namics and the predictive role of autoantibodies clearly con-
firmed the important contribution of autoimmunity recur-
rence in the loss of function of pancreas or islet grafts. Sev-
eral factors can influence autoantibody changes post islet 
transplant. In the allogeneic context, it important to note that 
MHC class I mismatch was shown to be protective for post-
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transplant autoantibody changes and therefore for autoim-
munity recurrence [32]. Post-transplant autoantibody 
changes are also influenced by immunosuppression. While 
anti-thymocyte globulin (ATG) and micophenolate mofetil 
(MMF) treatment were positively associated with the risk for 
autoantibody increases, the anti CD25 monoclonal antibody 
and rapamycin were shown to be protective [32]. 

Monitoring Alloantibodies 

Patients undergoing to allogeneic transplantation can 
have preformed alloantibodies (PRA) and develop donor 
specific alloantibodies (DSA) post transplant. PRA may de-
rive from previous sensitization to transplant, blood transfu-
sion and pregnancy. These patients are considered “sensi-
tized” and this represent a risk factor for development of 
allorejection post transplantation. Alloantibodies are directed 
against MHC class I and class II molecules. Recent im-
provements in alloantibody measurements have been re-
cently introduced with the use of the Luminex platform, 
which substantially increased the sensitivity as compared to 
the classical complement fixing lymphocytes cross match 
(CDC) method [36]. With the Luminex method, serum sam-
ples are screened for HLA IgG and IgM antibodies, through 
HLA-A, -B, -C, Cw, -DR, -DQ, -DP beads and HLA-A, -B, -
Cw, -DRB1, -DRB3, -B4, -B5, -DQA1, -DQB1, -DPA1, -
DPB1 single beads [37]. This method can detect PRA and 
DSA positive subjects that failed to be detected with the 
CDC.  

Initial reports showed a negative correlation between the 
presence of alloantibodies pre-transplant and the graft sur-
vival [38]. HLA antibodies detected by solid phase tech-
niques with PRA>15% prior to transplantation were associ-
ated with reduced graft survival [39] suggesting that the im-
munosuppressive therapy was not sufficient to control allo-
geneic immune response in pre-sensitized patients. Subse-
quent studies, however did not confirmed these indications. 
In these studies, the presence of pre-transplant PRA was not 
predictive of subsequent islet transplantation outcome 
[40,32]. The presence of DSA antibodies was reported in 
patients with or without subsequent graft rejection after islet 
transplantation. DSA were present in around 50% of the pa-
tients before transplantation, and the outcome was improved 
in patients with pre-transplant DSA. Post islet transplant, 
around 30% of patients had an increase in DSA, which was 
associated with a reduction of the duration of insulin inde-
pendence. Reduced graft survival was observed both in pa-
tients with concomitant increase of DSA and autoantibodies, 
but also in patients with increase in DSA only. MHC class I 
and class II mismatch was a risk factor for development of 
DSA post-transplant.  Similar to autoantibodies, treatment 
with ATG and MMF was a risk factor for post-transplant 
DSA development [32]. 

The role of pre-transplant and post-transplant alloanti-
bodies has been evaluated also in pancreas and simultaneous 
pancreas-kidney transplantation using Luminex technology. 
Around 25% of pancreas and pancreas-kidney recipients 
were found to have pre-transplant HLA antibodies and there-
fore were considered as sensitized. However, comparison 
showed similar outcome in sensitized and unsensitised pa-
tients [41,42]. De novo alloantibodies appeared in 38% of 

transplant recipients (with no differences between pancreas 
and pancreas-kidney sub-groups) and were significantly as-
sociated with poorer pancreas graft survival [41,42]. These 
data substantially confirmed previous similar observation in 
pre and post-transplant alloantibodies measured by flow-
PRA [43].  

Monitoring of auto and alloantibodies has provided in-
sight into the mechanisms of graft loss mediated by autoim-
munity recurrence and allorejection. It is clear that both 
processes are a fundamental cause of graft loss, that they can 
arise as single events, and that they can co-exist in a single 
transplantation. This was important to understand that the 
adaptive immune response can be of different nature in dif-
ferent patients and to define novel immunotherapeutic ap-
proaches selectively targeting autoimmunity or alloimmu-
nity. In this context, simultaneous measurement of autoreac-
tive and alloreactive T cell can substantially corroborate in-
formation provided by monitoring humoral immunity. 

CELLULAR IMMUNITY 

There is a large consensus that both CD4 and CD8+ T 
cells play a major role in autoimmunity recurrence and al-
lorejection of transplanted pancreas and islet grafts.  Moni-
toring cellular immunity is considered the most potential in 
predicting the clinical outcome in pancreas and islet trans-
plantation. However, T cell responses can be detected with 
different methods and still suffer of low standardization de-
spite a great effort has been made in this direction [44]. Im-
portant informations about the T cell response post islet and 
pancreas transplantation came from studies of the natural 
history of T1D. These studies showed that the presence of T 
cells reacting to beta cell antigens GAD65 and (pro)insulin 
were commonly found also in subjects with no other sign of 
autoimmunity. However, in contrast to control subjects in 
which autoreactive T cells display a largely naïve phenotype, 
in patients with T1D the phenotype of autoreactive T cells 
showed characteristics of antigen-experienced T cells 
[45,46,47]. These include response to lower antigen concen-
tration, no requirements of co-stimulation, longer telomeres 
and the surface expression of memory markers such as 
CD45RO. The concept that patients with T1D harbour mem-
ory autoreactive T cells at the time of islet or pancreas trans-
plantation has important implications with respect to the ef-
ficacy of immunosuppression and the reactivity of these cells 
to antigen re-exposure. 

MEASUREMENT OF AUTOREACTIVE AND AL-
LOREACTIVE CD4+ T CELLS 

The presence of CD4+ T cells specific for beta cell asso-
ciated antigens has been traditionally determined by in vitro 
stimulation of PBMC with antigens and measurement of 
their proliferative response. Proliferation determined as in-
corporation of 3H-thymidine is very sensitive and requires a 
small number of cells (<100,000 PBMC), but does not pro-
vide any additional information. Proliferation determined as 
dilution of the CFSE dye by flow cytometry allows meas-
urement of additional parameters in the same sample, includ-
ing the phenotype of the cells and cytokine production and 
provides the possibility to FACS-sort proliferating clones for 
further studies. One recent application is to determine the 
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sequence of the TCR alpha and beta by single cell PCR to 
study clonal expansion of the identified TCR in follow-up 
samples by deep-sequencing [48]. A limitation of both 
methods is that they do not provide information with respect 
to the precursor frequency and changes post transplantation 
but rather they determine whether or not CD4 T cell autore-
activity is present in a patient. 

Early studies showed an association between the in vitro
proliferative response to autoantigens and the loss of func-
tion of islet grafts [49]. Later evidences showed that the 
presence of autoreactive T cell responses pre-transplant were 
strongly associated with the outcome of islet transplantation 
and that alloreactivity to the allogeneic islets proved secon-
dary to autoimmunity recurrence [31]. The rate of 1 year 
insulin independence was high in patients without GAD65 
and IA-2 T cell autoreactivity pre-transplant, while all pa-
tients with pre-transplant autoreactivity became insulin inde-
pendent. The use of ex vivo proliferation test proved to be 
reliable in pre-transplant samples. However, in post-
transplant samples T cell proliferation tests can be impaired 
by the use of immunosuppressive drugs and lymphopenia. In 
islet transplantation performed according to the Edmonton 
protocol, a condition of mild and chronic lymphopenia is 
secondary to immunosuppression. The immune system re-
acted by increasing levels of the homeostatic cytokines IL-7 
and IL-15 causing homeostatic proliferation of T cells. In 
this setting, ex vivo proliferation tests with GAD65 were 
impaired by the presence of a strong spontaneous ex vivo
proliferation of both CD4+ and CD8+ T cells, in which it 
was not possible to discriminate proliferation in response to 
GAD65 from the homeostatic proliferation induced by IL-7 
[50]. 

To measure the actual frequency of autoreactive T cell 
clones and changes after transplantation became possible 
with the development of MHC class II tetramers. GAD65-
specific tetramers were used to detect and follow changes in 
GAD65 specific T cell clones both in islet [50] or pancreas 
transplantation [51] and showed how the presence and post-
transplant expansion of autoreactive clones can be associated 
with graft loss. Even though not conclusive, these evidences 
are direct proofs of autoimmunity recurrence post islet and 
pancreas transplantation 30 years after the phenomenon was 
described. Seminal were identical twin transplants performed 
by David Sutherland in which transplant of pancreas seg-
ment from an unaffected twin to the twin with long term 
T1D in the absence of immune suppression resulted in the 
loss of graft beta cell function and insulitis reminiscent of 
what is seen at diabetes onset [52,53]. 

Measurement of alloreactive CD4+ T cells has been re-
cently reported using a method that combine a proliferation 
test with the production of cytokines. In the method, PBMC 
from the islet recipient were stimulated with irradiated 
PBMC bearing the same MHC class II molecules of the do-
nor. Proliferation was assessed as 3H-thymidine uptake and 
the cytokine profile was determined in the supernatant. Pa-
tients achieving stable insulin independence showed a cyto-
kine profile skewed toward IL-10+ regulatory T cells, 
whereas patients with poor transplantation outcome showed 
a cytokine profile with low IL-10 and high IL-2 production 
[54]. 

MEASUREMENT OF AUTOREACTIVE CD8+ T 
CELLS 

Autoreactive CD8+ T cell clones can directly kill target 
beta cells and therefore are considered the most important 
cell type to be monitored post islet and pancreas transplanta-
tion. Monitoring the CD8 cellular response is largely based 
on the use of fluorescent peptide-MHC multimers. Peptide-
MHC multimers can bind to autoreactive T cells through the 
affinity of the T cell receptor for the peptide-MHC complex. 
The use of peptide-MHC multimers to visualize autoreactive 
T cells by flow cytometry was in part limited by the low-
medium affinity of T cell receptor for autoantigens. The in-
creased avidity of multimers with a high number of peptide-
MHC molecules, such as pentamers, and the use of bright 
fluorochromes such as phycoerythrin (PE) and allophyco-
cyanin (APC) has substantially overcome these limitations. 
Using the currently available reagents it is now possible to 
evaluate the precursor frequency of single CD8+ T cell 
clones by direct staining of a PBMC sample, avoiding in
vitro culture and expansion. This is of importance for studies 
using stored PBMC, in which peptide-MHC multimer stain-
ing is performed on all samples at the same time at the end 
of the follow-up. Still the low frequency of antigen specific 
T cell precursors remains a challenge, however the acquisi-
tion of a large number of CD8+ events (>500,000/sample) is 
usually sufficient to detect autoreactive CD8+ T cells in a 
PBMC sample. Several MHC class I restricted epitopes of 
beta cell antigens have been identified as potential targets for 
autoimmunity and fluorescent MHC multimers are available 
for immune monitoring. These include GAD65114-123, Insulin 
B10-18, IA-2797-805, IGRP265-273, ppIAPP5-13 [55].

A number of studies have been conducted in islet and 
pancreas transplanted patients to address whether the pres-
ence of circulating autoreactive CD8+ T cells could reflect 
the autoimmune reaction to islet and pancreas grafts. In islet 
transplanted patients, circulating autoreactive CD8+ T cells 
specific for preproinsulin and insulin were associated with 
autoimmune mediated beta cell destruction. An important 
issue is the role of the donor/recipient HLA mismatch. 
Autoreactive T cells generated during the autoimmune proc-
ess that lead to T1D, were selected for their specificity for a 
beta cell antigen peptide in an autologous MHC context. 
Data obtained with MHC multimers clearly showed that pre-
existing autoreactive T cell clones maintained the MHC-
peptide complex specificity post-transplant. In addition, in 
pancreas-transplanted patients, Vbeta sequences from MHC 
multimers binding cells were conserved between pre and 
post-transplant samples. Activation of these clones can be 
achieved by presentation of beta cell antigens by autologous 
antigen presenting cells; however how these CD8+ T cells 
can recognize and exert a cytotoxic activity on mismatched 
beta cells remains unclear. Transplantation of islets from an 
MHC class I mismatched donor was shown to delay or pre-
vent destruction of islets mediated by CD8+ autoreactive T 
cells [55]. Comparison of CD8+ T cells specificities (insulin 
B10-18) in the peripheral blood and in the transplanted pan-
creas removed due to pancreatitis, showed that measure-
ments of circulating autoreactive CD8+ T cells parallel the 
specificity of CD8+ T cells found in the infiltrated pancreas 
[56]. This was important to validate the use of peripheral 
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blood samples for immune monitoring of autoimmunity 
occurring in transplanted islet and pancreas grafts.  

An important issue in immune monitoring autoreactive 
CD8+ T cell responses was the identification of mechanisms 
of expansion post transplantation. Activation of autoreactive 
naïve T cells specific for beta cell antigens precedes the 
clinical onset of T1D [46]. Autoreactive T cells with a mem-
ory phenotype survive in the immune system for years of 
decades and can be reactivated by antigen re-exposure post 
islet or pancreas transplantation. How these cells can un-
dergo to expansion under immunosuppressive regimen was 
unclear. The majority of clinically available immunosup-
pressive drugs are designed to target activation of T cells via 
antigen recognition and autocrine production of IL-2. These 
include rapamycin, calcineurin inhibitors such as FK506, 
and monoclonal antibodies to the IL-2 receptor alpha CD25. 
Other drugs act on more aspecific mechanisms such as the 
inhibitor of purine biosynthesis MMF. In a lymphopenic 
environment T cell proliferation is influenced by the increase 
of circulating homeostatic cytokines IL-7 and IL-15 [57]. 
Memory T cells proliferating in response to IL-7 develop 
properties that are remarkably similar to those of antigen 
expanded T cells, such as the production of IFN-gamma 
[58]. The presence of beta cell antigens from transplanted 
beta cells can provide a selective advantage to the expansion 
of autoreactive T cell clones. In islet transplantation with the 
Edmonton protocol (induction with CD25 and maintenance 
with rapamycin and FK506) a relative lymphodepletion is 
associated with the presence of high circulating Ki67+ T 
cells, including GAD65 specific CD8+ T cell clones [50]. 
Homeostatic T proliferation was resistant to rapamycin and 
FK506. Intriguingly, the use of anti CD25 Zenapax appeared 
to promote homeostatic proliferation [59]. By preventing the 
interaction of CD25 with the common gamma chain, Zena-
pax increased the availability of the common gamma chain 
for interaction with the alpha chain of the IL-7 receptor 
(CD127), thus increasing the T cell response to IL-7. On the 
other hand, the use of MMF suppressed homeostatic prolif-
eration as shown in vitro and in islet transplanted patients 
substituting rapamycin (for adverse side effects) with MMF 
therapy. Another important effect of high circulating levels 
of IL-7 was the abrogation of suppressive activity of 
CD4+CD25+FOXP3+ regulatory T cells (Treg) [60]. Treg 
typically express low levels of CD127 and they respond to 
IL-7 only at pathological circulating concentration. In this 
condition IL-7 can trigger homeostatic proliferation of Tregs 
and the suppressive activity is severely impaired, thus allow-
ing autoreactive T cells to expand. The IL-7/IL-7R axis rep-
resents a potentially novel target pathway to inhibit autoreac-
tive T cell expansion post transplantation. IL-7R blockade 
was shown to prevent and reverse diabetes onset in the non-
obese diabetic (NOD) mouse model [61,62].  However, so 
far no molecules specifically targeting the IL-7/IL-7R axis 
have been developed. We have recently identified a circulat-
ing soluble form of the IL-7 receptor alpha (sCD127) which 
act as an endogenous modulator of the IL-7 activity and can 
be potentially used to keep homeostatic T cell proliferation 
under control [63]. 

The role of alloreactive CD8+ T cells in islet and pan-
creas graft loss has been reported in few studies. Immune 
monitoring of the alloreactive CD8+ response can be per-

formed using the cytotoxic lymphocyte precursors assay. In 
the assay, PBMC from the recipient are co-cultured with 
irradiated PBMC expressing the same MHC class I mole-
cules from the donor, and using a limiting dilution assay to 
calculate the precursor frequency of cytotoxic T cells [49]. 
An increased cytotoxic T cell frequency was associated with 
rapid loss of islet allografts. [49,64]. Interestingly, tolerance 
to kidney allografts protect subsequent islet allograft if the 
kidney donor express the same MHC class I molecules of the 
islet donor [65]. A similar phenomenon has been described 
also in patients receiving subsequential islet infusions from 
different donors expressing the same MHC class I molecules 
[65]. 

ADVANCES IN T CELL IMMUNE MONITORING 

Among the available techniques for T cell immune moni-
toring, MHC multimers are rapidly developing into more 
sophisticated and informative methods for detection of 
autoreactive T cell responses. A novel combinatorial ap-
proach for the use of MHC multimers has been recently in-
troduced by Velthius at al [55]. Using quantum dot conju-
gated HLA-A2 multimers bearing the beta cell epitopes 
GAD65114-123, Insulin B10-18, IA-2797-805, IGRP265-273,
ppIAPP5-13 as well as positive and negative control peptides, 
the authors showed simulatenous detection of multiple CD8 
specificities in a single blood sample. The antigen specific 
clones were defined by the simultaneous binding of two 
MHC multimer bearing the same peptide but labelled with 
two different quantum dots to reduce aspecific binding and 
false positives (cells binding only one peptide-MHC mul-
timer are excluded from the analysis). This assay is called 
Diab-Q-kit and was successfully used to determine the fre-
quency and changes in CD8 autoreactivity both in the natural 
history of T1D and for immune-monitoring in patients re-
ceiving islet transplants, showing an association with the 
disease activity and transplantation outcome.  

One important issue in the detection of autoreactive T 
cells with MHC multimers is that autoreactive TCR have 
usually a low affinity for peptide-MHC complexes as com-
pared to TCR recognising viral peptides. This can result in a 
weak staining of autoreactive clones. To overcome this prob-
lem MHC dextramers have been recently introduced [66,67]. 
MHC dextramers are MHC-peptide complexes bound to a 
dextran polymer backbone. MHC dextramers carry more 
MHC-peptide and fluorochrome molecules than tetramers 
and pentamers. This increases their avidity for the specific T 
cell and enhances their staining intensity, thereby increasing 
resolution and the signal to noise ratio. MHC dextramers are 
particularly efficient in the detection of T cells carrying T-
cell receptors with low affinity for MHC-peptide, such as 
autoantigens.  

CONCLUDING REMARKS 

The improvement of immune monitoring strategies 
(summarized in Table 1) in recent years has highlighted that, 
in addition to the classical rejection of allogeneic grafts, islet 
or pancreas transplantation outcome can be severely affected 
by an intense early inflammatory response and by the 
reactivation of autoimmunity. Islet or pancreas transplanta-
tion into a recipient who developed T1D is a re-challenge of  
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Table 1. Immune biomarkers in pancreas and islet transplantation 

 Biomarker Test Function Application Ref 

CCL2/MCP-1 ELISA Donor serum levels negatively 
associated with graft survival for 

thrombosis 

Simultaneous kidney-pancreas 
transplantation 

[12] 

E
ar

ly
 in

fla
m

m
at

or
y 

re
sp

on
se

 

HMGB1 ELISA Recipient serum levels indicate 
islet damage and poor outcome 

Islet autotransplantation [15] 

GADA, IA2A and 
ZnT8A 

Radiobinding and Immuno-
precipitation assay

Post transplant changes predic-
tive of the outcome 

Islet allotransplantation 

Pancreas transplantation 

[33] 

[34; 35] 

Class I and II PRA FlowPRA beads + single 
antigen beads for cytometry

Sensitized patients showed infe-
rior outcome 

Islet allotransplantation [39] 

H
um

or
al

 im
m

un
ity

 

PRA and DSA Single antigen beads for 
Luminex

Concomitant PRA and DSA 
increase, or DSA alone, reduce 

graft survival 

De novo alloantibodies incre-
ment is associated with poorer 

pancreas graft survival 

Islet allotransplantation 

Pancreas transplantation 

Pancreas-kidney transplantation 

[37] 

[41;42] 

IA-2, GAD65, insulin 

reactive T cells  

3H thymidine proliferation Pre-transplant autoreactivity 
associated to loss of function 

Islet allotransplantation [49] 

[31] 

GAD65  reactive T cells  MHC I and II multimers Post-transplant expansion indi-
cate autoimmunity recurrence 

Islet allotransplantation 

Pancreas Transplantation 

[50] 

[51] 

Alloreactive lympho-
cytes cytokine profiles 

Luminex of cytokines se-
creted by MLC

IL-10+ regulatory T cells associ-
ated with insulin independence 

Islet allotransplantation [54] 

C
el

lu
la

r 
im

m
un

ity
 

GAD65, InsulinB, IA2, 
PPI, IGRP, ppIAPP 
autoreactive CD8+ T 

cells 

Quantum dot conjugated 
HLA2 multimer staining

Preproinsulin autoreactive CD8+ 
T circulating cells are associated 
with autoimmune mediated beta-

cell destruction 

Association between autoreactiv-
ity and transplantation outcome 

Circulating CD8+ T cells parallel 
the specificity of intrapancreatic 

CD8+ T cells 

Islet allotransplantation 

Pancreas transplantation 

[55] 

[56] 

Abbreviations: CCL2, chemokine (C-C motif) ligand 2; MCP-1, monocytes chemotactic protein 1; ELISA Enzime-linked immunosorbent assay; HMGB1, high mobility group box
1; GADA, glutamic acid decarboxylase 65 autoantibodies; IA2A, insulinoma-associated protein 2 autoantibodies; ZnT8A, zinc transporter 8 antigen autoantibodies; PRA, panel 
reactive antibodies; DSA, donor-specific antibodies; GAD65, glutamic acid decarboxylase 65; MHC, major histocompatibility complex; MLC, mixed lymphocyte cultures; IL-10, 
interleukin 10; IL-2, interleukin 2; PPI, preproinsulin; IGRP, islet specific glucose-6-phospatase catalytic subunit-related protein; ppIAPP, prepro-islet amyloid polypeptide; HLA2, 
human leukocyte antigen 2 
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an autoreactive memory response, which can result in auto-
immunity recurrence after transplantation. It is now clear that 
the classical immunosuppressive therapy to prevent allore-
jection is not sufficient to keep the early inflammatory re-
sponse and autoimmunity recurrence under control. Immune 
monitoring has been of great importance to better define the 
role of these events in graft loss and transplantation outcome. 
Moreover, it helped to identify novel pathways for specific 
targeting of specific events. Further studies are needed to 
define whether immune monitoring can be used to predict 
the outcome before a patient is transplanted and therefore, to 
select patients who would benefit from a beta cell replace-
ment therapy though islet or pancreas transplantation. Ide-
ally, the future goal of immune monitoring is to define bio-
markers and immune parameters to adapt the immonomodu-
latory therapy to the single patient needs, in order to perform 
a personalized therapy according to the nature and intensity 
of the immune reaction that each single patient can devel-
oped after transplantation. 

CONFLICT OF INTEREST 

Paolo Monti, Debora Vignali, and Lorenzo Piemonti de-
clare that they have no conflict of interest. 

ACKNOWLEDGEMENTS AND FUNDING REPORTS 

The authors were supported by grants from the Juvenile 
Diabetes Research Foundation, the European Foundation for 
the Study of Diabetes. 

REFERENCES 

[1] Tuomilehto J. The emerging global epidemic of type 1 diabetes. 
Curr Diab Rep 2013; 13(6): 795–804.  

[2] Steffes MW, Sibley S, Jackson M, Thomas W. Beta-cell function 
and the development of diabetes-related complications in the diabe-
tes control and complications trial. Diabetes Care 2003; 26(3): 
832–6.  

[3] Sakata N, Obenaus A, Chan N, Mace J, Chinnock R, Hathout E. 
Factors affecting islet graft embolization in the liver of diabetic 
mice. Islets 2009; 1(1): 26–33.  

[4] Thivolet C, Abou-Amara S, Martin X, et al. Serological markers of 
recurrent beta cell destruction in diabetic patients undergoing pan-
creatic transplantation. Transplantation 2000; 69(1): 99-103. 

[5] Pugliese A, Reijonen HK, Nepom J, Burke GW. Recurrence of 
autoimmunity in pancreas transplant patients: research update. Dia-
betes Manag (Lond) 2011; 1(2): 229–38.  

[6] Laughlin E, Burke G, Pugliese A, Falk B, Nepom G. Recurrence of 
autoreactive antigen-specific CD4+ T cells in autoimmune diabetes 
after pancreas transplantation. Clin Immunol 2008; 128(1): 23–30.  

[7] Vendrame F, Pileggi A, Laughlin E, et al. Recurrence of Type 1 
Diabetes After Simultaneous pancreas-kidney transplantation, de-
spite immunosuppression, is associated with autoantibodies and 
pathogenic autoreactive CD4 T-cells. Diabetes 2010; 59(4): 947–
57.  

[8] Di Lorenzo TP, Peakman M, Roep BO. Translational mini-review 
series on type 1 diabetes: Systematic analysis of T cell epitopes in 
autoimmune diabetes. Clin Exp Immunol 2007; 148(1): 1–16.  

[9] Tydén G, Reinholt FP, Sundkvist G, Bolinder J. Recurrence of 
Autoimmune Diabetes Mellitus in Recipients of Cadaveric Pancre-
atic Grafts. N Engl J Med 1996; 335(12): 860-3.  

[10] Worcester Human Islet Transplantation Group. Autoimmunity after 
islet-cell allotransplantation. N Engl J Med 2006; 355(13): 1397–9.  

[11] Floerchinger B, Oberhuber R, Tullius SG. Effects of brain death on 
organ quality and transplant outcome. Transplant Rev (Orlando) 
2012; 26(2): 54–9.  

[12] Ogliari C, Caldara R, Socci C, et al. High levels of donor 
CCL2/MCP-1 predict graft-related complications and poor graft 
survival after kidney-pancreas transplantation. Am J Transplant. 
2008; 8(6): 1303–11.  

[13] Johansson H, Lukinius A, Moberg L, et al. Tissue Factor Produced 
by the Endocrine Cells of the Islets of Langerhans Is Associated 
With a Negative Outcome of Clinical Islet Transplantation. Diabe-
tes 2005; 54(6): 1755-62.  

[14] Johansson H, Goto M, Dufrane D, et al. Low molecular weight 
dextran sulfate: a strong candidate drug to block IBMIR in clinical 
islet transplantation. Am J Transplant 2006; 6(2): 305–12.  

[15] Itoh T, Iwasahashi S, Kanak MA, et al. Elevation of high-mobility 
group box 1 after clinical autologous islet transplantation and its 
inverse correlation with outcomes. Cell Transplant 2014; 23(2): 
153–65.  

[16] Nano R, Racanicchi L, Melzi R, et al. Human pancreatic islet 
preparations release HMGB1: (ir)relevance for graft engraftment. 
Cell Transplant 2013; 22(11): 2175–86.  

[17] Piemonti L, Leone BE, Nano R, et al. MCP-1 / CCL2 : Relevance 
in Human Islet Transplantation. Diabetes 2002; 51(1): 55–65.  

[18] Kutlu B, Darville MI, Cardozo AK, Eizirik L. Molecular Regula-
tion of Monocyte Chemoattractant Protein-1 Expression in Pancre-
atic beta-cells. Diabetes 2003; 52(2): 348-55.  

[19] Takahashi T, Matsumoto S, Matsushita M, et al. Donor pretreat-
ment with DHMEQ improves islet transplantation. J Surg Res. 
2010; 163(1): e23–34.  

[20] Eldor R, Abel R, Sever D, et al. Inhibition of nuclear factor-�B
activation in pancreatic �-cells has a protective effect on allogeneic 
pancreatic islet graft survival. PLoS One 2013; 8(2): e56924.  

[21] Hering BJ, Kandaswamy R, Ansite JD, et al. Single-donor, mar-
ginal dose islet transplantation in patients with type 1 diabetes. 
Jama 2005; 293(7): 830-5.  

[22] Bellin MD, Kandaswamy R, Parkey J, et al. Prolonged insulin 
independence after islet allotransplants in recipients with type 1 
diabetes. Am J Transplant 2008; 8(11): 2463–70.  

[23] Matsumoto S, Takita M, Chaussabel D, et al. Improving efficacy of 
clinical islet transplantation with iodixanol-based islet purification, 
thymoglobulin induction, and blockage of IL-1� and TNF-�. Cell 
Transplant 2011; 20(10): 1641–7.  

[24] Welbourn Cr, Goldman G, Paterson IS, Valeri CR, Shepro D, 
Hechtman H.B. Pathophysiology of ischaemia reperfusion injury : 
central role of the neutrophil. Br J Surg 1991; 78(6): 651-5.  

[25] Melzi R, Sanvito F, Mercalli a., Andralojc K, Bonifacio E, 
Piemonti L. Intrahepatic Islet Transplant in the Mouse: Functional 
and Morphological Characterization. Cell Transplant 2008; 17(12): 
1361–70.  

[26] Moberg L, Korsgren O, Nilsson B. Neutrophilic granulocytes are 
the predominant cell type infiltrating pancreatic islets in contact 
with ABO-compatible blood. Clin Exp Immunol 2005; 142(1): 
125–31.  

[27] Citro A, Cantarelli E, Maffi P, et al. Brief report CXCR1 / 2 inhibi-
tion enhances pancreatic islet survival after transplantation. J Clin 
Invest 2012; 122(10): 3647–51.  

[28] Achenbach P, Warncke K, Reiter J, et al. Type 1 diabetes risk 
assessment: improvement by follow-up measurements in young is-
let autoantibody-positive relatives. Diabetologia 2006; 49(12): 
2969–76.  

[29] Jaeger C, Brendel MD, Hering BJ, Eckhard M, Bretzel RG. Pro-
gressive islet graft failure occurs significantly earlier in autoanti-
body-positive than in autoantibody-negative IDDM recipients of 
intrahepatic islet allograft. Diabetes 1997; 46(11): 1907–10. 

[30] Hilbrands R, Huurman VL, Gillard P, et al. Differences in baseline 
lymphocyte counts and autoreactivity are associated with differ-
ences in outcome of islet cell transplantation in type 1 diabetic pa-
tients. Diabetes 2009; 58(10): 2267–76.  

[31] Huurman VL, Hilbrands R, Pinkse GGM, et al. Cellular islet auto-
immunity associates with clinical outcome of islet cell transplanta-
tion. PLoS One 2008; 3(6): e2435.  

[32] Piemonti L, Everly MJ, Maffi P, et al. Alloantibody and autoanti-
body monitoring predicts islet transplantation outcome in human 
type 1 diabetes. Diabetes 2013; 62(5): 1656–64.  

[33] Bosi E, Braghi S, Maffi P, et al. Autoantibody response to islet 
transplantation in type 1 diabetes. Diabetes 2001; 50(11): 2464–71.  

[34] Braghi S, Bonifacio E, Secchi A, Carlo V Di, Pozza G, Bosi E. 
Modulation of Humoral Islet Autoimmunity by Pancreas Al-



Immune Monitoring in Pancreas and islet Transplantation Current Diabetes Reviews, 2015, Vol. 11, No. 3     143

lotransplantation Influences Allograft Outcome in Patients With 
Type 1 Diabetes. Diabetes. 2000; 49(2): 218-24. 

[35] Occhipinti M, Lampasona V, Vistoli F, et al. Zinc transporter 8 
autoantibodies increase the predictive value of islet autoantibodies 
for function loss of technically successful solitary pancreas trans-
plant. Transplantation 2011; 92(6): 674–7.  

[36] Terasaki PI, McClelland JD. Microdroplet Assay of Human Serum 
Cytotoxins. Nature 1964; 204(4962): 998–1000.  

[37] Gebel HM, Bray RA. The evolution and clinical impact of human 
leukocyte antigen technology. Curr Opin Nephrol Hypertens 2010; 
19(6): 598–602.  

[38] Olack BJ, Swanson CJ, Flavin KS, et al. Sensitization to HLA 
antigens in islet recipients with failing transplants. Transplant Proc 
1997; 29(4): 2268–9.  

[39] Campbell PM, Salam A, Ryan EA, et al. Pretransplant HLA anti-
bodies are associated with reduced graft survival after clinical islet 
transplantation. Am J Transplant 2007; 7(5): 1242-8.  

[40] Cardani R, Pileggi A, Ricordi C, et al. Allosensitization of islet 
allograft recipients. Transplantation 2007; 84(11): 1413-27.  

[41] Cantarovich D, De Amicis S, Akl A, et al. Posttransplant donor-
specific anti-HLA antibodies negatively impact pancreas transplan-
tation outcome. Am J Transplant 2011; 11(12): 2737–46. 

[42] Mittal S, Page SL, Friend PJ, Sharples EJ, Fuggle SV. De novo 
donor-specific HLA antibodies: biomarkers of pancreas transplant 
failure. Am J Transplant 2014; 14(7): 1664–71.  

[43] Pelletier RP, Hennessy PK, Adams PW, VanBuskirk AM, 
Ferguson RM, Orosz CG. Clinical Significance of MHC-Reactive 
Alloantibodies that Develop after Kidney or Kidney-pancreas 
Transplantation. Am J Transplant 2002; 2(2): 134–41.  

[44] Mallone R, Scotto M. Immunology of Diabetes Society T-Cell 
Workshop : HLA class I tetramer-directed epitope validation ini-
tiative. Curr Opin Nephrol Hypertens. 2010; 19(6): 598–6.  

[45] Viglietta V, Kent SC, Orban T, Hafler DA. GAD65-reactive T cells 
are activated in patients with autoimmune type 1a diabetes. J Clin 
Invest 2002; 109(7): 895–903.  

[46] Monti P, Scirpoli M, Rigamonti A, et al. Evidence for in vivo 
primed and expanded autoreactive T cells as a specific feature of 
patients with type 1 diabetes. J Immunol 2007; 179(9): 5785–92.  

[47] Danke NA, Yang J, Greenbaum C, Kwok WW. Comparative study 
of GAD65-specific CD4+ T cells in healthy and type 1 diabetic 
subjects. J Autoimmun 2005; 25(4): 303–11.  

[48] Eugster A, Lindner A, Heninger A-K, et al. Measuring T cell re-
ceptor and T cell gene expression diversity in antigen-responsive 
human CD4+ T cells. J Immunol Methods 2013; 400-401: 13–22.  

[49] Roep BO, Stobbe I, Duinkerken G, et al. Auto- and alloimmune 
reactivity to human islet allografts transplanted into type 1 diabetic 
patients. Diabetes. 1999; 48(3): 484-90.  

[50] Monti P, Scirpoli M, Maffi P, et al. Islet transplantation in patients 
with autoimmune diabetes induces homeostatic cytokines that ex-
pand autoreactive memory T cells. J Clin Invest 2008; 118(5): 
1806-14.  

[51] Laughlin E, Burke G, Pugliese A, Falk B, Nepom G. Recurrence of 
autoreactive CD4+T cells in autoimmune diabetes after pancreas 
transplantation. Clin Immunol 2009; 128(1): 23–30.  

[52] Sutherland DE, Sibley R, Xu XZ, et al. Twin-to-twin pancreas 
transplantation : reversal and reenactment of the pathogenesis of 
type I diabetes. Trans Assoc Am Physicians 1984; 97: 80-7.  

[53] Sibley Rk, Sutherland DE, Goetz F, Micheal Af. Recurrent diabetes 
mellitus in the pancreas iso- and allograft. A light and electron mi-
croscopic and immunohistochemical analysis of four cases. Lab In-
vest 1985; 53(2): 132-44.  

[54] Huurman VL, Velthuis JHL, Hilbrands R, et al. Allograft-specific 
cytokine profiles associate with clinical outcome after islet cell 
transplantation. Am J Transplant 2009; 9(2): 382–8.  

[55] Velthuis JH, Unger WW, Abreu JRF, et al. Simultaneous Detection 
of Circulating Autoreactive CD8+T-cells specific for different islet 
cell-associated epitopes using combinatorial MHC multimers. Dia-
betes 2010; 59(7): 1721-30.  

[56] Velthuis JH, Unger WW, van der Slik R, et al. Accumulation of 
autoreactive effector T cells and allo-specific regulatory T cells in 
the pancreas allograft of a type 1 diabetic recipient. Diabetologia. 
2009; 52(3): 494–503.  

[57] Mazzucchelli R, Durum SK. Interleukin-7 receptor expression: 
intelligent design. Nat Rev Immunol 2007; 7(2): 144–54. 

[58] Geginat J, Lanzavecchia A, Sallusto F. Proliferation and differen-
tiation potential of human CD8+ memory T-cell subsets in re-
sponse to antigen or homeostatic cytokines. Blood 2003; 101(11): 
4260–6.  

[59] Monti P, Brigatti C, Heninger a K, Scirpoli M, Bonifacio E. Disen-
gaging the IL-2 receptor with daclizumab enhances IL-7-mediated 
proliferation of CD4(+) and CD8(+) T cells. Am J Transplant 2009; 
9(12): 2727–35.  

[60] Heninger A-K, Theil A, Wilhelm C, et al. IL-7 abrogates suppres-
sive activity of human CD4+CD25+FOXP3+ regulatory T cells 
and allows expansion of alloreactive and autoreactive T cells. J 
Immunol. 2012; 189(12): 5649–58.  

[61] Penaranda C, Kuswanto W, Hofmann J, et al. IL-7 receptor block-
ade reverses autoimmune diabetes by promoting inhibition of effec-
tor / memory T cells. PNAS. 2012; 109(31): 12668-73. 

[62] Lee L, Logronio K, Huan G, et al. Anti – IL-7 receptor-� reverses 
established type 1 diabetes in nonobese diabetic mice by modulat-
ing effector T-cell function. PNAS 2012; 109(31): 12674-9. 

 [63] Monti P, Brigatti C, Krasmann M, Ziegler AG, Bonifacio E. Con-
centration and activity of the soluble form of the Interleukin-7 Re-
ceptor alpha in type I diabetes identifies an interplay between hy-
perglycemia and immune function. Diabetes 2013; 62(7)2500-8.  

[64] Roelen DL, Huurman VL, Hilbrands R, et al. Relevance of cyto-
toxic alloreactivity under different immunosuppressive regimens in 
clinical islet cell transplantation. Clin Exp Immunol 2009; 156(1): 
141–8. 

[65] van Kampen C, van de Linde P, Duinkerken G, van Schip JJ, Roe-
len DL, Keymeulen B. Alloreactivity against repeated HLA mis-
matches of sequential islet grafts transplanted in non-uremic type 1 
diabetes patients. Transplantation 2005; 80(1): 118-25.  

[66] Schøller J, Singh M, Bergmeier L, et al. A recombinant human 
HLA-class I antigen linked to dextran elicits innate and adaptive 
immune responses. J Immunol Methods 2010; 360(1-2): 1–9.  

[67] Davis MM, Altman JD, Newell EW. Interrogating the repertoire: 
broadening the scope of peptide-MHC multimer analysis. Nat Rev 
Immunol 2011; 11(8): 551–8. �

Received: October 17, 2014 Revised: February 19, 2015 Accepted: February 19, 2015


