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List of abbreviat ions 

35S the most stable radioactive isotope of sulfur 
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DD KA diseased donor kidney alone 
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Fas type II transmembrane protein which belongs to the 

tumor necrosis factor family 
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g gram 

GAD65 65-kDa isoform of glutamic acid decarboxylase 

GADA GAD autoantibody 
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HG hyperglycemia 

HLA human leukocyte antigen 

 



 

 II 

 
HLA-DR HLA class II histocompatibility antigens, functioning 

as antigen presenting molecules to CD4 T-cells, 

encoded by polymorphic genes in the human 

leukocyte antigen complex 

HLA-DQ HLA class II histocompatibility antigens, functioning 
as antigen presenting molecules to CD4 T-cells, 

encoded by polymorphic genes in the human 

leukocyte antigen complex  

IA-2 Insulinoma associated antigen 2, Insulinoma 

associated protein 2, Tyrosine-Phosphatase-like 
protein 2, Islet Cell Antigen ICA512 

IA-2A IA-2 autoantibody 

ICA islet cell antibody 

IFIH1 interferon-induced helicase C domain-containing 
protein 1, also know as MDA5 (Melanoma 
Differentiation-Associated protein 5) 

IGRP islet-specific glucose-6-phosphatase catalytic 
subunit-related protein 

IL-1 interleukin-1 

IL-6 interleukin-6 

IL-12 interleukin-12 

IFN-γ interferon-γ 

IRT iron regulated transporter 

K2AC  potassium acetate 

kD kiloDalton 

LB lysogeny broth 

LD KA living donor kidney alone 

LDSPK living donor simultaneous pancreas kidney  
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M  molar 

MALG minnesota anti-lymphocyte globin 

MBq megabecquerel 

mCi  milliecurie 

MHC major histocompatibility complex 

ml millilitre 

MMF mycophenolate mofetil 

mmol millimole 

mTOR mammalian target of rapamycin 

µl microlitre  

ng nanogram 

NaOH sodium hydroxide 

NGT normal glucose tolerance 

OKT3 muromonab-CD3 

PBS phosphate buffered saline 

PBTA phosphate buffer with tween 20 plus sodium azide 

PCR pancreatic chronic rejection 

RNA ribonucleid acid 

rpm revolutions per minute 

SPK  simultaneous pancreas kidney  

SLC solute carrier family  

SLC30A8 solute carrier family 30 (zinc transporter), member 8 

T1D type 1 diabetes 

T1DR type 1 diabetes recurrence 

T2D type 2 diabetes 

TCA trichloroacetic acid  

TE buffer buffer solution including tris and EDTA 

Th1 T-helper type 1 
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TNF-α tumor necrosis factor alpha 

TNF-β tumor necrosis factor beta 

Tris abbreviation of the organic compound 
tris(hydroxymethyl)aminomethane 

ZIP ZRT-, IRT-like Protein 

ZRT zinc related transporter 

ZnT8 zinc transporter 8 

ZnT8A ZnT8 autoantibody 

ZnT8R ZnT8 against arginine 

ZnT8W ZnT8 against tryptophan 

ZnT8Q ZnT8 against glutamine 
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1  Introduction 

1.1  Type 1 Diabetes 

1.1.1 Terminology, etiology and epidemiology 

The name “diabetes mellitus” derives from the Greek word διαβήτης (to flow, to pass 
through) and from the Latin word mellitus (honey-sweet). It describes a metabolic 
disorder of multiple etiologies characterized by chronic hyperglycemia with 
disturbances of carbohydrate, fat and protein metabolism. This disorder results from 

defects in insulin secretion, insulin action, or both. The classical symptoms at 
diagnosis are polyuria, polydipsia, loss of weight and fatigue. There are two main 
types of diabetes:  

1) Type 1 diabetes (T1D), which was previously known as childhood-onset diabetes, 
juvenile diabetes and insulin-dependent diabetes mellitus (IDDM). It is more common 
in children and young adults, but it can develop at any age.  

2) Type 2 diabetes (T2D), which is the more common form and more often develops 
in adult individuals; it is obesity-related and often non-insulin-dependent, although 
some patients may in time progress to insulin dependence. The previous term was 
non-insulin-dependent diabetes mellitus (NIDDM).  

Additional forms of diabetes include LADA (latent autoimmune diabetes of the adult) 
(60), gestational diabetes and more rare monogenic forms of diabetes, including 

numerous variants of MODY (maturity onset diabetes of the young) (187) and several 
types of neonatal diabetes (188). LADA is a slow progressing form of autoimmune 

diabetes diagnosed after the age of 35 and is often accompanied by other 
autoimmune endocrine diseases. Because of the mild symptoms at onset, LADA is 
often misdiagnosed as T2D.  
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The American Diabetes Association (ADA) publishes the classification of diabetes 
mellitus together with clinical practive recommendations every year (Table 1) (1). The 
current classification is primarily based on pathogenesis rather than on the 
requirement for insulin therapy and distinguishes between type 1A (autoimmune) and 

type 1B (not immune-mediated) diabetes. Type 1A is the most common form of 
diabetes among children and adolescents of European origin, usually characterized 

by acute onset and dependence on exogenous insulin for survival. It corresponds to 
80-90% of all T1D cases (45). Type 1B diabetes is poorly defined and its pathogenic 
causes remain unknown. This study is focused on type 1A diabetes, which given the 
rarity of type 1B diabetes, will be thereafter referred to as T1D. Thus, T1D in this 

thesis refers to type 1A diabetes.  

Data from the 2011 National Diabetes Fact Sheet (33) indicate that there are 25.8 
million children and adults in the United States who have diabetes, representing 
about 8.3 % of the population. T1D accounts for 5-10% of those with diabetes. 
Thus, there are an estimated 1.4 million people in the U.S. and 10-20 million 
worldwide affected by T1D (101). However, the incidence of childhood T1D (per 
100,000 per year) varies widely in different countries and populations (50,101); it is 
reported to range between 0.1/100,000 per year in China to 40.9/100,000 per year 
in Finland. Germany (12.7-15.4/100,000 per year) and the U.S. (14.6-17.8/100,000 
per year) in particular were categorized in a group of moderate-high incidence. If the 
current trend continues, the incidence of T1D in European children younger than five 

years might double between 2005 and 2020 and cases younger than 15 years of 
age will increase by 70% (44,127,128).  

Diabetes in general represents a huge economic burden for the society. In 2012, 

diabetes related expenses in the U.S. were estimated at $245 billion, of which $176 

billion were for direct medical costs and $69 billion derived from reduced productivity 
(2). A study predicted increasing costs in the future, up to $336 billion by 2034, when 
the number of patients affected by any type of diabetes is projected to exceed $44 

million (75). Tao et al. (176) specifically estimated that the economic burden caused 

by T1D amounts to approximately $14.4 billion in medical costs and lost income. In 
this study, the financial impact of T1D was disproportionally higher compared to that 
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of T2D. This may reflect the longer disease duration since patients with T1D are often 
diagnosed in childhood (approximately 40 % of patients develop T1D before age 20) 
(101). Given the prolonged exposure to hyperglycemia, patients with T1D have 
considerable lifelong morbidity and early mortality. T1D is the leading cause of ESDR, 

blindness and amputation of extremities and as well a main cause of cardiovascular 
disease (34,62).  

Table 1: Etiologic classification of diabetes mellitus (modified from (1)) 

I. Type 1 diabetes (beta-cell destruction, usually leading to absolute insulin    
deficiency)  
 

A. Immune mediated  
B. Idiopathic 
 
 

II. Type 2 diabetes (may range from predominantly insulin resistance with relative 
insulin deficiency to a predominantly secretory defect with insulin resistance) 
 
 
III. Other specific types 
  

A. Genetic defects of beta-cell function 
 

B. Genetic defects in insulin action  
 
C. Diseases of the exocrine pancreas 
 
D. Endocrinopathies  
 
E. Drug- or chemical-induced  
 
F. Infections  

 
G. Uncommon forms of immune-mediated diabetes  

 
H. Other genetic syndromes sometimes associated with diabetes  
 

 
IV. Gestational diabetes mellitus (GDM) 
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1.1.2 Pathogenesis of Type 1 Diabetes 

T1D is considered an organ-specific, T-cell mediated autoimmune disease in which 

autoreactive lymphocytes cause the destruction of pancreatic beta-cells (137). It is 

considered a multifactorial disease in which genetic predisposition and exposure to 
diabetogenic environmental factors lead to the eventual triggering of islet 

autoimmunity, which over time leads to the virtually complete loss of beta-cell mass 
and severe impairment of insulin secretion. The inflammatory infiltrate of pancreatic 
islets, named insulitis, has been considered the pathologic hallmark of islet 
autoimmunity (41,77). 

The disease has a strong genetic component, with over 40 genes linked to disease 
susceptibility (10,40,135). While most of these genes only provide small risk, selected 
allelic variants in the HLA complex provide about 50-60% of the overall genetic risk 
from inherited genes (57). The HLA complex is located on the short arm of 
chromosome 6. Many immune response genes are clustered in this complex in three 
main regions, the class I, class II and class III regions. The class I and class II regions 
harbor genes for histocompatibility antigens, which are heterodimers encoded by an 
alpha and a beta chain and function as antigen presenting molecules to CD8 (class I) 
and CD4 (class II) T-cells. Within the HLA complex, genes coding for HLA class II 
antigens have the strongest association with disease risk; in particular, the 
haplotypes encoded by DR3 (DRB1*0301), DQA1*0501-DQB1*0201 (DQ2) and 
HLA-DR4 (DRB1*04, most commonly the *0401 variant), DQA1*0301-DQB1*0302 
(DQ8) confer the highest risk, especially when they are both inherited. Individuals 
carrying this heterozygous genotype have the highest risk of T1D with an odds ratio 

greater than 40 (135). This genotype is typically carried by 30-50% of patients, 
compared to about 2% of the general population, while most patients carry at least 
one of these two high risk haplotypes. The higher risk conferred by the heterozygous 
genotype is explained by the formation of a trans-complementing HLA-DQ 

heterodimer, which can only be formed when the two haplotypes are inherited 
together, that is capable of presenting islet autoantigens and promote diabetogenic 

responses (183,184). HLA-DR4, DQA1*0301-DQB1*0301 (DQ7) haplotypes are 
neutral, highlighting the critical contribution to T1D risk of the DQB1*0302 allele. 
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Several HLA-DR4 subtypes are defined by polymorphisms of the DRB1 chain, e.g., 
DRB1*0401, DRB1*0404, etc, and they show variable association with T1D risk, 
even when in linkage with DQA1*0301-DQB1*0302; this suggests that the HLA-
DRB1 molecule modulate immune responsiveness to islet cell autoantigens (57). In 

contrast, HLA-DR2 (DRB1*1501) haplotypes carrying DQA1*0102-DQB1*0602 are 
negatively associated with T1D in several populations, with less than 1% of T1D 

patients carrying this protective haplotypes; this haplotype confers strong protection 
from T1D development also in first degree relatives with autoantibodies (AAb) (138). 
Two additional haplotypes are also very protective: DRB1*1401, DQA1*0101, 
DQB1*0503 and DRB1*0701, DQA1*0201, DQB1*0303 (145). Finally, selected HLA 

class I alleles are also associated with T1D, independently of class II genes, 
especially HLA-A2, HLA-A24 and HLA-B39 (118). Many studies suggest that 

additional loci within the HLA complex may modulate susceptibility, suggesting that 
HLA-encoded susceptibility derives from multi-locus effects (148). 

Despite the fact that siblings and offspring share about half of their genome with their 
diabetic proband, siblings have a higher diabetes risk than the offspring of a T1D 
patient. Siblings can share both HLA haplotypes, which are equal to their proband, 
while an offspring receive only one haplotype from their single affected parent (6). 
Interestingly, children from diabetic fathers carry a higher diabetes risk than those 
from a diabetic mother (198). 

Best characterized susceptibility loci outside the HLA complex include a polymorphic 

variable number of tandem repeats (VNTR) (14) at the insulin gene locus (13), the 
protein 4 of cytotoxic T lymphocytes (CTLA-4) gene (107), the lymphocyte specific 
phosphatase (PTPN22) gene (23), the IL-2 receptor locus (IL2RA) (100) and the IFIH1 

locus (166) coding for an helicase that could link diabetes risk to responses to viral 

infections.  
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Since the concordance of monozygotic twins for T1D is 30-50% (122,144,146), it is 
also suggested that environmental factors play an important role in the development 
of the disease. Viruses are among the etiologies that have been linked to T1D (89). 
Multiple lines of evidence support a role for viruses (171), in particular for 

enteroviruses: 1) the correlation of T1D incidence with the seasonality of enterovirus 
infections; 2) the numerous reports of T1D epidemic bouts; 3) the association of T1D 

with antibodies to enterovirus and the detection of enteroviral RNA, albeit not in all 
studies, correlating with islet autoimmunity and beta-cell function (66); 4) reports 
demonstrating higher T1D risk in the offspring of mothers with enteroviral infections 
(194); 5) as noted above, the identification of a susceptibility gene controlling innate 

responses to enterovirus (37), the IFIH1 gene, which encodes for the interferon 
induced with helicase C domain protein 1. This molecule recognizes enteroviral 

double-stranded RNA and promotes the production of inflammatory cytokines. Viral 
infections might lead to sustained interferon responses and up-regulation of HLA 
class I expression in the presence of predisposing IFIH1 alleles, which would favor 
the presentation of self-antigens of pancreatic beta-cells, triggering islet 
autoimmunity; 6) finally, the growing evidence that the enterovirus can infect beta-
cells in T1D patients (52,149), with studies showing that viral antigen is detected 
much more frequently in the pancreas of T1D patients compared to patients with 
type 2 diabetes and non-diabetic subjects (149).  

Among dietary factors, cow´s milk has been the subject of much research based on 

epidemiological studies showing an association with higher disease incidence in 
certain populations. It is suggested that some component of albumin in cow´s milk 
(bovine serum albumin), which is the basis for most infant milk formulas, can trigger 

an autoimmune response (90,155,156). The authors proposed that there is an 

increased risk of T1D associated with introduction of dairy products at a young age 
and with milk consumption during childhood. However, there are other investigations 
that found no evidence of association between early exposures to cow´s milk or the 

duration of breast-feeding and the development of T1D (42,119). An international 

study is presently investigating the role of cow’s milk in T1D, the TRIGR study (Trial 
to Reduce IDDM in the Genetically at Risk), with results expected in 2017 (4). 
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Other factors, besides islet autoimmunity, are emerging in the pathogenesis of T1D. 
Insulin resistance has been reported to affect about 20% of young patients with T1D, 
especially during puberty. Insulin resistance precedes diagnosis and is believed to 
accelerate the rate of progression of islet autoimmunity (16,59,61,207). Significant 

changes in metabolite profiles (amino acids, lipids, fatty acids) also precede islet 
autoimmunity in genetically at-risk children. Inflammation may be a driving force 

behind insulin resistance and metabolic changes, which could also reflect apoptosis 
occurring in the pancreas (123,134). In the SEARCH study, young patients with T1D 
had elevated serum levels of IL-6, fibrinogen and C-reactive protein (167); of note, IL-
6 has been associated with increased, pathogenic Th17 T-cell responses and 

impaired function of regulatory T-cells (99). Accordingly, the serum of T1D patients 
has a proinflammatory signature that includes IL-1 and other inflammatory cytokines 

and chemokines (197). Many of these cytokines are expressed in the pancreas of 
T1D patients (154) and can negatively impact beta-cell function and survival (11). 
Indeed, there is evidence that pancreatic islet cells from patients with T1D undergo 
endoplasmic reticulum stress (105). Inflammation and insulin resistance are 
associated with obesity, which is becoming more prevalent among T1D children (98). 
There is also growing evidence that dietary habits can influence intestinal permeability 
and the composition of the gut flora (182), which also impacts the production of 
cytokines, chemokines (154), the innate immune responses (5) and the function of 
gut-associated lymphocytes.  

Islet autoimmunity, however, is considered the main pathogenic mechanism. The 
autoimmune responses to specific beta-cell autoantigens are described in the 
following sections. Figure 1 provides an overview of various factors in the 

pathogenesis of T1D. Interactions among various genetic and environmental factors 

lead to either susceptibility or resistance to the disease. Genetic susceptibility would 
favor the development of a pathogenic autoimmune response, while genetic 
resistance may prevent the triggering of autoimmunity or favor regulation and thus 

responses that are not aggressive enough to cause disease. The pathogenic 

autoimmune response is mediated by T-lymphocytes (T-cells) that are reactive to 
islet beta-cell autoantigens (so called autoreactive T-cells). T-cell responses are 
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normally regulated by suppressive T-cells, also known as regulatory T-cells. It is 
believed that the balance between effector responses and regulatory responses is 
altered, so that regulation is impaired, effector cells are resistant to regulation and 
ultimately autoreactive responses can be triggered (26). The dominance of 

pathogenic autoimmune responses over regulation can cause insulitis as 
macrophages and cytotoxic T-cells infiltrate the islets. Damage to beta-cells occurs 

directly via the cytotoxic mechanisms of CD8 T-cells and indirectly via the generation 
of cytokines such as IL-1, TNF-α, TNF-β, IFN-γ and free radicals. Environmental and 

genetic elements can also influence the ability of beta-cells to restore damage and 
avoid irreversible beta-cell death (143). 

Figure 1: Pathogenesis of type 1 diabetes ((143), page 742, with kind permission of Elsevier) 
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1.1.3 Autoimmune responses in Type 1 Diabetes 

A main focus of T1D research lies in the development of immunotherapeutic 

strategies to prevent beta-cell destruction prior to the clinical manifestation of the 

disease. Therefore, it is essential to identify target autoantigens, so that antigen-
specific therapies and assays to measure autoimmune response can be developed. 

Assays in screening programs can help identifying individuals with an increased risk 
of T1D, to facilitate studies about the natural history and trials to prevent the onset of 
disease (195). 

The insulitis lesion is typically seen during the prediabetic stage or around the time of 

onset and it represents the pathological expression of the autoimmune disease: It 
consists of the infiltration of the pancreatic islets by lymphocytes and other 
inflammatory cells (77). CD8 T-cells are typically the more abundant class of 
lymphocytes, compared to CD4 T-cells and B-lymphocytes. Other cell types 
(macrophages, dendritic cells) are also present. The presence and frequency of these 
cell types are likely reflecting the evolution of the disease process. Of note, the 
characterization of insulitis in the human pancreas has been hampered by rare 
access to the pancreas from patients with recent onset T1D and is still matter on 
ongoing research (32) with renewed vigor given the improved access to pancreata 
through organ donors with diabetes (140). Recently, autoreactive T-cells reacting 
specifically with selected autoantigens, have been demonstrated in the pancreas of 
deceased donors with T1D (41).  

Evidence from experimental studies indicates that pancreatic beta-cell autoantigens 
are up-taken by intra-islet dendritic cells and presented to CD4 T-cells in the 

pancreatic lymph nodes (PLN) (110,114). Helper CD4 T-cells promote the activation 
of cytotoxic CD8 T-cells. However, CD4 T-cells also stimulate beta-cell killing via the 
secretion of cytokines and via signaling through death receptors (Fas, TNF-α) (110). 
Once activated, autoreactive CD8 T-cells recognize islet autoantigens presented by 

HLA class I molecules on the surface of the pancreatic beta-cells and mediate 
cytotoxicity through several effector molecules, such as perforin, FasL and several 
Th1 cytokines (IFN-γ, TNF-α). While T1D is traditionally considered to be mediated by 
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Th1 type T-cells, growing evidence implicates Th17 T-cells, which have been shown 
to have deleterious effects on beta-cells (74). In both patients and animal models, 
studies have identified multiple CD4 and CD8 T-cells reacting against a variety of islet 
autoantigens (151), for which multiple epitopes have been defined and are restricted 

by either HLA class I or class II molecules associated with increased T1D risk. 
Besides autoreactive T-cells and proinflammatory cytokines, which damage the islet 

cells both in vivo and in vitro ((142), B-lymphocytes also play an important role 
(73,86,106,113,160), as they can function as antigen presenting cells and produce 
AAb to several ICA. The partial preservation of insulin secretion in T1D patients 
treated with rituximab, a monoclonal antibody against B-lymphocytes, further 

supports a role for these cells in the disease pathogenesis (132). While it is unclear 
whether AAb play a direct pathogenic role in mediating beta-cell destruction, AAb are 

used as reliable diagnostic and predictive markers. 

Cytoplasmic ICA were first described by Bottazzo et al. (22) in a cohort of patients 
with polyendocrine autoimmune disease. ICA were the first serological evidence that 
autoimmunity is involved in the pathogenesis of T1D, and their discovery was a 
significant step forward in the understanding the autoimmune nature of the 
pathogenesis of T1D.  ICA are present in 80-90% of newly diagnosed T1D patients 
around the time of clinical diagnosis. ICA can be detected through indirect 
immunofluorescence on human pancreatic cryostat slides; however, the test does 
not identify specific AAb to individual autoantigens.  

During the past few decades, several islet autoantigens have been identified (151). 
These include insulin/proinsulin (125), GAD (8), IA-2 (17), ZnT8 (203) and IGRP 
(80,108,181). Reagents and assays to detect the presence of autoreactive T-cells to 

these autoantigens have been developed and continue to be perfected 

(79,103,104,121,150,191). With the exception of IGRP, robust AAb assays have 
been developed and validated to measure AAb to these autoantigens (113), and 
these are routinely employed to diagnose T1D and screen relatives of patients for 

early detection of islet autoimmunity and in disease prevention trials (54,190,213). 
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Insulin itself was the first target autoantigen identified in T1D patients and AAb to 
insulin (IAA) were first described in 1983 by Palmer et al. (125). The appearance of 
IAA has an inverse correlation with age. Children less than five years of age who 
develop T1D have a high prevalence of IAA (50-90%) (186,214). IAA are very 

frequently the first AAb to appear during the natural history of disease development. 
Because of their early presence in the progression of T1D, they have a notable 

predictive value, especially in children (211). Autoreactive T-cells to insulin and 
proinsulin epitopes have also been described and some insulin-specific CD8 T-cells 
were shown to kill beta-cells in vitro (87,92,136,164). 

The autoantigen GAD was identified in 1990 (8). There are two GAD isoforms with 

different molecular weights: GAD65 (65 kDa) and GAD67 (67 kDa) (8), which are 
encoded by two separate genes. GAD is expressed in the central and peripheral 
nervous system as well as in the testis, ovaries and pancreas. Within the islets of 
Langerhans, GAD65 is located in the membrane of the synaptic-like microvesicle and 
GAD67 in the cytoplasm (25). Its function is to catalyze the synthesis of γ-

aminobutyric acid (GABA). GAD autoantibodies (GADA) can be detected in 50-70% 
of T1D patients. However, AAb to GAD65 are found near the time of onset in 60-
70% of T1D probands while only 10-20% have AAb to GAD67 (70,159). Several T-
cell epitopes of GAD65 have been identified and circulating autoreactive T-cells are 
reported in patients (121,147). Thus, autoimmune responses to GAD65 are believed 
to be the GAD-specific responses more commonly associated with T1D. 

Another important target antigen is IA-2 (97,129) and IA-2A are usually found in 50-
70% of T1D patients at diagnosis (15,116,212). IA-2 is a transmembrane protein, 

which is produced in neurosecretory cells of the brain, the hypophysis, the 
chromaffin cells of the adrenal gland and in the secretory granules of pancreatic 

beta-cells (168). During insulin secretion, the cytoplasmic domain of IA-2 is cleaved 
and relocated to the nucleus, where it stimulates the transcription of the insulin gene 
(179). It plays an important role in the development and excretion of the secretory 
granules; mice with deleted IA-2 genes have impaired insulin secretion (71,93,152). 

Several antibody and T-cell epitopes of IA-2 have been identified 
(12,53,55,88,91,102,115,116,124,130,131,157,199). 
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ZnT8 was first discovered in 2004 by Chimienti et al. (35) in pancreatic beta-cells. It 
was shown to facilitate the transport of zinc from the cytoplasm into intracellular 
vesicles; thus, ZnT8 has an important role in insulin secretion (35,36). The zinc 
content in beta-cells is the highest in the body, since zinc is required for insulin 

synthesis and storage (56). As a consequence, a large quantity of zinc is released 
with insulin after glucose stimulation (64). Insulin itself is stored inside pancreatic 

beta-cell secretory vesicles as a solid hexamer bound with two Zn2+ ions per 
hexamer. This crystalline structure is osmotically stable at pH 5.5 until its secretion 
(56). For the regulation of zinc homeostasis, there are zinc transporters assigned to 
two metal transporter families: 1) the SLC39 family of proteins (also called ZIP), which 

allows the influx of zinc to the cytosol from the outside of cells or from the lumen of 
intracellular compartments; 2) the SCL30 family (ZnT), previously named cation 

diffusion facilitator family (CDF), that ensures zinc efflux from the cytosol to the 
extracellular space or intracellular organelles (82). The mammalian ZIP family contains 
14 proteins and the ZnT family 10 proteins (43). ZnT8 is localized in the membrane 
envelope of the insulin storage granules and appears to be the only ZnT expressed 
solely in pancreatic beta-cells (202). Therefore, it is of prime importance for the insulin 
secretory pathway where it is involved in the concentration of Zn2+ in the secretory 
granule lumen in exchange for protons translocated by the vesicular proton pump 
(36). It is encoded by the gene SLC30A8 (chromosome 8q24.11). ZnT8 is a 369 
amino acid polytopic integral membrane protein. The initial 74 and final 102 amino 

acids mark the major cytoplasmic section of ZnT8. Figure 2 shows the structure of 
the ZnT8 molecule. 

In 2007, ZnT8 was discovered as a major autoantigen in human T1D (203). ZnT8A 

were identified in 80% of new onset T1D patients and in 26% of patients classified as 

negative for the AAb to GAD, IA-2 and insulin. When using all four AAb combined, 
the autoimmunity detection rates increased to 98% at disease onset. The presence 
of ZnT8A significantly raised the probability that an individual otherwise tested as low 

risk would develop clinical diabetes within five years. For that reason, it is important 

to include ZnT8A in screening protocols for the identification of individuals at risk for 
T1D (46,209,210). 
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patients with the T allele had ZnT8WAb. As 30–44%
of ZnT8Ab-positive subjects react with all three variants
[13], that is, despite that subject is homozygous for R/R,
there may still be autoantibodies that react with ZnT8W
[15]. The character of the residue 325 in ZnT8 was
thought to represent a conformational epitope [22].
However, the epitope-specific reactivity to the ZnT8 268
–369 in vitro transcription translation product is poorly
investigated. The aims of the present study were
therefore to 1) determine the immunogenicity of 15-
mer short ZnT8 (318–331) peptides in mice with either
R or W at position 325; 2) test the ability of these short
ZnT8 peptides to compete with radiolabelled (ZnT8 268
–369) long proteins in binding to patient sera specific
for either ZnT8RAb or ZnT8WAb; and 3) test the
ability of the unlabelled long ZnT8 (268–369) proteins
to compete with radiolabelled long ZnT8 (268–369)
proteins in binding to patient sera specific for either
ZnT8RAb or ZnT8WAb.

Materials and methods

Synthesis of short ZnT8 peptides

Fifteen-mer peptides (short) of ZnT8R, ZnT8W and
ZnT8Q (aa 318–331) covering sequences NH2-CHVA-
TAASRDSQVVR-COOH) with R,W or Q, respectively, in
the aa position 325 (Fig. 1) were synthesized by a standard
Solid-phase peptide synthesis (SPPS) with 9-fluorenylmeth-
yloxycarbonyl group (Fmoc) and determined by mass-
spectrometry (MS) at Innovagen AB, Lund, Sweden. AB.

Immunization of BALB/c mice

BALB/c (NOVA-SCB, Sollentuna, Sweden) were immu-
nized at Innovagen AB animal house facility with either
ZnT8R (n = 4), ZnT8W (n = 4) or ZnT8Q (n = 4) short
ZnT8 (aa 318–331) peptides conjugated to Keyhole
Limpet Hemocyanin (KLH). The first injection (100 lg
subcutaneously) was given at three months of age followed
by four boosts (25–50 lg intraperitoneally) at 4-week
intervals. Serum was withdrawn prior the fourth booster
and kept overnight at 4 °C until antibody analysis the
following day. The mice were exanguinated three days after
the fourth booster.

ZnT8Ab analysis by ELISA and Triplemix Radiobinding Assay
(RBA)

ZnT8-peptide antibodies were detected in mouse serum by
a standard in-house ELISA using the same ZnT8R, W and
Q (aa 318–331) peptide antigens as for the immunization
at Innovagen AB. The ZnT8 Triplemix RBA for mouse
serum was carried out described in detail [16]. Protein A
Sepharose 40% (Invitrogen, Carlsbad, CA, USA) was added
for precipitation of the antibody–peptide complex.

ZnT8Ab patient sera

Six newly diagnosed T1D patients (<18 years of age at
onset) positive for either ZnT8RAb or ZnT8WAb

Figure 1 Schematic representation of the Zinc Transporter 8 (ZnT8)
protein indicating the cytoplasmic C-terminal end (amino acids 268–
369). The long protein (amino acids 268–369) and the short peptide
(amino acids 318–331) relative to the full-length ZnT8 protein are also
indicated. The polymorphic 325 amino acid position (R, W, Q) and the
four amino acid residues contributing to the autoantibody epitope are
shown [22].

Table 1 Characteristics of patient serum samples and specificity for ZnT8 autoantibodies against Arginine (R) or Tryptophan (W) at amino acid position
325.

Serum Samples Gender Age onset HLA genotype SLC30A8 genotype ZnT8R Ab ZnT8W Ab ZnT8Q Ab GAD Ab IA Ab IA2 Ab

P1-R F 15.3 DQ8/5.1 Unknown Pos Neg Neg Pos Neg Pos
P2-R F 16.5 DQ2/8 CC Pos Neg Neg Pos Pos Pos
P3-W M 7.5 DQ2/8 TT Neg Pos Neg Neg Neg Neg
P4-W M 16.0 DQ8/6.4 CT Neg Pos Neg Pos Neg Pos
P5-W F 2.3 DQ8/8 Unknown Neg Pos Neg Pos Pos Pos
P6-W F 12.9 DQ8/5.1 TT Neg Pos Neg Neg Neg Pos

Abbreviations: P1-2-R, Patient 1-2 with ZnT8RAb-monospecific serum; P3-P6-W, Patient 3-6 with ZnT8WAb-monospecific serum; F, Female; M,
Male; DQ8/5.1, DQB1*03:02/DQB1*05:01; DQ2/8, DQA1*05:01-DQB1*02:01/DQA1*03-DQB1*03:02; DQ8/6.4, DQB1*03:02/DQB1*06:04;
DQ8/8, DQB1*03:02/DQB1*03:02.

Scandinavian Journal of Immunology, 2013, 77, 21–29

22 ZnT8 Peptide Antigenicity in Type 1 Diabetes H. Sk€arstrand et al.
..................................................................................................................................................................

 

Figure 2: The structure of ZnT8 molecule consists of the following parts: the cytoplasmic C-terminal 

end, the long protein (amino acids 268-369), the short peptide (amino acids 318-331), the amino acid 

position 325 (R, W, Q) and the four amino acids forming the autoantibody epitope ((163), page 22, 

with kind permission of John Wiley and Sons) 

 

There are two major antibody epitopes at the cytosolic C-terminus of the ZnT8 
molecule (163,201,204). One of these epitopes includes the amino acid residue at 

position 325, which is polymorphic. Therefore, there are two isoforms of the protein 
that carry either arginine (ZnT8R) or tryptophan (ZnT8W). The glutamine variant 
(ZnT8Q), a third variant, occurs infrequently in Caucasian populations. ZnT8R is the 

predominant variant in Europeans and African-Americans, ZnT8W appears in 
approximately 25% of Europeans, in about 2% of African-Americans and in almost 
50% of Asians (165). Autoreactive T-cell responses to ZnT8 have also been 

associated with T1D (158). 
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1.1.4 Pancreas Transplantation as a treatment for Type 1 Diabetes 

The discovery of insulin in 1922 dramatically changed the prognosis of T1D. It was 

the first effective therapy for T1D, which not only improved quality of life but also 

increased life expectancy. However, insulin therapy converted T1D from a rapidly 
fatal condition into a chronic disease and allowed for the development of long-term 

complications, e.g. retinopathy, neuropathy, nephropathy and vasculopathy (34). The 
“Diabetes Control and Complications Trial” showed that intensive insulin regimen that 
achieve tight blood glucose control reduced the risk of complications in T1D (117). 
Yet this level of tight control is difficult to achieve for many patients, despite many 

advances in insulin therapy and blood glucose monitoring, and it bears significant risk 
of hypoglycemia (208). Transplantation can reverse diabetes by replacing the lost 
mass of beta-cells. Both transplantation of whole pancreas and transplantation of 
purified pancreatic islets are possible and can lead to reversal of the diabetic state 
(51,68,69,112). Both procedures have improved over time, but many more whole 
pancreas transplants have been performed compared to islet transplants. Although it 
requires invasive surgery and has a higher risk of perioperative mortality and 
morbidity (69), pancreas transplantation is correlated with longer graft survival and 
function than islet transplantation. Pancreas transplantation is particularly beneficial 
for patients with T1D and ESRD (28,206), in whom transplantation of pancreas and 
kidney restores both insulin secretion and renal function. According to the 2013 
United States Renal Data System Annual Report, 115,643 patients received therapy 
for ESRD in 2011. Diabetes mellitus was the cause of ESRD in 45.7% of these cases 
and of these incident diabetic ESRD patients, 4.1% had T1D (3). 

There are three main types of pancreas transplantation: pancreas transplant alone 
(PTA), pancreas after kidney (PAK) and simultaneous pancreas kidney (SPK). In 
exceptional circumstances, there is an indication for PTA, e.g. in patients with so-
called “brittle” diabetes, a condition which is accompanied by highly unstable and 

difficult to manage diabetes. PAK is performed in diabetic patients who receive a 
pancreas transplant some time after a previous kidney transplant. The SPK category 
represents the most common form of pancreas transplantation; SPK transplant are 
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offered to T1D patients who have developed ESRD. As of December 2010, 75% of 
transplants were SPK, followed by PAK (18%) and PTA (7%). Only 0.3% of recipients 
received segmental grafts from living donors (LD); of these, 34.7% were solitary 
transplants (PTA, PAK), whereas 65.3% were in combination with a kidney from the 

same donor (67). 

 

1.2  Simultaneous Pancreas Kidney (SPK) Transplantat ion 

1.2.1 Number of transplants 

Kelly and Lillehei (85) performed the first clinically successful SPK transplant in 1966, 

at the University of Minnesota. Since then, and through December 31, 2010, more 
than 37,000 pancreas transplants (>25,000 from the US and >12,000 from outside 
the US) have been reported to the International Pancreas Transplant Registry (IPTR) 
(67). After a continuous increase in the number of transplants, the total number has 
started to drop since 2005 (Figure 3), possibly a result of the reduction in deceased 
donor pancreas donation rates (83). The main decline (by 55%) was seen in the PAK 
category, which may be somewhat attributable to the decrease in living donor kidney 
donation rates, followed by PTA and SPK (30% and 8% reductions, respectively) 
(Figure 4). 
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Special Issue 
Islet and Pancreas Transplantation 

From December 16, 1966, through December 
31, 2010, more than 37,000 pancreas transplanta-
tions have been reported to the International Pan-
creas Transplant Registry (IPTR), including more 
than 25,000 from the US and more than 12,000 
from outside the US. In the US, reporting of out-
comes is mandatory. Therefore almost complete 
follow-up is available for those transplantations. 
For transplantations performed outside the US, 
follow-up information was not available for all 
contributing centers at the time of analysis, and 
will not be presented to avoid possible biases. This 
study aimed to evaluate the outcome of 25,000 
pancreas transplantations performed during 44 
years from December 16, 1966, through December 
31, 2010. 

Methods 

Transplant cases 

Cases with follow-up information as of March 
2011 were included in the analyses. Pancreas 
grafts were considered functioning for as long as 
the recipients were totally insulin independent, 
and death with a functioning graft was considered 
as graft failure. In some analyses, technical failure 
and pancreas graft primary non-function cases 
were excluded. The remaining cases were consid-
ered technically successful. Outcomes in patients 
who died with a functioning pancreas were cen-
sored at the time of death to describe the immu-
nological outcome. Technical failures were defined 
as primarily early graft losses attributed to vascu-
lar thrombosis or removal because of bleeding, an-
astomotic leaks, pancreatitis, or infection. 

Kidney grafts were considered functioning as 
long as the patients on dialysis before transplan-
tation were dialysis-free afterwards, or as long as 
their post-transplant serum creatinine level was 
below the pre-transplant level. 

Statistical analysis 

In univariate analyses, p-values were calcu-
lated by log-rank (L-R) tests, and refer to the sig-
nificance of the long-term differences between the 
overall survival. Cox proportional and non-
proportional hazard models were used to investi-
gate the independent influence of risk factors for 
patient survival and graft function. For the esti-
mation of patient survival, time-dependent covari-
ates were added. Adjusted survival curves based 
on the Cox models were used to estimate half-
lives. All statistics were performed using SAS ver-
sion 9.2 (SAS Institute, Cary, NC) or SPSS version 
18.0 (SPSS Inc, Chicago, IL). 

Results 

Number of transplantations 

The total number of pancreas transplantations 
in the US reported to IPTR/UNOS from December 
16, 1966, through December 31, 2010 was 25,030 
(Figure 1). After a constant increase in the num-
ber of transplantation cases, the overall number 
started to decrease in 2005. 

The number of pancreata used in multivisceral 
transplantations performed simultaneously with 
liver, intestine, and/or kidney increased signifi-
cantly over the analyzed time period. They ac-
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Figure 1. Annual number of US pancreas transplantations 
reported to UNOS/IPTR, 1966-2010. 
 

Abbreviations: 
 

AB - antibody 
BD - bladder drainage 
CCV - cardio-/cerebrovascular 
DCD - donation after cardiac death 
DD - deceased donor 
ED - enteric drainage 
HLA - human leukocyte antigen 
IPTR - International Pancreas Transplant Registry 
LD - living donor 
L-R - log-rank 
MMF - mycophenolate mofetil 
PAK - pancreas after kidney 
PRA - panel-reactive antibody 
PTA - pancreas transplantation alone 
RR - relatice risk 
SPK - simultaneous pancreas kidney 
TAC - tacrolimus 
Tx - transplantation 
UNOS - United Network for Organ Sharing 

 
Figure 3: Annual number of US and Non-US pancreas transplantations reported to UNOS (United 

Network for Organ Sharing) and IPTR (International Pancreas Transplant Registry), 1966-2010 ((67), 

page 7, with kind permission of Society for Biomedical Diabetes Research) 
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counted for 7-8% of all transplanted pancreata. In 
the case of multivisceral transplantations, the 
reason for the transplantation was not related to 
diabetes, Therefore, those transplantations were 
excluded from further analyses. 

In 2010, a total of 130 US centers reported that 
they had performed at least 1 pancreas transplan-
tation. Only 1 center reported more than 50 pan-
creas transplantations, but 83 centers (64%) re-
ported fewer than 10 transplantations in this year. 
In terms of the 3 major pancreas transplant cate-
gories, 122 centers (94%) performed at least 1 si-
multaneous pancreas-kidney (SPK) transplanta-
tion; 71 centers (54%) at least 1 pancreas after 
kidney (PAK) transplantation; but only 36 centers 
(28%) at least 1 pancreas transplantation alone 
(PTA). In the same year, only a third of the US 
centers (n = 45) reported a retransplantation of 
pancreas or pancreas-kidney. Of those 43 centers, 
two-thirds (n = 30) performed only 1 retransplan-
tation. Most pancreas transplantations (96%) were 
performed in patients with diabetes as the under-
lying disease. Overall, SPK transplantations ac-
counted for 72%, PAK for 17%, and PTA for 7%. 

Of the 21,236 pancreas transplantations in the 
major categories (SPK, PAK, PTA), 72 (0.3%) used 
segmental grafts from living donors (LDs). Of the 
LD pancreas transplants, 25 were solitary trans-
plants (12 PTA, 13 PAK), while 47 were in combi-
nation with a kidney from the same donor. LD 
transplantations were performed at only 3 centers 
in the US. In the LD SPK category at 1 year, the 
patient survival rate and the kidney graft function 

rate were both 100%, while the pancreas graft 
function was 83%. The 5-year pancreas graft func-
tion rate reached 68%. In 17 recipients, the pan-
creas graft was reported to be functioning more 
than 10 years post-transplant. 

Since 2004, the overall number of pancreas 
transplantations in the 3 major categories has 
been steadily declining. An overall decrease of 20% 
was observed in 2010, when compared with 2004. 
The largest decline was seen in the PAK category 
(55%), followed by PTA (30%) and SPK (8%) (Fig-
ure 2). 

The absolute number of pancreas retransplan-
tations increased over time (Figure 3A). The larg-
est increase was seen in PAK. The majority were 
pancreas retransplantations in primary SPK pa-
tients who had a functioning kidney, but a failed 
pancreas graft. The absolute number of SPK and 
PTA transplantations was low, but showed a 
steady increase. In 2010, PAK retransplantations 
accounted for over 35% of all PAK transplanta-
tions (Figure 3B). 

Recipient and donor characteristics 

The gender distribution remained relatively 
constant over the analyzed time period. Around 
60% of PAK and SPK recipients were male, while 
only 42% of males received a PTA (p < 0.0001). 
This showed a constant tendency for female dia-
betic patients to correct their metabolic control 
earlier than male patients. 

Recipient age increased over time and more 
and more older patients received a pancreas 
transplant (Figure 4). The significant increase in 
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Figure 2. Annual number of US pancreas transplantations 
for the major recipient categories, 1988-2010. 
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Figure 3. Annual number (A) and rates (B) of US pancreas 
retransplantations, 1988-2010. 

 

Figure 4: Annual number of US pancreas transplantations for the major recipient categories, 1988-

2010 ((67), page 8, with kind permission of Society for Biomedical Diabetes Research). PTA = 

Pancreas transplantation alone, PAK = pancreas after kidney transplantation, SPK = Simultaneous 

pancreas- kidney transplantation 
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1.2.2 Surgical procedure 

Surgical techniques for SPK transplantation differ in the type of exocrine drainage of 

the pancreatic allograft. Initially, most of the transplants were performed using the 

bladder drainage (BD), an approach that became the most widely established 
technique in the nineties (170) and is still the standard procedure at the University of 

Miami (27). In this technique, the second portion of the donor´s duodenum is 
anastomosed directly to the recipient´s bladder (Figure 5). This drainage allows 
pancreas exocrine secretions to be released with the urine and enables for the 
monitoring of urinary amylase levels to detect rejection at an early stage. This 

method, however, is associated with fluid and electrolyte losses, especially 
bicarbonate, urinary tract complications and development of leaks requiring enteric 
conversion in up to 50% of cases (196). However, enteric conversion have been 
necessary only in 8-12% of patients at the University of Miami (28). Most centers 
today prefer the enteric drainage (ED) option, an approach that affords a more 
physiological drainage. In this method, the donor duodenum is anastomosed to a 
loop of recipient bowel (Figure 6). The use of this technique involves a higher risk of 
anastomotic breakdown with abscess formation, resulting in life-threatening 
peritonitis and subsequent graft loss. Long-term results in 1,000 SPK transplants 
with 22-year follow-up showed no difference for patient, pancreas and kidney 
survival rate between the enteric and bladder drainage (169). However, the overall 
complication rate for ED is smaller, and thus this procedure is more commonly 
performed.  

Regarding the vascular anastomoses, the pancreas receives its supply from the iliac 

artery. The common method at the University of Miami is to use the external iliac 
artery (EIA) on the right hand side for inflow to the pancreas transplant and the left 
EIA for the kidney transplant inflow (39). The venous drainage is performed either 
systemically or by using the portal venous circulation via the superior mesenteric 

vein. The former method can cause peripheral hyperinsulinemia due to bypassing the 
metabolic first pass effect in the liver. The second procedure is more physiological, 

but technically of greater challenge. 
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Abb. 4: Pankreastransplantation in der Dünndarmdraingetechnik mit portal-

venöser Anastomose zur V. mesenterica sup. Craniale Ausrichtung des 
Duodenalsegmentes und Seit-Seit-Anastomose zum Jejunum (Büsing 
1998). 

 

 
 
Abb. 5: Pankreastransplantation in der Blasendrainagetechnik mit systemisch-

venöser Anastomose (Büsing 1998). 

 

Figure 5: Simultaneous pancreas kidney transplantation with bladder drainage and systemic-venous 

anastomosis ((31), page 292, with kind permission of Springer + Business Media) 
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Abb. 4: Pankreastransplantation in der Dünndarmdraingetechnik mit portal-

venöser Anastomose zur V. mesenterica sup. Craniale Ausrichtung des 
Duodenalsegmentes und Seit-Seit-Anastomose zum Jejunum (Büsing 
1998). 

 

 
 
Abb. 5: Pankreastransplantation in der Blasendrainagetechnik mit systemisch-

venöser Anastomose (Büsing 1998). 

 

Figure 6: Simultaneous pancreas kidney transplantation with enteric drainage and portal-venous 

anastomosis via the superior mesenteric vein ((31), page 294, with kind permission of Springer + 

Business Media). 
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1.2.3 Immunosuppression 

Pancreas allografts are highly immunogenic. The success of transplantation reflects 

not only improvement of surgical techniques, but also advances in 

immunosuppression. Over the years, immunosuppressive drugs and regimens have 
helped reduce the occurence and severity of acute rejection and avoid long-term 

chronic allograft dysfunction. Antibodies for induction therapy at the time of 
transplantation include the non-depleting anti-CD-25 monoclonal (e.g. daclizumab or 
basiliximab), depleting monoclonals such as alemtuzumab and polyclonal antibodies 
like thymoglobulin (39). As early as in 2001, more than 75% of SPK patients received 

some form of antibody induction therapy (72). 

For maintenance immunosuppression, current protocols seek to decrease 
calcineurin inhibitor nephrotoxicity, reduce or avoid corticosteroids, and use 
adjunctive antiproliferative agents such as mTOR inhibitors. Sigificant advances 
include the introduction of the macrolide lactone tacrolimus (TAC) in 1994 and of 
MMF, a prodrug of mycophenolic acid, in 1996. In the past five years, the most 
widely used maintenance protocol was based on TAC, MMF and low-dose steroids. 
This protocol was used in more than 80% of SPK cases (28,29,67,84,169). A single-
center trial (38) with ten years of follow-up examined the long-term effect of 
rapamycin in combination with TAC for maintenance immunosuppression in SPK 
recipients. All patients received thymoglobulin, daclizumab, low-dose TAC and 
corticosteroids. A significant reduction of biopsy-proven acute kidney and pancreas 
rejection rate was demonstrated in the rapamycin group compared to the MMF 
group. Moreover, rapamycin was better tolerated and more effective than MMF with 

an equivalent patient and allograft survival, suggesting that rapamycin may be 
preferred for patients who are at high risk for MMF intolerance.   
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1.2.4 Patient and graft survival 

At the very beginning of pancreas transplantation, the surgeons had to face severe 

complications such as acute rejection, pancreatitis, development of fistula on the 

duodenal segment, septicemia or relaparotomy (due to vascular graft thrombosis, 
intra-abdominal infection, bleeding, anastomosis and duodenal stump leak), which 

caused a high mortality rate peri- and postoperatively (76). With improvements in 
surgical techniques and immunosuppression, current patient survival rates for 
recipients of grafts from deceased donors (DD) are more than 95% at one year in all 
three categories (SPK, PTA, PAK) (67). At five years post-transplant, the patient 

survival rate reached 87% in SPK, 83% in PAK and 89% in PTA. Ten years after 
transplant, more than 70% of the recipients are still alive in all categories. The 1-year 
pancreas graft function has increased from 72.2% in 1987-1993 to 85.5% in 2006-
2010 (Figure 7a) and the kidney graft function improved from 85.0% in 1987-1993 to 
93.4% in 2006-2010 (Figure 7b).  
 
Since the beneficial effects of euglycemia may take many years to become manifest, 
long-term, ie 10 years or greater, pancreas transplant graft survival is a key 
milestone. In the first decade of the kidney-pancreas transplant program at the 
University of Miami, the 10-year survival rates for patients and pancreatic graft were 
83% and 76%, respectively (27). During the subsequent decade, death-censored 
pancreas transplant survival was 98% in patients randomized to receive rapamycin, 
and 84% in those randomized to mycophenolate mofetil. The 5, 10 and 20-year 
patient survival for SPK patients at the University of Wisconsin were 89, 80 and 58%, 

respectively (196). Weiss et al. (200) have evaluated 9,630 patients on the waiting list 
for a SPK who received either a simultaneous transplant (n=7,952) or a DD KA 
(n=616) or LD KA transplant (n=1,062). They confirmed the previous investigated 1-
year survival rates of kidney transplants alone (96-97% versus 95%), but also 

showed that a year after transplantation, those patients with a SPK and functioning 
pancreatic graft (about 85%) have a greater survival rate compared to the isolated 

kidney transplants, with a 2-2.7-fold reduced risk of death. For the SPK survivors 
with pancreas graft loss within the first 12 months, the survival advantage of this 
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binations of maintenance drugs. The use of these 
protocols was similar in all 3 categories. The most 
widely used maintenance protocol was based on 
tacrolimus (TAC) and mycophenolate mofetil 
(MMF), which was accompanied with an im-
provement in outcome. In the last 5 years, this 
protocol was applied in more than 80% of SPK 
cases. It was also the most widely used protocol in 
solitary transplantations. A growing number of re-
cipients received a protocol based on sirolimus, ei-
ther alone or in combination with other immuno-
suppressive drugs. In PTA, this protocol was used 
in 20% of all cases. In recent years, more and more 
maintenance protocols have avoided the use of 
steroids [7]. In one-third of all SPK recipients, the 
patient was discharged after transplantation 
without maintenance steroid use. This rate was 

slightly higher in solitary transplantations, ac-
counting for 46-48% of transplantations. 

Patient survival and graft function 

The survival rate of patients who received pri-
mary DD pancreas transplants has constantly im-
proved in the last few decades and reached more 
than 95% at 1 year post-transplant in all 3 catego-
ries for transplantations performed in 2009. At 5 
years post-transplant, the unadjusted patient sur-
vival rate reached 87% in SPK, 83% in PAK, and 
89% in PTA. At 10 years post-transplant, more 
than 70% of recipients were reported to be alive. 
The highest patient survival rate was found in 
PTA recipients, with a 10-year patient survival 
rate of 82%. In all 3 categories, cardio-
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option is reduced and the outcome is similar to the patients who received a DD KA. 
Recipients of a solitary kidney transplantation followed by a PAK benefit from the 
additional surgery, but they do not achieve comparable survival rates as those with a 
functioning SPK.  
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Figure 7a and 7b: Primary deceased donor graft function over 5 eras. 7a: Simultaneous kidney 

pancreas, pancreas graft. 7b: Simultaneous kidney pancreas, kidney graft ((67) page 12, with kind 

permission of Society for Biomedical Diabetes Research).  
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binations of maintenance drugs. The use of these 
protocols was similar in all 3 categories. The most 
widely used maintenance protocol was based on 
tacrolimus (TAC) and mycophenolate mofetil 
(MMF), which was accompanied with an im-
provement in outcome. In the last 5 years, this 
protocol was applied in more than 80% of SPK 
cases. It was also the most widely used protocol in 
solitary transplantations. A growing number of re-
cipients received a protocol based on sirolimus, ei-
ther alone or in combination with other immuno-
suppressive drugs. In PTA, this protocol was used 
in 20% of all cases. In recent years, more and more 
maintenance protocols have avoided the use of 
steroids [7]. In one-third of all SPK recipients, the 
patient was discharged after transplantation 
without maintenance steroid use. This rate was 

slightly higher in solitary transplantations, ac-
counting for 46-48% of transplantations. 

Patient survival and graft function 

The survival rate of patients who received pri-
mary DD pancreas transplants has constantly im-
proved in the last few decades and reached more 
than 95% at 1 year post-transplant in all 3 catego-
ries for transplantations performed in 2009. At 5 
years post-transplant, the unadjusted patient sur-
vival rate reached 87% in SPK, 83% in PAK, and 
89% in PTA. At 10 years post-transplant, more 
than 70% of recipients were reported to be alive. 
The highest patient survival rate was found in 
PTA recipients, with a 10-year patient survival 
rate of 82%. In all 3 categories, cardio-
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1.2.5 Type 1 Diabetes recurrence after transplantation 

Pancreas transplant recipients may develop diabetes on follow-up for a variety of 

reasons. Post-transplant diabetes is a clinical entity in which the etiology may be 

multifactorial and remains poorly understood (47) Etiological factors include the 
effects of immunosuppression, insulin resistance, weight gain and others. With the 

advancement in immunosuppression and the reduced incidence of acute rejection, 
immunological failures have become less frequent and are typically ascribed to 
chronic rejection (27,206). However, another potential cause of immunological failure 
is T1DR. This is traditionally considered a very rare cause of diabetes after 

transplantation, due to the belief that immunosuppression that obviates rejection also 
suppresses autoimmunity in most patients (174).  
 

T1DR was first described in recipients of the tail of the pancreas from living-related 
HLA-identical twins and siblings. Due to HLA-matching, those patients received 
either no or reduced immunosuppression (162,175). The reappearance of 
hyperglycemia with occurrence of insulitis, beta-cell loss, islet cell autoantibodies and 
no evidence of pancreas rejection were consistent with recurrent disease. In one 
case report, a SPK patient who received organs from a HLA identical sibling, 
developed T1DR 8 years after transplantation, despite immunosuppression (153). 
The extended time interval that preceded recurrence of diabetes in this patient 

suggests that immunosuppression might have restrained its development and that 
immunosuppressed patients have a delay in developing recurrence of autoimmunity 
and diabetes. Sibley et al. made a similar observation (161). They noticed that T1DR 

was not present in immunosuppressed patients who received organs from non-HLA-
identical donors. These data reinforced the assumption that immunosuppression 
efficiently prevented recurrence of disease and that this is dependent on HLA 
matching between the donor and the recipient. Other reports considered the 
reappearance of ICA in graft failure. Since the patients were HLA mismatched, this 

study supported the conclusion that the recurrence of ICA might occur in recipients 
of pancreas transplants regardless of HLA matching (21). Furthermore, studies 
suggest that autoimmunity may be associated with graft loss in immunosuppressed 
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recipients. This derives from reported associations of AAb with graft failure 
(21,24,58,133,177), albeit in the absence of biopsy data and the assessment of 
circulating autoreactive T-cells.  

Studies from the SPK cohort followed at the University of Miami, with long-term 

follow-up and advanced methods to assess humoral and cellular autoimmune 
responses, reveal that the incidence in this cohort for T1DR is comparable to chronic 

rejection (7.6% and 4.5% respectively), as shown by the results presented in this 
thesis. Therefore, T1DR plays an important role in graft outcome (30). Although 
immunosuppression should reduce the incidence and severity of acute rejection and 
avoid long-term chronic allograft dysfunction, it does not prevent the reactivation of 

autoimmunity in all recipients and does not seem to avert progression of 
autoimmunity once this has been reactivated.  

Several patients with T1DR of this cohort have been extensively followed and 
characterized; in these patients, it has been possible to demonstrate the cardinal 
features of T1DR (192), which are listed in Table 2. Figures 8 and 9 show examples 
of two SPK patients with T1DR. 

Table 2: Cardinal features of T1DR (modified from (139)) 

Hyperglycemia requiring insulin therapy, with impaired or absent insulin secretion, 
in the absence of rejection and changes in graft function, specifically unchanged 
exocrine pancreas (urine amylase levels) and kidney (serum creatinine levels) 
function 
Insulitis and/ or β-cell loss in the pancreas transplant biopsy 
 
The persistence or appearance of autoantibodies preceding T1DR 
 
The detection of circulating autoreactive T-cells around the time of T1DR 
diagnosis, and/or the detection of autoreactive T-cells in pancreas transplant 
and/or pancreas transplant associated lymph nodes 
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varying from severe to minimal. Patients 1 and 2 (Figs. 1B
and 2B) had peri-insulitis to severe insulitis affecting many
islets with infiltrating T-cells (CD3, CD4, CD8) and B-cells
(CD20) detected by immunostaining. Many islets no longer
stained for insulin and many more appeared damaged with
reduced insulin content. Yet several islets appeared
healthy with normal proportions of !-cells. In contrast,
patient 3 had minimal insulitis, but there was dramatic loss
of !-cells (Fig. 3A, inset), suggesting that the insulitis
process had mostly run its course. In all patients, infil-
trates consisted mostly of CD8 T-cells, whereas CD4
T-cells appeared much less frequent. B-cells were less
represented than T-cells. Additional biopsy data are re-
ported in the supplemental data, and Figs. S5–S17, S18–
S27, and S28–S35 for patients 1–3, respectively. As we
previously reported (25), biopsies of these patients dem-

onstrated ductal cells expressing insulin (supplemental
Figs. S17, S27, and S34), rarely expressing the proliferation
marker Ki-67 (Fig. S35), suggesting a potential mechanism
of pancreas remodeling and perhaps !-cell regeneration.
Ki-67 expression was not observed in residual !-cells
within the islets (not shown) in the biopsy material
available. We detected VP-1 protein in the islets of patient
2 (Fig. S26), which was colocalized with insulin by confo-
cal microscopy and indicated !-cell infection with Cox-
sackie B virus, which has been associated with type 1
diabetes (26,27). We did not detect VP-1 expression in the
islets of the other two patients and in biopsies from three
additional SPK recipients who were normoglycemic and
autoantibody negative; two other normoglycemic and au-
toantibody-negative SPK recipients expressed VP-1 in ei-
ther !-cells or "-cells (not shown).
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FIG. 1. Clinical course, autoimmunity assessment, and biopsy in patient 1. Patient 1 was a 41-year-old Caucasian male [HLA A2/A3, B57/B60, DR4
(DRB1*0405)/DR6] who developed type 1 diabetes at age 7 years. He received an SPK transplant from an HLA A2/A30, B41/B60, DR4/DRX donor
at age 32 years. The transplant reversed diabetes, but the patient returned to insulin dependence 5 years later, while kidney and exocrine
pancreas allografts had normal function. A: Autoantibody levels before transplant and on follow-up. The patient had GAD and IA-2 autoantibodies
before transplantation, which persisted despite immunosuppression, and titers increased on follow-up. Color-matched, horizontal lines represent
the cutoff level for each autoantibody. For all autoantibodies, a value >1 denotes a positive result. B: Pancreas transplant biopsy stained as
labeled, obtained #6 months after the recurrence of hyperglycemia. Insulitis and !-cell loss are shown. C: Serum C-peptide levels and % of GAD
tetramer–positive T-cells in the CD4 T-cell population from the time of hyperglycemia recurrence. C-peptide was still detectable at diagnosis,
confirming the function of residual !-cells observed at biopsy. Autoreactive T-cells were detected at the time of biopsy, #6 months after
the recurrence of hyperglycemia on two samples, and again at several time points #1 year after treatment. The horizontal blue line
represents the cutoff of the tetramer assay (0.25%). D: Flow cytometry plots demonstrating GAD-autoreactive CD4 T-cells. The numbers
above the plots identify the same sample in C. Tetramer staining with irrelevant peptide was <0.1% (not shown). DM, diabetes; Tx,
treatment. (A high-quality digital representation of this figure is available in the online issue.)
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varying from severe to minimal. Patients 1 and 2 (Figs. 1B
and 2B) had peri-insulitis to severe insulitis affecting many
islets with infiltrating T-cells (CD3, CD4, CD8) and B-cells
(CD20) detected by immunostaining. Many islets no longer
stained for insulin and many more appeared damaged with
reduced insulin content. Yet several islets appeared
healthy with normal proportions of !-cells. In contrast,
patient 3 had minimal insulitis, but there was dramatic loss
of !-cells (Fig. 3A, inset), suggesting that the insulitis
process had mostly run its course. In all patients, infil-
trates consisted mostly of CD8 T-cells, whereas CD4
T-cells appeared much less frequent. B-cells were less
represented than T-cells. Additional biopsy data are re-
ported in the supplemental data, and Figs. S5–S17, S18–
S27, and S28–S35 for patients 1–3, respectively. As we
previously reported (25), biopsies of these patients dem-

onstrated ductal cells expressing insulin (supplemental
Figs. S17, S27, and S34), rarely expressing the proliferation
marker Ki-67 (Fig. S35), suggesting a potential mechanism
of pancreas remodeling and perhaps !-cell regeneration.
Ki-67 expression was not observed in residual !-cells
within the islets (not shown) in the biopsy material
available. We detected VP-1 protein in the islets of patient
2 (Fig. S26), which was colocalized with insulin by confo-
cal microscopy and indicated !-cell infection with Cox-
sackie B virus, which has been associated with type 1
diabetes (26,27). We did not detect VP-1 expression in the
islets of the other two patients and in biopsies from three
additional SPK recipients who were normoglycemic and
autoantibody negative; two other normoglycemic and au-
toantibody-negative SPK recipients expressed VP-1 in ei-
ther !-cells or "-cells (not shown).
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FIG. 1. Clinical course, autoimmunity assessment, and biopsy in patient 1. Patient 1 was a 41-year-old Caucasian male [HLA A2/A3, B57/B60, DR4
(DRB1*0405)/DR6] who developed type 1 diabetes at age 7 years. He received an SPK transplant from an HLA A2/A30, B41/B60, DR4/DRX donor
at age 32 years. The transplant reversed diabetes, but the patient returned to insulin dependence 5 years later, while kidney and exocrine
pancreas allografts had normal function. A: Autoantibody levels before transplant and on follow-up. The patient had GAD and IA-2 autoantibodies
before transplantation, which persisted despite immunosuppression, and titers increased on follow-up. Color-matched, horizontal lines represent
the cutoff level for each autoantibody. For all autoantibodies, a value >1 denotes a positive result. B: Pancreas transplant biopsy stained as
labeled, obtained #6 months after the recurrence of hyperglycemia. Insulitis and !-cell loss are shown. C: Serum C-peptide levels and % of GAD
tetramer–positive T-cells in the CD4 T-cell population from the time of hyperglycemia recurrence. C-peptide was still detectable at diagnosis,
confirming the function of residual !-cells observed at biopsy. Autoreactive T-cells were detected at the time of biopsy, #6 months after
the recurrence of hyperglycemia on two samples, and again at several time points #1 year after treatment. The horizontal blue line
represents the cutoff of the tetramer assay (0.25%). D: Flow cytometry plots demonstrating GAD-autoreactive CD4 T-cells. The numbers
above the plots identify the same sample in C. Tetramer staining with irrelevant peptide was <0.1% (not shown). DM, diabetes; Tx,
treatment. (A high-quality digital representation of this figure is available in the online issue.)
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varying from severe to minimal. Patients 1 and 2 (Figs. 1B
and 2B) had peri-insulitis to severe insulitis affecting many
islets with infiltrating T-cells (CD3, CD4, CD8) and B-cells
(CD20) detected by immunostaining. Many islets no longer
stained for insulin and many more appeared damaged with
reduced insulin content. Yet several islets appeared
healthy with normal proportions of !-cells. In contrast,
patient 3 had minimal insulitis, but there was dramatic loss
of !-cells (Fig. 3A, inset), suggesting that the insulitis
process had mostly run its course. In all patients, infil-
trates consisted mostly of CD8 T-cells, whereas CD4
T-cells appeared much less frequent. B-cells were less
represented than T-cells. Additional biopsy data are re-
ported in the supplemental data, and Figs. S5–S17, S18–
S27, and S28–S35 for patients 1–3, respectively. As we
previously reported (25), biopsies of these patients dem-

onstrated ductal cells expressing insulin (supplemental
Figs. S17, S27, and S34), rarely expressing the proliferation
marker Ki-67 (Fig. S35), suggesting a potential mechanism
of pancreas remodeling and perhaps !-cell regeneration.
Ki-67 expression was not observed in residual !-cells
within the islets (not shown) in the biopsy material
available. We detected VP-1 protein in the islets of patient
2 (Fig. S26), which was colocalized with insulin by confo-
cal microscopy and indicated !-cell infection with Cox-
sackie B virus, which has been associated with type 1
diabetes (26,27). We did not detect VP-1 expression in the
islets of the other two patients and in biopsies from three
additional SPK recipients who were normoglycemic and
autoantibody negative; two other normoglycemic and au-
toantibody-negative SPK recipients expressed VP-1 in ei-
ther !-cells or "-cells (not shown).
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FIG. 1. Clinical course, autoimmunity assessment, and biopsy in patient 1. Patient 1 was a 41-year-old Caucasian male [HLA A2/A3, B57/B60, DR4
(DRB1*0405)/DR6] who developed type 1 diabetes at age 7 years. He received an SPK transplant from an HLA A2/A30, B41/B60, DR4/DRX donor
at age 32 years. The transplant reversed diabetes, but the patient returned to insulin dependence 5 years later, while kidney and exocrine
pancreas allografts had normal function. A: Autoantibody levels before transplant and on follow-up. The patient had GAD and IA-2 autoantibodies
before transplantation, which persisted despite immunosuppression, and titers increased on follow-up. Color-matched, horizontal lines represent
the cutoff level for each autoantibody. For all autoantibodies, a value >1 denotes a positive result. B: Pancreas transplant biopsy stained as
labeled, obtained #6 months after the recurrence of hyperglycemia. Insulitis and !-cell loss are shown. C: Serum C-peptide levels and % of GAD
tetramer–positive T-cells in the CD4 T-cell population from the time of hyperglycemia recurrence. C-peptide was still detectable at diagnosis,
confirming the function of residual !-cells observed at biopsy. Autoreactive T-cells were detected at the time of biopsy, #6 months after
the recurrence of hyperglycemia on two samples, and again at several time points #1 year after treatment. The horizontal blue line
represents the cutoff of the tetramer assay (0.25%). D: Flow cytometry plots demonstrating GAD-autoreactive CD4 T-cells. The numbers
above the plots identify the same sample in C. Tetramer staining with irrelevant peptide was <0.1% (not shown). DM, diabetes; Tx,
treatment. (A high-quality digital representation of this figure is available in the online issue.)
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varying from severe to minimal. Patients 1 and 2 (Figs. 1B
and 2B) had peri-insulitis to severe insulitis affecting many
islets with infiltrating T-cells (CD3, CD4, CD8) and B-cells
(CD20) detected by immunostaining. Many islets no longer
stained for insulin and many more appeared damaged with
reduced insulin content. Yet several islets appeared
healthy with normal proportions of !-cells. In contrast,
patient 3 had minimal insulitis, but there was dramatic loss
of !-cells (Fig. 3A, inset), suggesting that the insulitis
process had mostly run its course. In all patients, infil-
trates consisted mostly of CD8 T-cells, whereas CD4
T-cells appeared much less frequent. B-cells were less
represented than T-cells. Additional biopsy data are re-
ported in the supplemental data, and Figs. S5–S17, S18–
S27, and S28–S35 for patients 1–3, respectively. As we
previously reported (25), biopsies of these patients dem-

onstrated ductal cells expressing insulin (supplemental
Figs. S17, S27, and S34), rarely expressing the proliferation
marker Ki-67 (Fig. S35), suggesting a potential mechanism
of pancreas remodeling and perhaps !-cell regeneration.
Ki-67 expression was not observed in residual !-cells
within the islets (not shown) in the biopsy material
available. We detected VP-1 protein in the islets of patient
2 (Fig. S26), which was colocalized with insulin by confo-
cal microscopy and indicated !-cell infection with Cox-
sackie B virus, which has been associated with type 1
diabetes (26,27). We did not detect VP-1 expression in the
islets of the other two patients and in biopsies from three
additional SPK recipients who were normoglycemic and
autoantibody negative; two other normoglycemic and au-
toantibody-negative SPK recipients expressed VP-1 in ei-
ther !-cells or "-cells (not shown).
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FIG. 1. Clinical course, autoimmunity assessment, and biopsy in patient 1. Patient 1 was a 41-year-old Caucasian male [HLA A2/A3, B57/B60, DR4
(DRB1*0405)/DR6] who developed type 1 diabetes at age 7 years. He received an SPK transplant from an HLA A2/A30, B41/B60, DR4/DRX donor
at age 32 years. The transplant reversed diabetes, but the patient returned to insulin dependence 5 years later, while kidney and exocrine
pancreas allografts had normal function. A: Autoantibody levels before transplant and on follow-up. The patient had GAD and IA-2 autoantibodies
before transplantation, which persisted despite immunosuppression, and titers increased on follow-up. Color-matched, horizontal lines represent
the cutoff level for each autoantibody. For all autoantibodies, a value >1 denotes a positive result. B: Pancreas transplant biopsy stained as
labeled, obtained #6 months after the recurrence of hyperglycemia. Insulitis and !-cell loss are shown. C: Serum C-peptide levels and % of GAD
tetramer–positive T-cells in the CD4 T-cell population from the time of hyperglycemia recurrence. C-peptide was still detectable at diagnosis,
confirming the function of residual !-cells observed at biopsy. Autoreactive T-cells were detected at the time of biopsy, #6 months after
the recurrence of hyperglycemia on two samples, and again at several time points #1 year after treatment. The horizontal blue line
represents the cutoff of the tetramer assay (0.25%). D: Flow cytometry plots demonstrating GAD-autoreactive CD4 T-cells. The numbers
above the plots identify the same sample in C. Tetramer staining with irrelevant peptide was <0.1% (not shown). DM, diabetes; Tx,
treatment. (A high-quality digital representation of this figure is available in the online issue.)

F. VENDRAME AND ASSOCIATES

diabetes.diabetesjournals.org DIABETES, VOL. 59, APRIL 2010 949

varying from severe to minimal. Patients 1 and 2 (Figs. 1B
and 2B) had peri-insulitis to severe insulitis affecting many
islets with infiltrating T-cells (CD3, CD4, CD8) and B-cells
(CD20) detected by immunostaining. Many islets no longer
stained for insulin and many more appeared damaged with
reduced insulin content. Yet several islets appeared
healthy with normal proportions of !-cells. In contrast,
patient 3 had minimal insulitis, but there was dramatic loss
of !-cells (Fig. 3A, inset), suggesting that the insulitis
process had mostly run its course. In all patients, infil-
trates consisted mostly of CD8 T-cells, whereas CD4
T-cells appeared much less frequent. B-cells were less
represented than T-cells. Additional biopsy data are re-
ported in the supplemental data, and Figs. S5–S17, S18–
S27, and S28–S35 for patients 1–3, respectively. As we
previously reported (25), biopsies of these patients dem-

onstrated ductal cells expressing insulin (supplemental
Figs. S17, S27, and S34), rarely expressing the proliferation
marker Ki-67 (Fig. S35), suggesting a potential mechanism
of pancreas remodeling and perhaps !-cell regeneration.
Ki-67 expression was not observed in residual !-cells
within the islets (not shown) in the biopsy material
available. We detected VP-1 protein in the islets of patient
2 (Fig. S26), which was colocalized with insulin by confo-
cal microscopy and indicated !-cell infection with Cox-
sackie B virus, which has been associated with type 1
diabetes (26,27). We did not detect VP-1 expression in the
islets of the other two patients and in biopsies from three
additional SPK recipients who were normoglycemic and
autoantibody negative; two other normoglycemic and au-
toantibody-negative SPK recipients expressed VP-1 in ei-
ther !-cells or "-cells (not shown).
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FIG. 1. Clinical course, autoimmunity assessment, and biopsy in patient 1. Patient 1 was a 41-year-old Caucasian male [HLA A2/A3, B57/B60, DR4
(DRB1*0405)/DR6] who developed type 1 diabetes at age 7 years. He received an SPK transplant from an HLA A2/A30, B41/B60, DR4/DRX donor
at age 32 years. The transplant reversed diabetes, but the patient returned to insulin dependence 5 years later, while kidney and exocrine
pancreas allografts had normal function. A: Autoantibody levels before transplant and on follow-up. The patient had GAD and IA-2 autoantibodies
before transplantation, which persisted despite immunosuppression, and titers increased on follow-up. Color-matched, horizontal lines represent
the cutoff level for each autoantibody. For all autoantibodies, a value >1 denotes a positive result. B: Pancreas transplant biopsy stained as
labeled, obtained #6 months after the recurrence of hyperglycemia. Insulitis and !-cell loss are shown. C: Serum C-peptide levels and % of GAD
tetramer–positive T-cells in the CD4 T-cell population from the time of hyperglycemia recurrence. C-peptide was still detectable at diagnosis,
confirming the function of residual !-cells observed at biopsy. Autoreactive T-cells were detected at the time of biopsy, #6 months after
the recurrence of hyperglycemia on two samples, and again at several time points #1 year after treatment. The horizontal blue line
represents the cutoff of the tetramer assay (0.25%). D: Flow cytometry plots demonstrating GAD-autoreactive CD4 T-cells. The numbers
above the plots identify the same sample in C. Tetramer staining with irrelevant peptide was <0.1% (not shown). DM, diabetes; Tx,
treatment. (A high-quality digital representation of this figure is available in the online issue.)

F. VENDRAME AND ASSOCIATES

diabetes.diabetesjournals.org DIABETES, VOL. 59, APRIL 2010 949

varying from severe to minimal. Patients 1 and 2 (Figs. 1B
and 2B) had peri-insulitis to severe insulitis affecting many
islets with infiltrating T-cells (CD3, CD4, CD8) and B-cells
(CD20) detected by immunostaining. Many islets no longer
stained for insulin and many more appeared damaged with
reduced insulin content. Yet several islets appeared
healthy with normal proportions of !-cells. In contrast,
patient 3 had minimal insulitis, but there was dramatic loss
of !-cells (Fig. 3A, inset), suggesting that the insulitis
process had mostly run its course. In all patients, infil-
trates consisted mostly of CD8 T-cells, whereas CD4
T-cells appeared much less frequent. B-cells were less
represented than T-cells. Additional biopsy data are re-
ported in the supplemental data, and Figs. S5–S17, S18–
S27, and S28–S35 for patients 1–3, respectively. As we
previously reported (25), biopsies of these patients dem-

onstrated ductal cells expressing insulin (supplemental
Figs. S17, S27, and S34), rarely expressing the proliferation
marker Ki-67 (Fig. S35), suggesting a potential mechanism
of pancreas remodeling and perhaps !-cell regeneration.
Ki-67 expression was not observed in residual !-cells
within the islets (not shown) in the biopsy material
available. We detected VP-1 protein in the islets of patient
2 (Fig. S26), which was colocalized with insulin by confo-
cal microscopy and indicated !-cell infection with Cox-
sackie B virus, which has been associated with type 1
diabetes (26,27). We did not detect VP-1 expression in the
islets of the other two patients and in biopsies from three
additional SPK recipients who were normoglycemic and
autoantibody negative; two other normoglycemic and au-
toantibody-negative SPK recipients expressed VP-1 in ei-
ther !-cells or "-cells (not shown).

PANCREAS TRANSPLANT BIOPSY 

AUTOREACTIVE T CELLS 

CD
3 

CD20 

IN
SU

LI
N H&E 

CD
4 CD8 

IA
2 

AA
b 

G
AD AAb 

G
AD

 C
D4

 T
- C

el
ls

 (%
) 

Years post transplant 

C-peptide (ng/m
l)  

AUTOANTIBODIES 
100

75

50

25

0

15

12

9

6

3

0

3

2

1

6

5

4

0

3

3

2

2

1

1

6

6

7

7

8

8 9 10

5

5

4

4
0

0

0 1 2 3 4 5 6 7 8 9 10

A B

D

C C-PEPTIDE AND AUTOREACTIVE T CELLS 

Euglycemia 

DM BIOPSY 

Daclizumab
Thymoglobulin

SPK Tx

1 

CD4-APC 
HL

A-
DR

B1
*0

40
5 

G
AD

-T
et

ra
m

er
-P

E 

1 10 
0.16 0.75 

55 

0.09 7.41 

58 34 43 

8 

10 

FIG. 1. Clinical course, autoimmunity assessment, and biopsy in patient 1. Patient 1 was a 41-year-old Caucasian male [HLA A2/A3, B57/B60, DR4
(DRB1*0405)/DR6] who developed type 1 diabetes at age 7 years. He received an SPK transplant from an HLA A2/A30, B41/B60, DR4/DRX donor
at age 32 years. The transplant reversed diabetes, but the patient returned to insulin dependence 5 years later, while kidney and exocrine
pancreas allografts had normal function. A: Autoantibody levels before transplant and on follow-up. The patient had GAD and IA-2 autoantibodies
before transplantation, which persisted despite immunosuppression, and titers increased on follow-up. Color-matched, horizontal lines represent
the cutoff level for each autoantibody. For all autoantibodies, a value >1 denotes a positive result. B: Pancreas transplant biopsy stained as
labeled, obtained #6 months after the recurrence of hyperglycemia. Insulitis and !-cell loss are shown. C: Serum C-peptide levels and % of GAD
tetramer–positive T-cells in the CD4 T-cell population from the time of hyperglycemia recurrence. C-peptide was still detectable at diagnosis,
confirming the function of residual !-cells observed at biopsy. Autoreactive T-cells were detected at the time of biopsy, #6 months after
the recurrence of hyperglycemia on two samples, and again at several time points #1 year after treatment. The horizontal blue line
represents the cutoff of the tetramer assay (0.25%). D: Flow cytometry plots demonstrating GAD-autoreactive CD4 T-cells. The numbers
above the plots identify the same sample in C. Tetramer staining with irrelevant peptide was <0.1% (not shown). DM, diabetes; Tx,
treatment. (A high-quality digital representation of this figure is available in the online issue.)

F. VENDRAME AND ASSOCIATES

diabetes.diabetesjournals.org DIABETES, VOL. 59, APRIL 2010 949

varying from severe to minimal. Patients 1 and 2 (Figs. 1B
and 2B) had peri-insulitis to severe insulitis affecting many
islets with infiltrating T-cells (CD3, CD4, CD8) and B-cells
(CD20) detected by immunostaining. Many islets no longer
stained for insulin and many more appeared damaged with
reduced insulin content. Yet several islets appeared
healthy with normal proportions of !-cells. In contrast,
patient 3 had minimal insulitis, but there was dramatic loss
of !-cells (Fig. 3A, inset), suggesting that the insulitis
process had mostly run its course. In all patients, infil-
trates consisted mostly of CD8 T-cells, whereas CD4
T-cells appeared much less frequent. B-cells were less
represented than T-cells. Additional biopsy data are re-
ported in the supplemental data, and Figs. S5–S17, S18–
S27, and S28–S35 for patients 1–3, respectively. As we
previously reported (25), biopsies of these patients dem-

onstrated ductal cells expressing insulin (supplemental
Figs. S17, S27, and S34), rarely expressing the proliferation
marker Ki-67 (Fig. S35), suggesting a potential mechanism
of pancreas remodeling and perhaps !-cell regeneration.
Ki-67 expression was not observed in residual !-cells
within the islets (not shown) in the biopsy material
available. We detected VP-1 protein in the islets of patient
2 (Fig. S26), which was colocalized with insulin by confo-
cal microscopy and indicated !-cell infection with Cox-
sackie B virus, which has been associated with type 1
diabetes (26,27). We did not detect VP-1 expression in the
islets of the other two patients and in biopsies from three
additional SPK recipients who were normoglycemic and
autoantibody negative; two other normoglycemic and au-
toantibody-negative SPK recipients expressed VP-1 in ei-
ther !-cells or "-cells (not shown).
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FIG. 1. Clinical course, autoimmunity assessment, and biopsy in patient 1. Patient 1 was a 41-year-old Caucasian male [HLA A2/A3, B57/B60, DR4
(DRB1*0405)/DR6] who developed type 1 diabetes at age 7 years. He received an SPK transplant from an HLA A2/A30, B41/B60, DR4/DRX donor
at age 32 years. The transplant reversed diabetes, but the patient returned to insulin dependence 5 years later, while kidney and exocrine
pancreas allografts had normal function. A: Autoantibody levels before transplant and on follow-up. The patient had GAD and IA-2 autoantibodies
before transplantation, which persisted despite immunosuppression, and titers increased on follow-up. Color-matched, horizontal lines represent
the cutoff level for each autoantibody. For all autoantibodies, a value >1 denotes a positive result. B: Pancreas transplant biopsy stained as
labeled, obtained #6 months after the recurrence of hyperglycemia. Insulitis and !-cell loss are shown. C: Serum C-peptide levels and % of GAD
tetramer–positive T-cells in the CD4 T-cell population from the time of hyperglycemia recurrence. C-peptide was still detectable at diagnosis,
confirming the function of residual !-cells observed at biopsy. Autoreactive T-cells were detected at the time of biopsy, #6 months after
the recurrence of hyperglycemia on two samples, and again at several time points #1 year after treatment. The horizontal blue line
represents the cutoff of the tetramer assay (0.25%). D: Flow cytometry plots demonstrating GAD-autoreactive CD4 T-cells. The numbers
above the plots identify the same sample in C. Tetramer staining with irrelevant peptide was <0.1% (not shown). DM, diabetes; Tx,
treatment. (A high-quality digital representation of this figure is available in the online issue.)
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Prospective testing for autoreactive T-cells began at the
time of biopsy for all patients. In patients 1 and 3,
GAD-autoreactive CD4 T-cells were detected from periph-
eral blood samples using HLA class II tetramer-based
assays: these were restricted by HLA-DR4 (DRB1*0405)
(patient 1, Fig. 1C and D) and by HLA-DRB4*0101 (patient
3, Fig. 3B and C, who also had DRB1*0402-restricted
GAD-autoreactive CD4 T-cells, not shown). Autoreactive
T-cells were detected on multiple occasions in both pa-
tients. In patient 2, we detected IGRP-specific autoreactive
CD8 T-cells using an HLA-A2 (A*0201) class I pentamer
from a blood sample obtained at the time of biopsy (Fig.
2C and D).

Autoreactive T-cells are temporarily and nonspecifi-
cally inhibited by T-cell– and B-cell–directed immu-
nosuppression, and their reappearance is followed by
further loss of insulin secretion. In patient 1, detectable
C-peptide levels (Fig. 1C) confirmed the function of the
residual !-cells identified at biopsy (Fig. 1B). To salvage
the residual !-cells, the patient received daclizumab (1
mg/kg, "2, 2 weeks apart) and thymoglobulin (1 mg ! kg#1 !
day#1, "5 days). After treatment, GAD-autoreactive CD4
T-cells became undetectable (Fig. 1C), similar to T-cells
responding to a control antigen (not shown), consistent
with nonspecific immunosuppression. Autoantibody levels
fluctuated but persisted on follow-up (Fig. 1A). While the
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FIG. 2. Clinical course, autoimmunity assessment, and biopsy in patient 2. Patient 2 is a Caucasian female (HLA A2/A24, B44/B56, DR5/DR9) who
developed type 1 diabetes at age 8 years. She received an SPK transplant from an HLA A2/A3, B7/B14, DR7/DR9 donor at age 30 years. Her
pancreas transplant successfully reversed diabetes. After approximately 9 years, the patient developed hyperglycemia requiring insulin therapy,
while the function of the kidney and exocrine pancreas allografts remained unchanged. A: Autoantibody levels before transplant and on follow-up.
The patient converted to GAD and IA-2 autoantibody positivity 6 years after transplantation. Hyperglycemia ensued 3.5 years after autoantibody
conversion. B: Pancreas transplant biopsy stained as labeled, obtained $7 months after the recurrence of hyperglycemia. There was evidence for
insulitis and !-cell loss. C: C-peptide levels from the time of hyperglycemia recurrence and % of IGRP tetramer–positive T-cells in the CD8 T-cell
population. The horizontal blue line represents the cutoff of the T-cell assay (0.1%). Percentage of cells plotted is the specific staining value
shown in D minus the background staining with control peptide. Circulating CD8 T-cells reacting against IGRP were found in a sample obtained
at the time of biopsy and again $1 year after treatment. D: Flow cytometry plots showing IGRP-specific autoreactive CD8 T-cells. Staining with
tetramers loaded with a control peptide yielded 0.1% background staining levels, gating on PBMC (not shown). The numbers above the plots
identify the IGRP T-cell measurements in C, thus corresponding to the samples measured closest to the onset of hyperglycemia and over 1 year
after treatment. DM, diabetes; Tx, treatment. (A high-quality digital representation of this figure is available in the online issue.)
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Prospective testing for autoreactive T-cells began at the
time of biopsy for all patients. In patients 1 and 3,
GAD-autoreactive CD4 T-cells were detected from periph-
eral blood samples using HLA class II tetramer-based
assays: these were restricted by HLA-DR4 (DRB1*0405)
(patient 1, Fig. 1C and D) and by HLA-DRB4*0101 (patient
3, Fig. 3B and C, who also had DRB1*0402-restricted
GAD-autoreactive CD4 T-cells, not shown). Autoreactive
T-cells were detected on multiple occasions in both pa-
tients. In patient 2, we detected IGRP-specific autoreactive
CD8 T-cells using an HLA-A2 (A*0201) class I pentamer
from a blood sample obtained at the time of biopsy (Fig.
2C and D).

Autoreactive T-cells are temporarily and nonspecifi-
cally inhibited by T-cell– and B-cell–directed immu-
nosuppression, and their reappearance is followed by
further loss of insulin secretion. In patient 1, detectable
C-peptide levels (Fig. 1C) confirmed the function of the
residual !-cells identified at biopsy (Fig. 1B). To salvage
the residual !-cells, the patient received daclizumab (1
mg/kg, "2, 2 weeks apart) and thymoglobulin (1 mg ! kg#1 !
day#1, "5 days). After treatment, GAD-autoreactive CD4
T-cells became undetectable (Fig. 1C), similar to T-cells
responding to a control antigen (not shown), consistent
with nonspecific immunosuppression. Autoantibody levels
fluctuated but persisted on follow-up (Fig. 1A). While the
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FIG. 2. Clinical course, autoimmunity assessment, and biopsy in patient 2. Patient 2 is a Caucasian female (HLA A2/A24, B44/B56, DR5/DR9) who
developed type 1 diabetes at age 8 years. She received an SPK transplant from an HLA A2/A3, B7/B14, DR7/DR9 donor at age 30 years. Her
pancreas transplant successfully reversed diabetes. After approximately 9 years, the patient developed hyperglycemia requiring insulin therapy,
while the function of the kidney and exocrine pancreas allografts remained unchanged. A: Autoantibody levels before transplant and on follow-up.
The patient converted to GAD and IA-2 autoantibody positivity 6 years after transplantation. Hyperglycemia ensued 3.5 years after autoantibody
conversion. B: Pancreas transplant biopsy stained as labeled, obtained $7 months after the recurrence of hyperglycemia. There was evidence for
insulitis and !-cell loss. C: C-peptide levels from the time of hyperglycemia recurrence and % of IGRP tetramer–positive T-cells in the CD8 T-cell
population. The horizontal blue line represents the cutoff of the T-cell assay (0.1%). Percentage of cells plotted is the specific staining value
shown in D minus the background staining with control peptide. Circulating CD8 T-cells reacting against IGRP were found in a sample obtained
at the time of biopsy and again $1 year after treatment. D: Flow cytometry plots showing IGRP-specific autoreactive CD8 T-cells. Staining with
tetramers loaded with a control peptide yielded 0.1% background staining levels, gating on PBMC (not shown). The numbers above the plots
identify the IGRP T-cell measurements in C, thus corresponding to the samples measured closest to the onset of hyperglycemia and over 1 year
after treatment. DM, diabetes; Tx, treatment. (A high-quality digital representation of this figure is available in the online issue.)
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Figure 8: This was a 41-year old Caucasian male who was diagnosed with type 1 diabetes at the age 

of seven. After 25 years, he received a simultaneous pancreas-kidney transplant from a HLA-

mismatched donor. The patient was insulin-free for five years, when he became hyperglycemic again. 

His kidney and exocrine pancreas grafts were unaffected. 8a: Prior transplantation, he was positive for 

GAD and IA-2 autoantibodies and stayed positive despite immunosuppression with continued 

increased titers, while ZnT8 autoantibodies were never detected. 8b: The pancreas transplant biopsy, 

taken six months after the recurrence of hyperglycemia, was stained with hematoxylin and eosin, 

insulin, CD3, CD20, CD4 and CD8 and showed insulitis as well as variable degrees of beta–cell loss. 

Infiltrating lymphocytes contained CD4 and CD8 T-cells and B-lymphocytes. 8c: C-peptide was 

measurable all the time, confirming the function of residual beta-cells. Autoreactive T-cells were also 

detected at the time of biopsy. 8d: Flow cytometry plots showing GAD-autoreactive CD4 T-cells 

((192), page 949, with kind permission of American Diabetes Association). 
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Prospective testing for autoreactive T-cells began at the
time of biopsy for all patients. In patients 1 and 3,
GAD-autoreactive CD4 T-cells were detected from periph-
eral blood samples using HLA class II tetramer-based
assays: these were restricted by HLA-DR4 (DRB1*0405)
(patient 1, Fig. 1C and D) and by HLA-DRB4*0101 (patient
3, Fig. 3B and C, who also had DRB1*0402-restricted
GAD-autoreactive CD4 T-cells, not shown). Autoreactive
T-cells were detected on multiple occasions in both pa-
tients. In patient 2, we detected IGRP-specific autoreactive
CD8 T-cells using an HLA-A2 (A*0201) class I pentamer
from a blood sample obtained at the time of biopsy (Fig.
2C and D).

Autoreactive T-cells are temporarily and nonspecifi-
cally inhibited by T-cell– and B-cell–directed immu-
nosuppression, and their reappearance is followed by
further loss of insulin secretion. In patient 1, detectable
C-peptide levels (Fig. 1C) confirmed the function of the
residual !-cells identified at biopsy (Fig. 1B). To salvage
the residual !-cells, the patient received daclizumab (1
mg/kg, "2, 2 weeks apart) and thymoglobulin (1 mg ! kg#1 !
day#1, "5 days). After treatment, GAD-autoreactive CD4
T-cells became undetectable (Fig. 1C), similar to T-cells
responding to a control antigen (not shown), consistent
with nonspecific immunosuppression. Autoantibody levels
fluctuated but persisted on follow-up (Fig. 1A). While the
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FIG. 2. Clinical course, autoimmunity assessment, and biopsy in patient 2. Patient 2 is a Caucasian female (HLA A2/A24, B44/B56, DR5/DR9) who
developed type 1 diabetes at age 8 years. She received an SPK transplant from an HLA A2/A3, B7/B14, DR7/DR9 donor at age 30 years. Her
pancreas transplant successfully reversed diabetes. After approximately 9 years, the patient developed hyperglycemia requiring insulin therapy,
while the function of the kidney and exocrine pancreas allografts remained unchanged. A: Autoantibody levels before transplant and on follow-up.
The patient converted to GAD and IA-2 autoantibody positivity 6 years after transplantation. Hyperglycemia ensued 3.5 years after autoantibody
conversion. B: Pancreas transplant biopsy stained as labeled, obtained $7 months after the recurrence of hyperglycemia. There was evidence for
insulitis and !-cell loss. C: C-peptide levels from the time of hyperglycemia recurrence and % of IGRP tetramer–positive T-cells in the CD8 T-cell
population. The horizontal blue line represents the cutoff of the T-cell assay (0.1%). Percentage of cells plotted is the specific staining value
shown in D minus the background staining with control peptide. Circulating CD8 T-cells reacting against IGRP were found in a sample obtained
at the time of biopsy and again $1 year after treatment. D: Flow cytometry plots showing IGRP-specific autoreactive CD8 T-cells. Staining with
tetramers loaded with a control peptide yielded 0.1% background staining levels, gating on PBMC (not shown). The numbers above the plots
identify the IGRP T-cell measurements in C, thus corresponding to the samples measured closest to the onset of hyperglycemia and over 1 year
after treatment. DM, diabetes; Tx, treatment. (A high-quality digital representation of this figure is available in the online issue.)
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Prospective testing for autoreactive T-cells began at the
time of biopsy for all patients. In patients 1 and 3,
GAD-autoreactive CD4 T-cells were detected from periph-
eral blood samples using HLA class II tetramer-based
assays: these were restricted by HLA-DR4 (DRB1*0405)
(patient 1, Fig. 1C and D) and by HLA-DRB4*0101 (patient
3, Fig. 3B and C, who also had DRB1*0402-restricted
GAD-autoreactive CD4 T-cells, not shown). Autoreactive
T-cells were detected on multiple occasions in both pa-
tients. In patient 2, we detected IGRP-specific autoreactive
CD8 T-cells using an HLA-A2 (A*0201) class I pentamer
from a blood sample obtained at the time of biopsy (Fig.
2C and D).

Autoreactive T-cells are temporarily and nonspecifi-
cally inhibited by T-cell– and B-cell–directed immu-
nosuppression, and their reappearance is followed by
further loss of insulin secretion. In patient 1, detectable
C-peptide levels (Fig. 1C) confirmed the function of the
residual !-cells identified at biopsy (Fig. 1B). To salvage
the residual !-cells, the patient received daclizumab (1
mg/kg, "2, 2 weeks apart) and thymoglobulin (1 mg ! kg#1 !
day#1, "5 days). After treatment, GAD-autoreactive CD4
T-cells became undetectable (Fig. 1C), similar to T-cells
responding to a control antigen (not shown), consistent
with nonspecific immunosuppression. Autoantibody levels
fluctuated but persisted on follow-up (Fig. 1A). While the
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FIG. 2. Clinical course, autoimmunity assessment, and biopsy in patient 2. Patient 2 is a Caucasian female (HLA A2/A24, B44/B56, DR5/DR9) who
developed type 1 diabetes at age 8 years. She received an SPK transplant from an HLA A2/A3, B7/B14, DR7/DR9 donor at age 30 years. Her
pancreas transplant successfully reversed diabetes. After approximately 9 years, the patient developed hyperglycemia requiring insulin therapy,
while the function of the kidney and exocrine pancreas allografts remained unchanged. A: Autoantibody levels before transplant and on follow-up.
The patient converted to GAD and IA-2 autoantibody positivity 6 years after transplantation. Hyperglycemia ensued 3.5 years after autoantibody
conversion. B: Pancreas transplant biopsy stained as labeled, obtained $7 months after the recurrence of hyperglycemia. There was evidence for
insulitis and !-cell loss. C: C-peptide levels from the time of hyperglycemia recurrence and % of IGRP tetramer–positive T-cells in the CD8 T-cell
population. The horizontal blue line represents the cutoff of the T-cell assay (0.1%). Percentage of cells plotted is the specific staining value
shown in D minus the background staining with control peptide. Circulating CD8 T-cells reacting against IGRP were found in a sample obtained
at the time of biopsy and again $1 year after treatment. D: Flow cytometry plots showing IGRP-specific autoreactive CD8 T-cells. Staining with
tetramers loaded with a control peptide yielded 0.1% background staining levels, gating on PBMC (not shown). The numbers above the plots
identify the IGRP T-cell measurements in C, thus corresponding to the samples measured closest to the onset of hyperglycemia and over 1 year
after treatment. DM, diabetes; Tx, treatment. (A high-quality digital representation of this figure is available in the online issue.)
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identify the IGRP T-cell measurements in C, thus corresponding to the samples measured closest to the onset of hyperglycemia and over 1 year
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from a blood sample obtained at the time of biopsy (Fig.
2C and D).
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C-peptide levels (Fig. 1C) confirmed the function of the
residual !-cells identified at biopsy (Fig. 1B). To salvage
the residual !-cells, the patient received daclizumab (1
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responding to a control antigen (not shown), consistent
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C-peptide levels (Fig. 1C) confirmed the function of the
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developed type 1 diabetes at age 8 years. She received an SPK transplant from an HLA A2/A3, B7/B14, DR7/DR9 donor at age 30 years. Her
pancreas transplant successfully reversed diabetes. After approximately 9 years, the patient developed hyperglycemia requiring insulin therapy,
while the function of the kidney and exocrine pancreas allografts remained unchanged. A: Autoantibody levels before transplant and on follow-up.
The patient converted to GAD and IA-2 autoantibody positivity 6 years after transplantation. Hyperglycemia ensued 3.5 years after autoantibody
conversion. B: Pancreas transplant biopsy stained as labeled, obtained $7 months after the recurrence of hyperglycemia. There was evidence for
insulitis and !-cell loss. C: C-peptide levels from the time of hyperglycemia recurrence and % of IGRP tetramer–positive T-cells in the CD8 T-cell
population. The horizontal blue line represents the cutoff of the T-cell assay (0.1%). Percentage of cells plotted is the specific staining value
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developed type 1 diabetes at age 8 years. She received an SPK transplant from an HLA A2/A3, B7/B14, DR7/DR9 donor at age 30 years. Her
pancreas transplant successfully reversed diabetes. After approximately 9 years, the patient developed hyperglycemia requiring insulin therapy,
while the function of the kidney and exocrine pancreas allografts remained unchanged. A: Autoantibody levels before transplant and on follow-up.
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identify the IGRP T-cell measurements in C, thus corresponding to the samples measured closest to the onset of hyperglycemia and over 1 year
after treatment. DM, diabetes; Tx, treatment. (A high-quality digital representation of this figure is available in the online issue.)
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FIG. 2. Clinical course, autoimmunity assessment, and biopsy in patient 2. Patient 2 is a Caucasian female (HLA A2/A24, B44/B56, DR5/DR9) who
developed type 1 diabetes at age 8 years. She received an SPK transplant from an HLA A2/A3, B7/B14, DR7/DR9 donor at age 30 years. Her
pancreas transplant successfully reversed diabetes. After approximately 9 years, the patient developed hyperglycemia requiring insulin therapy,
while the function of the kidney and exocrine pancreas allografts remained unchanged. A: Autoantibody levels before transplant and on follow-up.
The patient converted to GAD and IA-2 autoantibody positivity 6 years after transplantation. Hyperglycemia ensued 3.5 years after autoantibody
conversion. B: Pancreas transplant biopsy stained as labeled, obtained $7 months after the recurrence of hyperglycemia. There was evidence for
insulitis and !-cell loss. C: C-peptide levels from the time of hyperglycemia recurrence and % of IGRP tetramer–positive T-cells in the CD8 T-cell
population. The horizontal blue line represents the cutoff of the T-cell assay (0.1%). Percentage of cells plotted is the specific staining value
shown in D minus the background staining with control peptide. Circulating CD8 T-cells reacting against IGRP were found in a sample obtained
at the time of biopsy and again $1 year after treatment. D: Flow cytometry plots showing IGRP-specific autoreactive CD8 T-cells. Staining with
tetramers loaded with a control peptide yielded 0.1% background staining levels, gating on PBMC (not shown). The numbers above the plots
identify the IGRP T-cell measurements in C, thus corresponding to the samples measured closest to the onset of hyperglycemia and over 1 year
after treatment. DM, diabetes; Tx, treatment. (A high-quality digital representation of this figure is available in the online issue.)
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Figure 9: This patient was a Caucasian female who became type 1 diabetic with eight years. At the 

age of 30 years, she also received a simultaneous pancreas kidney transplant from a HLA-

mismatched donor and stayed hyperglycemia free for about nine years. After this period, the patient 

was insulin-dependent again, while the kidney and exocrine pancreas function were within normal 

range. 9a: The patient was autoantibody negative prior transplantation and converted to GAD and IA-

2 autoantibodies 6 years post transplantation followed by hyperglycemia 3.5 years after autoantibody 

conversion. 9b: Pancreas transplant biopsy, performed seven months after recurrence of 

hyperglycemia, showed insulitis and beta-cell loss. 9c: C-peptide levels and % of IGRP (islet-specific 

glucose 6 phosphatase catalytic subunit related protein) tetramer-positive T-cells in the CD8 T-cell 

population. 9d: Flow cytometry plots showing GAD-autoreactive CD4 T-cells ((192), page 950, with 

kind permission of American Diabetes Association). 
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1.3  Aim of the thesis 

This thesis results from investigations conducted at the Diabetes Research Institute, 
University of Miami School of Medicine. Here, I could study the cohort of SPK 

patients transplanted by Dr. George Burke and followed for the potential recurrence 
of T1D by Dr. Alberto Pugliese at the Diabetes Research Institute.  

An important goal of the work ongoing at the University of Miami is to identify and 
validate predictive and diagnostic biomarkers of islet autoimmunity and T1DR after 

SPK transplantation. Previous investigations by Drs. Burke and Pugliese focused on 
the evaluation of GADA and IA-2A in a large cohort of over 200 SPK recipients. They 
showed that those AAb are associated with the development of T1DR, especially 
when they appeared on follow-up in patients who were AAb negative prior to 

transplant (49). ZnT8A was recently identified as a novel biomarker for new onset 
T1D (203). Concurrently to our study, an analysis of 25 recipients of solitary pancreas 
transplantation identified AAb changes in 5/25 recipients; in four patients this was 
followed by loss of graft function, although the exact cause of graft loss was not 
defined. In that study, the addition of ZnT8A to GADA and IA-2A increased the 
number of identified AAb changes from three to five of 25 recipients and the number 
of predicted graft function loss from two to four out of five graft losses (120). 

In our study, we have evaluated ZnT8A in relation to T1DR development in a large 

cohort of 223 SPK recipients with a mean follow-up time of 6.0 years. T1DR 

developed in 17 patients and the diagnosis was confirmed in most cases (15/17) by 
histopathological analysis of the pancreas transplant biopsy demonstrating the 
presence of islet lymphocytic infiltrates and/or loss of beta-cells, and by the presence 

of the clinical features listed in Tables 3 and 4. In this study, we investigated whether 
ZnT8A are specifically associated with T1DR and if their monitoring can improve the 

ability to diagnose islet autoimmunity and predict T1DR in SPK patients, similar to 
what is reported in spontaneous disease. Under the main hypothesis that AAb 
positivity on follow-up is a risk factor for T1DR, we tested the hypothesis that ZnT8A 

are associated with increased T1DR risk and adding ZnT8A to the panel will improve 
the diagnostic and predictive power of AAb monitoring in SPK recipients.  
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2  Materia ls and Methods 

2.1  Materials 

2.1.1 Biological material 

Carbenecillin Invitrogen™, Grand Island, USA 

Subcloning Efficiency™ DH5α™ 
competent E. coli  

Invitrogen™, Grand Island, USA 

ZnT8 5.2 clone (C-terminal Arg / C-term 

Trp dimeric construct) 

John Hutton, MD. The Barbara Davis 

Center for Childhood Diabetes, 
University of Colorado, USA 

 

2.1.2 Reagents 

2-Propanol, anhydrous, 99,5% Sigma-Aldrich, St. Louis, USA 

Albumin from bovine serum, minimum 
98% electrophoresis 

Sigma-Aldrich, St. Louis, USA 

Bacto™ Casamino Acids Becton, Dickinson and Co., Le Pont de 
Claix, FR 

DEPC treated water Pyrogen free, 

DNAse/RNAse free 

Invitrogen™, Grand Island, USA 

Ethanol, absolute, 200 proof for 
Molecular biology 

Sigma-Aldrich, St. Louis, USA 

Hydrogen Peroxide, 30% Solution 
Reagent ACS 

VWR International, West Chester, USA 

LB Broth Base (Lennox L Broth Base) Invitrogen™, Grand Island, USA 



 

 28 

Microscint™ 20 PerkinElmer, Waltham, USA 

nProtein A Sepharose™ 4 Fast Flow GE Healthcare, Uppsala, SE 

PBS Buffer Invitrogen™, Grand Island, USA 

PBS pH 7.4, 1x Invitrogen™, Grand Island, USA 

PlusOne Tween 20 Amersham Biosciences, Uppsala, SE 

Potassium Acetate, ACS Reagent, pH 

5.4 

Sigma-Aldrich, St. Louis, USA 

RNase away Invitrogen™, Grand Island, USA  

Sodium azide 99% Alfa Aesar®, Ward Hill, USA 

Sodium chloride EM Science, Gibbstown, USA 

TrisHCl pH 7.4 Gibco Brl, Invitrogen™, Grand Island, 
USA 

TNT® T7 Quick Coupled 
Transcription/Translation System 

Promega, Madison, USA 

Ultima Gold™ (high flash-point LSC-
cocktail for aqueous and non-aqueous 

samples) 

Packard Bioscience, Groningen, NL 
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2.1.3 Chemical solutions 

2% H2O2 in 0.5 M NaOH: 

884 µl Aqua dest, 66 µl  30% H2O2 and 50 µl  10 M NaOH 

LB Medium: 

20.6 g LB, 1 l Aqua dest, sterilize for 15 minutes in the autoclave at 250ºF.  

PBTA-Buffer: 

2000 ml 1x PBS, 20 g BSA, 2 g Sodium azide, 3 ml Tween 20 and filter the buffer.  

Protein-A Sepharose: 

32 ml Protein-A Sepharose, 18 ml PBTA Buffer, centrifuge at 2000 rpm for 10 

minutes. Then remove the PBTA with a pipette, resuspend the beads again with 
PBTA and centrifuge the solution a second time at 2000 rpm for 10 minutes. After 

that remove the PBTA once more and fill up to 50 ml mark with PBTA Buffer.  

 

2.1.4 Radioactive chemicals 

35S methionine, 1 mCi (37MBq) PerkinElmer, NEN®Radiochemicals, 
Boston, USA 

 

2.1.5 Enzymes and Kits 

QIAfilter Plasmid Purification, Maxi Kit Qiagen Inc., Valencia, USA 
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2.1.6 Equipment 

96-well round bottom plates BD Falcon, Mississauga, CA 

500 ml Filter System Corning Incorporated, Corning, USA 

1218 Rackbeta, liquid scintillation 
counter 

LKB Wallac, Bromma, SE  

Allegra™ X-22R centrifuge Beckman Coulter™, Brea, USA 

Avanti® J-E centrifuge Beckman Coulter™, Brea, USA 

Blue Max™ 50 ml Polypropylene Becton Dickinson Labware, Franklin  

Centrifuge tube, 50 ml Polypropylene, 
RNAse-DNAse free 

Corning Incorporated, Corning, USA 

Conical Tube Lakes, USA 

Flex-Tubes® 1.5 ml, natural Eppendorf North America, Hauppauge, 
USA 

Glass Microfibre Filters, 24mm Whatman™, Little Chalfont, UK 

Heat Block  VWR Scientific, Bohemia, USA 

Innova 4300 Incubator Shaker New Brunswick Science, Edison, USA 

MultiScreen® HTS Filter plates Millipore, Billerica, USA 

ND-1000 Spectrophotometer NanoDrop, Wilmington, USA 

Orbital Shaker Cole-Parmer®, Vernon Hills, USA 

Packard TopCount 96 well Adapter Millipore, Billerica, USA 

Precision water bath, model 183 Precision scientific, Chennai, IN 
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Sartorius balances & scales, model BP 
61 

Sartorius AG, Goettingen, DE 

Sephadex™ G-25 columns GE Healthcare, Little Chalfont, UK 

TopCount®NXT™ microplate scintillation 

& luminescence counter 

Packard Instrument Company, 

Connecticut, USA 

TopSeal®-A: 96-Well Microplates PerkinElmer Life Science, Boston, USA 

Vacuum pump Welch®, Niles, USA 

Vortex Genie-2, Modell G-560 VWR Scientific, Bohemia, USA 
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2.2  Methods 

2.2.1 Subjects 

This clinical research study involved human subjects. The participation in the study 

was entirely voluntary and the subjects were able to withdraw consent at any time. 
The details of the study participation were fully disclosed in the informed consent 

forms and the Institutional Review Board of the University of Miami approved our 

study.  

Between 1990 and 2013 there were 452 T1D patients who underwent SPK 
transplantation at the Department of Surgery, Division of Transplantation, University 

of Miami Miller School of Medicine. All SPK transplant patients were bladder drained 
with systemic venous effluent.  

From those 452 patients, 223 (Figure 10) were included in the analysis because they 
had at least one year of follow-up and had enough serum samples to classify their 
overall AAb status in the different categories defined in Figure 12. Demographic data 
of the patients is shown in Table 3. 

452 SPK patients

229 were excluded:
102 had < 1 year of follow-up
127 could not be classified to a clear autoantibody 
     status or had too sparse follow-up data

223 were eligible 
 

Figure 10: Flow sheet of inclusion and exclusion criteria for the SPK transplanted study group. SPK = 

simultaneous pancreas kidney 
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Of the 223 SPK recipients of the data set analyzed, 106 were female and 117 were 
male. The mean age at diagnosis was 14 years ± SD 8.6 years (range 0-39), the time 
from T1D diagnosis to transplantation was 26.6 years ± SD 8.6 years (range 2-50) 
and the mean age at transplantation was 40.7 years ± SD 8.0 years (range 23-60). 

The follow-up time ranged from 1 to 22.6 years (mean 6.2 ± SD 4.1 years). All 
subjects had T1D with no detectable stimulated (sustacal test) C-peptide before 

transplantation. Immunosuppressive regimens have evolved during the last 20 years; 
starting with MALG or OKT3, cyclosporin A, azathioprine and steroids. The current 
regimen includes induction therapy with thymoglobulin and daclizumab, low dose 
steroids and randomization to either mycophenolate mofetil or sirolimus. For each 

patient, we tested a pre-transplant serum sample and multiple serum samples on 
follow-up, with the number of samples tested varying based on the length of follow-

up, sample availability and clinical history. Usually the patients were seen on a 
monthly to three-monthly basis, or even more frequently, depending on whether they 
were AAb negative or positive. We did not measured IAA since in many patients 
insulin antibodies are induced by insulin therapy, which cannot be distinguished from 
IAA and thus data interpretation would be difficult. T1D is predominantly observed in 
white Caucasians, followed by African Americans, Hispanics, and Asians (111). 
Hispanics have a high representation in Florida (22.5% of the total population in 
Florida compared to 16.3% of the total population in the US according to the United 
States Census Bureau, 2010 demographic profile data); therefore the ethnic 

composition of our SPK cohort is a reflection of the background population ethnic 
composition and socioeconomical factors that influence access to health care. Our 
cohort included 117 white Caucasians, 83 white Hispanics, one African-American 

Hispanic, 21 African-American non-Hispanics and one patient from Hawaii. 
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Table 3: Demographic data of the study group. n/a = not available, f/u = follow-up, SD = standard 

deviation, F = female, M = male, n/a = not available, Tx = transplant, MALG = Minnesota anti-

lymphocyte globin, OKT3 = Muronomab-CD3, CyA = Cyclosporin A, AZA = Azathioprine, FK = 

Tacrolimus, MMF = Mycophenolate Mofetil 

n   223 
Mean f/u (years) (last date or HG) 6.2 
SD (years)   4.1 
Range (years)   1-22.6 
      
Gender (F-M)   106-117 
Caucasians (white not Hispanic) 117 
White Hispanics   83 
African-American Hispanics 1 
African-American, non Hispanics 21 
Other   1 
      
Age at T1D diagnosis-mean f/u (years) 14.0 
SD (years)   8.6 
Range (years)   0-39 
Patients with n/a data 2 
      
Years with T1D before transplantation-mean f/u (years) 26.6 
SD (years)   8.6 
Range (years)   2-50 
Patients with n/a data 2 
      
Age at the time of transplantation-mean f/u (years) 40.7 
SD (years)   8.0 
Range (years)   23-60 
      
HbA1c at HG diagnosis (or last HbA1c if NGT)-mean 6.2 
SD   1.0 
Patients with n/a data 54 
      
Pancreas Tx biopsy 22 
      
Immunosuppression   
MALG/OKT3, CyA, AZA, steroids  06/90-06/94 
OKT3, FK, AZA, steroids  07/94-12/95 
OKT3, FK, MMF, steroids  01/96-04/97 
No induction, FK, MMF, steroids  05/97-12/97 
Daclizumab vs. no induction  01/98-06/2000 
Thymoglobulin, daclizumab, FK, steroids, MMF or rapamycin  09/2000-present 
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2.2.2 Radioimmunoassay 

The radioimmunoassay (RIA) is a highly sensitive and specific assay method to test 

antigens without the requirement of a bioassay. We used a RIA to measure AAb to 

the ZnT8 autoantigen. All patients were previously tested for GADA and IA-2A using 
RIA as well. These assays were validated and standardized by participating the 

Diabetes Autoantibody Standardization Program (DASP) of the Immunology of 
Diabetes Society and the Center for Disease Control (CDC) (18,96,178).  

AAb to GAD65, IA-2 and ZnT8 are measured in triplicates using 5 µl of patient 
serum/well (45 µl for determining all three AAb in triplicates). GAD65 and IA-2 

proteins are transcribed and translated in vitro using a reticulocyte system. We used 
the GAD65 clone kindly provided by A. Lernmark (185); for IA-2 AAb we used the 
ICA512bdc (aa residues 279-979 clone lacking aa 557-629 coding for the TM 
domain) and IA-2ic (aa 604-979) clones kindly provided by the late G.S. Eisenbarth 
(63,141,193) and E. Bonifacio (94,116), respectively. We used the two IA-2 clones 
together to maximize sensitivity since the two clones differ in their ability to identify 
AAb against different epitopes (126). For ZnT8, we used ZnT8 5.2, a dimeric cDNA 
construct carrying 325Arg and 325Trp, so that both the ZnT8R and ZnT8W AAb 
specificities can be measured. The clone was kindly provided by the late Dr. John C. 
Hutton (204). 

Five µl of serum were plated in a 96-well round bottom plate with 35S-labeled antigen 
ZnT8 (20.000 CPM), briefly vortexed and incubated for 12-16 hours at 4ºC on an 
orbital shaker at 700 rpm. Then, 25 µl of a 50% slurry of protein A sepharose pre-
equilibrated with 1X PBTA buffer was added to each well and incubated as above, 

for 60 minutes. Next, 1X PBTA buffer (150 µl/well) was added to the plate and the 
content transferred to a filter plate pre-equilibrated with 1X PBTA. The filter plate was 
then washed 6 times with 1X PBTA buffer (150 µl/well) using a vacuum manifold and 
air-dried for 5-10 minutes after removing the plate plastic gasket. Microscint™ 20 (35 

µl) was added per each well before reading the plate in the scintillation counter.  
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For all assays, AAb levels are expressed as an index. This index was calculated from 
the counts per minute of the test sample and the positive and negative control 
samples. The upper limits of normal were calculated using ROC (Receiver Operating 
Curves). 

The necessary steps prior to the radioimmunoassay were performed as described in 
the following sections. 

 

2.2.3 Plasmid DNA Purification 

DNA purification is a technique used to prepare DNA for applications such as cloning 
or transfection experiments. There are several ways to purify plasmids. In this case 

we used the QIAfilter Plasmid Maxi Kit from QIAGEN®, according to the 

manufacturer protocol. 

Five-hundred µl of plasmid infected E. coli (ZnT8 5.2 clone) were cultured in 200 ml 
LB medium containing 200 µl of carbenecillin, and incubated for 12-16 hours at 37ºC 
with vigorous shaking (240 rpm). RNase A was added to the bacterial cells pellet 
after harvesting by centrifugation (6100 rpm, 15 minutes, 4ºC). After adding 10 ml of 
Buffer P1 (QIAfilter Plasmid Maxi Kit) and 10 ml Buffer P2 (QIAfilter Plasmid Maxi Kit) 
the lysate was incubated at room temperature for five minutes, resuspended in 10 ml 
chilled Buffer P3 and then incubated at room temperature for another ten minutes in 

the barrel of the QIAfilter Cartridge. The cell lysate was then filtered into the QIAGEN-

tip pre-equilibrated with Buffer QBT, washed 2 x with 30 ml Buffer QC and the DNA 
eluted with 15 ml Buffer QF. The DNA was precipitated by adding 10.5 ml room-

temperature isopropanol, mixing and then centrifugating (15000 rpm, 30 minutes, 
4ºC). Subsequently, the supernatant was decanted and the DNA pellet washed with 

5 ml 70% ethanol and centrifuged at 15000 rpm for ten minutes. After decanting the 
DNA pellet was air-dried for ten minutes, redissolved in 50 µl TE buffer and then 

incubated for 12-16 hours at 37ºC. 
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2.2.4 In vitro translation 

The in vitro translation is a procedure for translating isolated RNA molecules into 

proteins. We used it to produce radiolabelled antigen for our RIAs. A radioactive 

amino acid, 35S labeled methionine, was added to the reaction mixture in order to 
incorporate a label in the translated protein. For our study we used the TNT® Quick 

Coupled Transcription/Translation System, which further simplifies the process by 
combining the RNA polymerase, nucleotides, salts and Recombinant RNasin® 
Ribonuclease inhibitor with the reticulocyte lysate to form a single TNT® Quick Master 
Mix. 

The reaction components were assembled into a 1.5 ml DNAse/RNAse free 
microcentrifuge tube as follows: 200 µl TNT® Quick Master Mix, 15 µl 35S methionine 
(1175 Ci/mmol), 25 µl DNA template (624 ng/µl), 10 µl DEPC water. After that the 
lysate was gently mixed by pipetting the solution followed by incubation at 29ºC for 
90 minutes in a water bath. Except for the actual translation incubation, all handling 
of the lysate components was done on ice.  

 

2.2.5 Gel Filtration and precipitation of in vitro-translated antigens 

Gel filtration chromatography is a separation method based on different sizes of 

biomolecules as they pass through a column filled with a chromatographic medium. 
In gel filtration chromatography, the stationary phase consists of porous beads with a 
well-defined range of pore sizes so that molecules within that molecular weight range 

can be separated. Proteins that are small enough can fit inside all the pores in the 
beads and are included. These small proteins have access to the mobile phase 
inside the beads as well as the mobile phase between beads and elute last in a gel 

filtration separation. Proteins that are too large to fit inside any of the pores are 
excluded. These have access only to the mobile phase between the beads and as a 
result, elute first. This technique was used to elute the in vitro translated protein. 
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TCA precipitation is used to concentrate and denature proteins for gel 
electrophoresis or for digestion prior to mass spectrometry. We used it to assess the 
efficiency of radiolabelled amino acid incorporation in the antigens labelled during the 
invitro translation, by determining CPM in the precipitated protein.  

 

2.2.6 Statistics 

Data were expressed as mean ± SD. Statistical differences between groups were 
assessed by the χ2-test or Fisher’s exact test for categorical variables. Kaplan-Meier 

survival analysis was used to estimate hyperglycemia- and T1DR-free survival and 

survival curves were compared via the logrank test and were considered significant 
when p values were less than 0.05. All reported p values are two-tailed unless 
otherwise noted. Statistical analysis was performed using the GraphPad Prism 
software, version 5.0, La Jolla, CA, USA. 
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3  Results 

3.1  Classif icat ion 

The 223 SPK patients were retrospectively classified according to their metabolic 
status at the time the analysis was performed (Figure 11). The clinical characteristics 
of each group are shown in Table 3 and their immunological data in Table 4. Patients 

were classified as having normal glucose tolerance (NGT) if, in absence of insulin 
therapy or antidiabetic oral medications, the HbA1c was equal or less than 6.1% on 

follow-up. Patients were categorized as hyperglycemic (HG) if their HbA1c levels 
exceed 6.1% consistently or if they required antidiabetic therapy (oral agents or 
insulin, or both) to control glucose metabolism. Most of the transplanted patients 
were still normoglycemic (176, 78.9%). The mean duration of follow-up was not 
different between the NGT and HG groups (Table 3).  
 

78.9%
NGT, n=176

21.1%
HG, n=47

7.6% T1DR,
 n=17

4.5% PCR,
 n=10

9.0% UND,
 n=20

 
 
Figure 11: Clinical classification of 223 SPK transplanted patients. SPK = simultaneous pancreas 

kidney. NGT = normal glucose tolerance, HG = hyperglycemia, T1DR = type 1 diabetes recurrence, 

PCR = pancreatic chronic rejection, UND = undetermined 
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Table 4: Demographic data of the study group. NGT = normoglycemic, HG = hyperglycemic, T1DR = 

type 1 diabetes recurrence, PCR = pancreatic chronic rejection, UND = undetermined, n/a = not 

available, f/u = follow-up, SD = standart deviation, F = female, M = male, Tx = transplant, MMF= 

Mycophenolate Mofetil 

      NGT HG ALL HG-T1DR HG-PCR HG-UND 
n     176 47 17 10 20 
% of total (223)   78.9% 21.1% 7.6% 4.5% 9.0% 
% of HG (47)   n/a n/a 36.2% 21.3% 42.6% 
Mean f/u (years) (last date or HG) 6.3 6.0 6.8 4.5 6.2 
SD (years)   4.2 3.9 3.8 2.9 4.4 
RANGE (years)   1-22.6 1.1-17.2 2.2-17.2 2.1-10.3 1.1-15.6 
  

      
  

Gender (F-M)   89-87 17-30 8-9 1-9 8-12 
Caucasians (white not Hispanic) 96 21 9 5 7 
White Hispanics   63 20 8 3 9 
African-American Hispanics 1 0 0 0 0 
African-American, non Hispanics 15 6 0 2 4 
Other     1 0 0 0 0 
  

      
  

Age at T1D diagnosis-mean f/u (years) 14.3 13.2 13.9 9.1 14.7 
SD (years)   8.4 9.1 10.7 5.3 8.8 
Range (years) 

 
0-38 1-39 2-39 1-17 4-32 

Patients with n/a data 1 1 0 0 1 
  

      
  

Years with T1D before transplantation-mean 
f/u (years) 27.5 23.3 20.9 27.5 23.1 

SD (years)   8.4 8.5 10.0 5.0 7.8 
Range (years)   3-50 2-39 2-39 22-35 8-36 
Patients with n/a data 1 1 0 0 1 
  

      
  

Age at the time of transplantation-mean f/u 
(years) 41.8 36.6 34.8 36.6 38.2 

SD (years)   8.1 6.1 6.6 4.4 6.3 
Range (years)   23-60 23-50 23-47 30-44 29-50 
  

 
  

    
  

HbA1c at HG diagnosis (or last HbA1c if 
NGT)-mean 5.5 7.0 6.9 6.9 7.1 

SD     0.4 0.1 0.9 1.1 0.8 
Patients with n/a data   32 22 12 7 3 
  

 
  

    
  

Pancreas Tx biopsy   5 17 15 0 2 
  

 
  

    
  

Immunosuppression  
 

          
Tacrolimus+Sirolimus  58 9 3 0 2 
Tacrolimus+MMF  95 25 8 7 10 
Patients with n/a data  23 13 6 3 4 
  



 

 41 

The HG group (47, 21.1%) included 17 patients (7.6%) who experienced severe loss 
of C-peptide secretion without changes in urine amylase and serum creatinine levels 
and presented with hyperglycemia requiring insulin therapy that resembled the 
clinical features of T1D. Patients with the above features were classified as having a 

clinical diagnosis of T1DR, noting that the diagnosis was confirmed by a pancreas 
transplant biopsy in 15/17 (88%) patients; examination of the biopsies demonstrated 

the the presence of insulitis in 13/15 (87%) and all showed loss of insulin staining. 
Clinical Characteristics of the T1DR patients are summarized in Table 6. 

Ten patients (4.5%) developed hyperglycemia as a consequence of pancreas chronic 
rejection (PCR), which was associated with loss of urine amylase. Another 20 

patients (9.0%) had milder diabetes symptoms, did not necessarily require insulin 
therapy and many had obesity, significant weight gain or other factors that could 
have contributed to the hyperglycemic state; they continued to have residual C-
peptide secretion and did not present signs of rejection. Therefore, they were 
classified as having undetermined (UND) hyperglycemia. This group could include 
patients with several causes of hyperglycemia, including islet autoimmunity. There 
were no statistical differences in the duration of follow-up across all groups (Table 4). 
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3.2  Autoantibody status classif icat ion 

We categorized the 223 patients according to their overall AAb status before and 
after transplantation, during the course of the follow-up (Figure 12 and Table 5):  127 

(57%) of the SPK recipients had no AAb pre-transplant; of note, ZnT8A could not be 
assessed pre-transplant in eight patients, who however were negative on follow-up 
and therefore were considered to be AAb negative overall. Ninety-six of 223 (43%) 
patients expressed at least one AAb pre-transplant (GADA, IA-2A, or ZnT8A). On 

follow-up, 76.4% of the AAb negative category remained negative and 23.6% 
converted to positive. Of all patients who were AAb positive pre transplant, 59.4% 
remained positive for the same AAb, 19.8% converted to negative status and 20.8% 
stayed positive for one AAb and became positive for another. Therefore, we defined 

three major follow-up categories: AAb negative, AAb conversion and AAb 
persistence. Accordingly, on follow-up, there were 116 (52.0%) AAb negative 
patients, 50 (22.4%) patients with AAb conversion and 57 patients (25.6%) with AAb 
persistence.  

Pre-Transplant
AAb Status 

AAb negative*
127/223 (57.0%)

AAb positive
96/223 (43.0%)

Remained negative 97/127 (76.4%)

Post-Transplant
AAb Status 

Converted to negative 19/96 (19.8%)

AAb negative
116/223 (52.0%)

Remained positive 
57/96 (59.4%)

AAb persistence
57/223 (25.6%)

Converted to positive 30/127 (23.6%)


Remained positive for one antibody
and became positive for another 

20/96 (20.8%)

AAb conversion
50/223 (22.4%)

*Inclusive of 8 patients with no pre-Tx ZnT8 status but overall negative status on follow-up  
Figure 12: Autoantibody classification and conversion rate pre-transplant and post-transplant of 223 

simultaneous pancreas kidney recipients based on GAD, IA-2 and ZnT8 autoantibody 

characterization. 
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Table 5: Immunological data of the study group. NGT = normoglycemic, T1DR = type 1 diabetes 

recurrence, PCR = pancreatic chronic rejection, UND = undetermined, Tx = transplant, AAb = 

autoantibody, GADA = GAD autoantibody, IA-2A = IA-2 autoantibody, ZnT8A = ZnT8 autoantibody, 

SD = standard deviation, n/a = not available 

n % n % n % n % n %

Pre-Tx AAb overall status* 176 47 17 10 20
AAb- 100 56,8 27 57,4 10 58,8 8 80,0 9 45,0
AAb+ 76 43,2 20 42,6 7 41,2 2 20,0 11 55,0

Pre-Tx AAb status by AAb number** 171 44 17 9 18
0 AAb 98 57,3 24 54,5 10 58,8 7 77,8 7 38,9
1 AAb 48 28,1 17 38,6 6 35,3 2 22,2 9 50,0
2 AAb 24 14,0 2 4,5 1 5,9 0 0,0 1 5,6
3 AAb 1 0,6 1 2,3 0 0,0 0 0,0 1 5,6

Pre-Tx AAb status by AAb type** 171 44 17 9 18
AAb- 98 57,3 24 54,5 10 58,8 7 77,8 7 38,9
GADA 32 18,7 8 18,2 3 17,6 0 0,0 5 27,8
IA-2A 13 7,6 8 18,2 3 17,6 1 11,1 4 22,2
ZnT8A 2 1,2 1 2,3 0 0,0 1 11,1 0 0,0
GADA IA-2A 21 12,3 1 2,3 1 5,9 0 0,0 0 0,0
GADA ZnT8A 1 0,6 0 0,0 0 0,0 0 0,0 0 0,0
IA-2A ZnT8A 3 1,8 1 2,3 0 0,0 0 0,0 1 5,6
GADA IA-2A ZnT8A 1 0,6 1 2,3 0 0,0 0 0,0 1 5,6

Post-Tx AAb Overall Status *** 176 47 17 10 20
AAb- 101 57,4 15 31,9 1 5,9 6 60,0 8 40,0
AAb+ for any AAb 75 42,6 32 68,1 16 94,1 4 40,0 12 60,0

Post-Tx AAb status by AAb number *** 176 47 17 10 20
0 AAb 101 57,4 15 31,9 1 5,9 6 60,0 8 40,0
1 AAb 56 31,8 12 25,5 2 11,8 3 30,0 7 35,0
2 AAb 14 8,0 11 23,4 6 35,3 1 10,0 4 20,0
3 AAb 5 2,8 9 19,1 8 47,1 0 0,0 1 5,0

Post-Tx AAb status by AAb type *** 176 47 17 10 20
AAb- 101 57,4 15 31,9 1 5,9 6 60,0 8 40,0
GADA 38 21,6 5 10,6 2 11,8 0 0,0 3 15,0
IA-2A 11 6,3 6 12,8 0 0,0 3 30,0 3 15,0
ZnT8A 7 4,0 1 2,1 0 0,0 0 0,0 1 5,0
GADA IA-2A 13 7,4 7 14,9 4 23,5 0 0,0 3 15,0
GADA ZnT8A 0 0,0 1 2,1 1 5,9 0 0,0 0 0,0
IA-2A ZnT8A 1 0,6 3 6,4 1 5,9 1 10,0 1 5,0
GADA IA-2A ZnT8A 5 2,8 9 19,1 8 47,1 0 0,0 1 5,0

Post-Tx AAb Pattern *** 176 47 17 10 20
AAb- 101 57,4 15 31,9 1 5,9 6 60,0 8 40,0
AAb conversion 25 14,2 25 53,2 15 88,2 4 40,0 6 30,0
AAb persistence 50 28,4 7 14,9 1 5,9 0 0,0 6 30,0

Time from Tx to AAb conversion
Mean (years) 3,0 3,2 4,8 2,2 2,4
SD (years) 3,3 1,4 3,4 2,0 2,4

Time from AAb conversion to hyperglycemia
Mean (years) n/a 2,9 2,9 1,9 3,9
SD (years) n/a 1,0 3,5 1,2 3,1

*ZnT8A could not be assessed pre-transplant in 8 patients who however were negative on follow-up
**not inclusive of the 8 patients lacking the ZnT8 assessment
***including negative, conversion to negative and sporadic patients

NGT HG ALL HG-T1DR HG-PCR HG-UND

 



 

 44 

In earlier analyses of our data set, we also noted that approximately 20% of the 
patients exhibited infrequent AAb positivity at very low leves, which appeared 
sporadically and often were not the same AAb type, possibly representing false 
positives. This “sporadic” pattern was not different from the AAb negative group in 

terms of association with hyperglycemia; therefore, these two groups were combined 
and sporadic patterns were classified as AAb negatives overall. 

We then evaluated AAb status pre and post transplantation specifically for GADA, IA-
2A and ZnT8A (Figure 13). Pre-transplant, 122 patients (56.7%) were AAb negative, 
21 (9.8%) had only IA-2A, 40 (18.6%) subjects had only GADA and 22 (10.2%) had 
GADA and IA-2A at the same time. Three patients (1.4%) were positive pre-

transplant for ZnT8A only, four (1.9%) had ZnT8A and IA-2A, only one (0.5%) patient 
had ZnT8A and GADA and two (0.9%) patients had all three AAb.  

Pre-Transplant*
AAb Status 

Post-Transplant
AAb Status 

IA2 only
21/215
(9.8%)

ZnT8 only
3/215
(1.4%)

GAD only
40/215
(18.6%)

IA2 only
17/223
(7.6%)

ZnT8 only
8/223
(3.6%)

AAb neg
116/223
(52.0%)

GAD only
43/223
(19.3%)

IA2+GAD
22/215
(10.2%)




ZnT8+IA2
4/215
(1.9%)

ZnT8+GAD
1/215
(0.5%)

ZnT8+GAD
+IA2 2/215

(0.9%)

IA2+GAD
20/223
(9.0%)

ZnT8+IA2
4/223
(1.8%)

ZnT8+GAD
1/223
(0.4%)

ZnT8+GAD
+IA2 14/223

(6.3%)


AAb neg
122/215
(56.7%)

*8 patients with no pre-Tx ZnT8 status were excluded  

Figure 13: Autoantibody classification of 223 simultaneous pancreas kidney recipients based on GAD, 

IA-2 and ZnT8 testing, pre- and post-transplant 
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During the post-transplant period, 116 (52.0%) remained or became negative, 17 
(7.6%) were only positive for IA-2A, 43 (19.3%) were only positive for GADA and 20 
(9.0%) were positive for IA-2A and GADA. The inclusion of ZnT8A allowed the 
identification of eight (3.6%) patients, who otherwise would have been described as 

AAb negative on follow-up. Post-transplant, there were four (1.8%) patients with IA-
2A and ZnT8A post-transplant, only one (0.5%) with GAD and ZnT8A, while 14 

(6.3%) were positive for all three AAb.  
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3.3  Pre- and post-transplant autoantibody status in relat ion 

to metabol ic status 

Figure 14 presents AAb prevalence in patients who were normoglycemic or had 
hyperglycemia because of T1DR, pancreas chronic rejection (PCR), or an 

undetermined cause (UND). Prior to transplantation, GADA prevalence was 32.2% in 
patients with normoglycemia, 23.5% in the T1DR group, 33.3% in the UND group 
and 0% in the PCR group; these frequencies were not statistically different. Similarly, 
frequency of IA-2A did not differ among the various groups, and it was 22.2% in the 

NGT group, 23.5% in the T1DR group, 33.3% in the UND group, and 11.1% in the 
PCR group. ZnT8A pre-transplant were less common (4.1% in NGT, 0% in T1DR, 
11.1% in UND, 11.1% in PCR), again with no statistical differences observed. 

Overall, we did not find any association of pre-transplant AAb status with any of the 
above groups, suggesting that pre-transplant AAb status has little or no bearing on 
subsequent graft outcomes. 

Fisher�s Exact Test    p value OR  95% CI
GADA  T1DR vs NGT  p=0.59 0.6  0.2-2.0  
GADA  HG UND vs NGT  p=1.00 1.0  0.4-2.9
GADA  PCR vs NGT   p=0.06 0.1  n/a
GADA  ALL HG vs NGT  p=0.27 0.6  0.3-1.3
IA-2A  T1DR vs NGT  p=1.00 1.1  n/a 
IA-2A  HG UND vs NGT  p=0.37 1.7  0.6-4.9
IA-2A  PCR vs NGT   p=0.69 0.4  n/a
IA-2A  ALL HG vs NGT  p=0.69 1.2  0.5-2.5
ZnT8A T1DR vs NGT  p=1.00 0.6  n/a
ZnT8A HG UND vs NGT  p=0.21 2.9  n/a
ZnT8A HG PCR vs NGT  p=0.34 2.9  n/a
ZnT8A ALL HG vs NGT  p=0.43 1.7  n/a           
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8 patients with no pre-Tx ZnT8 status were excluded                           

 
Figure 14: Pre-transplant autoantibody prevalence in 215 SPK patients tested for GADA, IA-2A and 

ZnT8A (171 NGT, 44 HG, of which 17 with well defined T1DR, 18 UND and 9 PCR). SPK = 

simultaneous pancreas kidney. NGT = normal glucose tolerance, HG = hyperglycemia, T1DR = type 1 

diabetes recurrence, PCR = pancreatic chronic rejection, UND = undetermined, GADA = GAD 

autoantibody, IA2A = IA2 autoantibody, ZnT8A = ZnT8 autoantibody, Tx = transplant 
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Figure 15 presents AAb prevalence in patients post-transplant, in the various groups. 
Patients with T1DR clearly showed the highest prevalence for all three AAb, 
compared to NGT and other HG groups. Individual comparisons are shown in the 
table within Figure 15. The table shows the association of AAb with the T1DR group, 

and that the other HG groups, or the HG group as a whole, had no or only weak 
association with AAb. Compared to the NGT group, AAb were associated with the 

highest odds ratios for T1DR (ZnT8A, OR=17.9; IA-2A, OR=15.8; GADA, OR=16.1).  

Fisher�s Exact Test    p value OR  95% CI
GADA  HG-T1DR vs HG-UND p=0.0020 13.9  n/a 
GADA  HG-T1DR vs HG-PCR p<0.0001 130.2  n/a
GADA  HG-UND vs HG-PCR p=0.06 11.7  n/a
IA-2A  HG-T1DR vs HG-UND p=0.04 4.9  n/a
IA-2A  HG-T1DR vs HG-PCR p=0.10 4.1  n/a
IA-2A  HG-UND vs HG-PCR p=1.00 1.0  n/a
ZnT8A HG-T1DR vs HG-UND p=0.01 8.1  n/a
ZnT8A HG-T1DR vs HG-PCR p=0.02 12.9  n/a
ZnT8A HG-UND vs HG-PCR p=1.00 1.6  n/a

Fisher�s Exact Test    p value OR  95% CI
GADA  HG-T1DR vs NGT  p<0.0001 16.1  n/a
GADA  HG-UND vs NGT  p=0.80 1.1  0.4-3.0
GADA  HG-PCR vs NGT  p=0.03 0.1  n/a 
GADA  HG-ALL vs NGT  p=0.06 1.8  0.9-3.6
IA-2A  HG-T1DR vs NGT  p<0.0001 15.8  n/a
IA-2A  HG-UND vs NGT  p=0.03 3.2  1.2-8.6
IA-2A  HG-PCR vs NGT  p=0.09 3.2  n/a
IA-2A  HG-ALL vs NGT  p<0.0001 5.5  2.7-11.1
ZnT8A HG-T1DR vs NGT  p<0.0001 17.9  5.8-54.9
ZnT8A HG-UND vs NGT  p=0.21 2.2  n/a
ZnT8A HG-PCR vs NGT  p=0.55 1.4  n/a
ZnT8A HG-ALL vs NGT  p=0.0001 5.3  2.3-12.4
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Figure 15: Post-transplant autoantibody prevalence in 223 SPK patients tested for GADA, IA-2A and 

ZnT8A (176 NGT, 47 HG, of which 17 well defined T1DR, 20 UND and 10 PCR). SPK = simultaneous 

pancreas kidney. NGT = normal glucose tolerance, HG = hyperglycemia, T1DR = type 1 diabetes 

recurrence, PCR = pancreatic chronic rejection, UND = undetermined, GADA = GAD autoantibody, 

IA2A = IA2 autoantibody, ZnT8A = ZnT8 autoantibody 
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To emphasize the different prevalences of AAb between NGT and T1DR pre- and 
post-transplant, we did a detailed comparison (Figure 16). As noted above, before 
transplantation, there were no significant differences in the AAb prevalence for GADA 
(32.2%) and IA-2A (22.2%) comparing NGT and T1DR groups (23.5% each).  ZnT8A 

was infrequent in both groups, being absent in the T1DR group and 4.1% in the NGT 
group. In the NGT group, the post-transplant prevalence of AAb remained stable for 

GADA, decreased for IA-2A and increased slightly from 4.1% to 7.4% for ZnT8A; it 
also increased to 15% (from 11.1%) in the UND group and decreased to 10% (from 
11.1%) in the PCR group; none of these changes reached statistical significance. In 
contrast, the T1DR group had a highly significant increase in the prevalence of all 

AAb compared to pre-transplant (GADA, from 23.5% to 88.2%, p=0.004; IA-2A, 
from 23.5% to 76.5%, p=0.0053; ZnT8A, from 0% to 58.8%, p=0.0003).  

%
 A

A
b 

po
si

tiv
ity

 

NGT T1DR
 Pre Tx*
 Post Tx
 

0"

20"

40"

60"

80"

100"

GAD" IA2" ZnT8"
0"

20"

40"

60"

80"

100"

GAD" IA2" ZnT8"

*8 patients with no pre-Tx ZnT8 status were excluded

Fisher�s Exact Test    p value  OR   95% CI
NGT pre-Tx GAD vs post-Tx GAD  p=1.00  1.0   0.6-1.5 
NGT pre-Tx IA2 vs post-Tx IA2  p=0.28  0.7   0.4-1.2
NGT pre-Tx ZnT8 vs post-Tx ZnT8  p=0.25  1.9   0.7-4.8
T1DR pre-Tx GAD vs post-Tx GAD  p=0.0004  24.4   n/a
T1DR pre-Tx IA2 vs post-Tx IA2  p=0.0053  10.6   n/a 
T1DR pre-Tx ZnT8 vs post-Tx ZnT8 p=0.0003  49.0   n/a

 
Figure 16: Autoantibody prevalence of NGT and T1DR patients pre- and post-transplant. SPK = 

simultaneous pancreas kidney. NGT = normal glucose tolerance, HG = hyperglycemia, T1DR = type 1 

diabetes recurrence, GADA = GAD autoantibody, IA2A = IA2 autoantibody, ZnT8A = ZnT8 

autoantibody, Tx = transplant 
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3.4  Autoantibody conversion but not persistence is a r isk 

factor for T1DR  

The association of AAb conversion with T1DR and the lack of association of AAb 
persistence with T1DR are illustrated in Figure 17. For hyperglycemia overall and 

more so for T1DR, AAb conversion is significantly more associated than AAb 
negativity and persistence (HG AAb conversion versus negativity p<0.0001 OR=6.7, 
conversion versus persistence p<0.0001 OR=7.1; T1DR AAb conversion versus 
negativity p<0.0001 OR=60.6, conversion versus persistence p<0.0001 OR=30.0).  

Fisher�s Exact Test    p value  OR   95% CI
HG AAb- vs conversion   p<0.0001  6.7   3.1-14.6 
HG  AAb- vs persistence   p=1.00  0.9   0.4-2.5
HG conversion vs persistence  p<0.0001  7.1   2.7-18.8
T1DR AAb- vs conversion   p<0.0001  60.6   n/a
T1DR AAb- vs persistence   p=1.00  2.0   n/a 
T1DR conversion vs persistence  p<0.0001  30.0   n/a
PCR AAb- vs conversion   p=0.22  2.7   n/a 
PCR AAb- vs persistence   p=0.18  0.1   n/a
PCR conversion vs persistence  p=0.01  17.8   n/a
UND AAb- vs conversion   p=0.20  0.6   0.2-1.3  
UND  AAb- vs persistence   p=0.40  0.7   0.3-1.6
UND conversion vs persistence  p=0.33  2.0   0.6-6.8
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Figure 17: Autoantibody conversion is associated with return to hyperglycemia. AAb = autoantibody, 

HG = hyperglycemia, NGT = normal glucose tolerance, T1DR = type 1 diabetes recurrence, PCR = 

pancreatic chronic rejection, UND = undetermined 
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Table 6: Clinical, genetic and immunological data, including the autoantibody status in relation to 

development of type 1 diabetes recurrence in 17 simultaneous pancreas kidney transplanted patients 

(9 males, 8 females). GADA = GAD autoantibody, IA-2A = IA-2 autoantibody, ZnT8A = ZnT8 

autoantibody, n/a = not available, m = male, f = female 
 

ID Gender Donor 
HLA-DR

Recipient 
HLA-DR

Autoreactive T-
cells near 
diagnosis

Time from 
transplant 
to T1DR 
(years)

Length of 
follow-up 

(years)
Insulitis

Loss of 
Insulin 
staining

GADA IA-2A ZnT8A

1 m 1, 13 3, 4 Present 7,9 15,2 y y Negative Negative Negative
2* f 3, X 3, 4 Present 4,1 5,7 y y Converter Converter Negative
3 m 2, 3 3, 4 Present 17,2 20,5 y y Converter Converter Negative
4 f 4, X 4, 13 Not determined 4,8 6,9 n y Converter Persistent Converter
5* f 2, 3 3, 4 Not detected 3,5 5,6 y y Persistent Converter Converter
6 m 1, 3 1, 3 Not determined 1,3 4,0 y y Converter Negative Negative
7 m 7, 11 3, 4 Present 3,9 6,6 y y Negative Converter Converter
8 f 3, 7 3, 4 Not detected 8,2 9,5 y y Converter Converter Negative
9* f 11, 13 4, 13 Not determined 9,1 10,4 y y Converter Converter Negative
10 m 4, X 4, 13 Present 5,0 9,3 y y Converter Persistent Converter
11 m 3, X 3, 7 Present 8,0 11,6 y y Persistent Converter Converter
12* f 3, 8 3, X Present 11,0 12,2 y y Converter Converter Converter
13 m 2, 10 3, 4 Present 5,2 6,2 y y Converter Negative Converter
14 m 2, 3 3, 4 Present 8,2 17,8 n y Converter Converter Converter
15 f 7, 9 9, 11 Not detected 9,5 17,8 y y Converter Converter Converter
16 f 4, X 4, 3 Not determined 2,3 1,4 n/a n/a Persistent Negative Negative
17 m 3, 4 4, 7 Present 6,2 7,2 n/a n/a Persistent Persistent Converter

BIOPSY POST-TRANSPLANT 
AUTOANTIBODY STATUS

 
* For patient 2, 5, 9 and 12, autoantibody conversion could have occurred during 0.6, 1 and 4 years prior to diagnosis and 
could not be assessed with greater precision due to lack of samples 
 

The AAb pattern of the 17 T1DR patients is shown in Table 6. Only one patient lost 
graft function after 7.9 years in the absence of AAb (#1). Fifteen T1DR patients 
(88.2%) had AAb conversions: 3 SPK recipients (#12, 14, 15) converted for all three 

AAb, a single recipient (#13) acquired GADA and ZnT8A, four patients (#2, 3, 8, 9) 
had GADA and IA-2A conversion while remaining ZnT8A negative, a single patient 
(#6) only converted to GADA positivity and another (#7) had IA-2A and ZnT8A 

conversion but was negative for GADA. Regarding the persistent status, one patient 

was persistent for GADA only (#16), two patients had GADA and ZnT8A conversion 
and IA-2A persistency (#4, 10), whereas two other were persistent for GADA and 

converted to ZnT8 and IA-2A positivity (#11, 5). One recipient (#17) was persistent 
for GADA and IA-2A and a converter for ZnT8A. 
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Figure 18 compares the time elapsed from transplant to the conversion of each AAb. 
A limitation of this analysis is that the time of conversion could have occurred earlier 
than assessed based on available samples for four patients (by 0.6, 1, 3, and 4 
years, Table 6). The results of this analysis suggest that the time from transplant to 

conversion was similar for the three AAb. The same figure also shows that the time 
from conversion to T1DR trended towards being shorter for ZnT8A (mean 0.50 ± SD 

1.0 years) compared to GADA (mean 1.65 ± SD 1.8 years, p=0.05, 1-tailed) and was 

significantly shorter compared to IA-2A (mean 2.50 ± SD 2.0 years, p=0.01, 1- or 2-

tailed). Finally, the duration of positivity was in general shorter for ZnT8 (mean 2.0 ± 

SD 1.3 years) compared to GADA (mean 4.70 ± SD 4.2 years, p=0.04, 1-tailed) and 

IA-2A (mean 6.0 ± SD 4.7 years, p=0.02, 2-tailed and p=0.01, 1-tailed). Figure 19 

illustrates AAb conversion and duration of AAb positivity individually, for 15 T1DR 
patients with conversions. 
 

 

 

 

 

 

 

 

 

 

 

Figure 18: Time from transplant to autoantibody conversion, from conversion to T1DR and duration of 

autoantibody positivity in patients with T1DR and autoantibody conversions as a group 
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Figure 19: Time from transplant to autoantibody conversion, from conversion to type 1 diabetes 

recurrence (T1DR) and duration of autoantibody positivity in patients with T1DR with autoantibody 

conversions, individually. Persistent autoantibodies are not shown. The red vertical lines mark the time 

of diagnosis. 
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3.5  Posit ive predict ive value, specif ic ity and sensit iv ity 

Table 7 shows values for specificity, sensitivity and positive predictive value (PPV) in 
the SPK patients studied. Those with hyperglycemia are considered as a whole, or 

divided by cause, PCR, T1DR and undetermined. The specificity for T1DR was high 
for all three single AAb, but highest for ZnT8A at 93% vs. 83% for IA-2A and 68% for 
GADA, respectively.  

ZnT8A also had the highest PPV for T1DR. Sensitivity was higher for all three AAb in 

the T1DR group compared to the PCR and UND. When examining combinations of 
AAb, all of the combinations achieved high specificity if included ZnT8A. Of note, this 
AAb was, with a single exception, never present in NGT patients. 

Combinations of two AAb, especially those with ZnT8A, had low sensitivity for T1DR 
compared to the GADA and IA-2A combination, but those had a higher PPV; this is 
explained by the fact that ZnT8A mostly occurred when GADA and IA-2 AAb were 
also present. The presence of all three AAb increased sensitivity to 0.47 with a PPV 
of 0.62, which are both higher than the values seen for 2 AAb or for the GADA and 
IA-2A combination.  

Sensitivity and PPV were generally low in the PCR and UND groups, regardless of 
combinations, indicating that AAb are not associated with hyperglycemia when this is 
caused by rejection or its cause remains undetermined. 
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Table 7: Specificity, sensitivity and positive predictive value for GADA, IA-2A, ZnT8A, individually and 

combined data from 223 SPK patients tested for all 3 autoantibodies (176 NGT, 47 HG, including 17 

T1DR, 10 PCR and 20 UND). PPV = positive predictive value, GADA = GAD autoantibody, IA-2A = IA-

2 autoantibody, ZnT8A = ZnT8 autoantibody, AAb = autoantibody, SPK = simultaneous pancreas 

kidney, HG = hyperglycemia, NGT = normal glucose tolerance, HG ALL = all patients with 

hyperglycemia, T1DR = type 1 diabetes recurrence, PCR = pancreatic chronic rejection, UND = 

undetermined 

 GADA IA2A ZnT8A GADA+
IA2A 

GADA 
+ZnT8A 

IA2A 
+ZnT8A 

0 
AAb 

1 
AAb 

2 
AAb 

3 
AAb 

NGT n=176           

Specificity 0.68 0.83 0.93 0.90 0.97 0.97 n/a 0.64 0.88 0.95 

HG ALL n=47           

Sensitivity 0.47 0.53 0.30 0.34 0.21 0.26 0.32 0.26 0.23 0.19 

PPV 0.28 0.45 0.52 0.47 0.67 0.67 0.13 0.17 0.44 0.64 

PCR n=10           

Sensitivity 0.00 0.40 0.10 0.00 0.00 0.10 0.60 0.30 0.10 0.00 

PPV 0.00 0.12 0.07 0.00 0.00 0.14 0.06 0.05 0.07 0.00 

UND n=20           

Sensitivity 0.35 0.40 0.15 0.20 0.05 0.10 0.40 0.35 0.20 0.05 

PPV 0.11 0.21 0.19 0.18 0.17 0.25 0.07 0.11 0.22 0.17 

T1DR n=17           

Sensitivity 0.88 0.76 0.59 0.71 0.53 0.53 0.06 0.12 0.35 0.47 

PPV 0.21 0.30 0.43 0.40 0.64 0.60 0.01 0.03 0.30 0.62 
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3.6  Pre-transplant autoantibody posit iv ity is not a r isk factor 

for HG and T1DR 

In the following figures we present Kaplan-Meier survival analyses that were 
conducted to evaluate the risk for HG (of any cause) and T1DR in different AAb 

status categories, in relation to time from transplantation. The y-axis represents the 
percentage of HG or T1DR free survival and the x-axis the duration of follow-up in 
years, post transplant. Figure 20a and 20b show the pre-transplant AAb status. 
There was no statistical significance in the development of HG and T1DR in patients 

with any positive AAb pre-transplant (p=0.5769 and p=0.6101 respectively). Around 
60% of the patients were normoglycemic ten years after transplantation, regardless 

of their pre-transplant AAb status. Moreover, around 80% of the patients were 
without T1DR ten years after transplantation independent of AAb positivity or 
negativity prior to transplantation.  
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Figure 20a: Autoantibody positivity (any antibody) pre-transplant is not a risk factor for HG. 20b: 

Autoantibody positivity (any antibody) pre-transplant is not a risk factor for T1DR. HG = 

hyperglycemia, T1DR = type 1 diabetes recurrence, AAb neg = autoantibody negative, AAb pos = 

autoantibody positive 
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3.7  Post-transplant autoantibody posit iv ity is a r isk factor 

for HG and T1DR 

In contrast to the pre-transplant setting, positivity for any AAb post-transplant 
appeared to be a clear risk factor for HG (p=0.0205) and more so for T1DR 

(p=0.0004) (Figures 21a and 21b). 10 years after transplant, almost 60% of patients 
with AAb developed hyperglycemia compared to only 20% of patients with negative 
AAb. Also, at the same time more than 40% of patients with positive AAb developed 
T1DR versus only about 10% of patients without positive AAb. 
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Figure 21a: Autoantibody positivity on follow-up is a risk factor for HG. 21b: Autoantibody positivity on 

follow-up is a risk factor for T1DR. HG = hyperglycemia, T1DR = type 1 diabetes recurrence, AAb neg 

= autoantibody negative, AAb pos = autoantibody positive 
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3.8  Autoantibody conversion is associated with HG and 

T1DR on fol low-up 

In our analysis, we identified 57 patients with AAb persistence. These patients had 
either GADA or IA-2A persistence, but none of them was persistent for ZnT8A. Within 

the ZnT8A positive group, due to the low positivity rate pre-transplant, we could only 
demonstrate patterns of AAb negativity or conversions. AAb conversion could play 
an important role in the development of HG and T1DR. Our analysis indeed shows a 
significant relation between AAb conversion and future development of HG and 

T1DR, respectively (Figure 22a and 22b).  
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Figure 22a: Autoantibody conversion on follow-up is a risk factor for HG. 22b: Autoantibody 

conversion on follow-up is a risk factor for T1DR. HG = hyperglycemia, T1DR = type 1 diabetes 

recurrence, AAb neg = autoantibody negative, AAb per = autoantibody persistence, AAb con = 

autoantibody conversion 

Significantly more patients with AAb conversion developed HG than patients with 
AAb persistence (p=0.0017) or AAb-negative (p=0.0002), noting that the latter two 

groups had overlapping curves.  At the end of the observation period, around 90% of 
the patients with AAb conversion developed HG compared to 30% with AAb 
persistence and 50% without AAb.  
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AAb conversion has a stronger association with the development of T1DR (p<0.0001 
conversion vs. negativity; p=0.0005 conversion vs. persistence). As illustrated in 
Figure 22b, the risk of development of T1DR in patients with AAb conversion is more 
than twice-higher than the risk of patients with AAb persistence. Patients with AAb 

persistence and AAb negativity had overlapping survival curves (p=0.6181).  
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3.9  Associat ion of individual autoantibodies and post-

transplant HG and T1DR 

In the following chapters, we analyzed  the association of the individual AAb with HG 
of any cause and T1DR. This analysis was performed to evaluate their importance as 

independent risk markers, realizing that a limitation of this analysis is that many of the 
patients with T1DR would have more than one AAb. 

 

3.9.1 GADA positivity is not associated with the return of HG but is associated 
with T1DR on follow-up  

GADA showed no significant association with HG (p=0.2309, Figure 23a) but there 
was a significant association with T1DR (p<0.0001, Figure 23b). At the end of the 
follow-up period, more than half of the patients with positive GADA developed T1DR 
compared to the patients without GADA positivity.  
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Figure 23a: GADA positivity on follow-up was not associated with return of HG. 23b: GADA positivity 

on follow-up was a risk factor for T1DR. GADA = GAD autoantibody, HG = hyperglycemia, T1DR = 

type 1 diabetes recurrence, GADA neg = GAD autoantibody negative, GADA pos = GAD autoantibody 

positive 
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3.9.2 GADA conversion is associated with the return of HG and T1DR on 
follow-up 

GADA conversion was associated with HG (Figure 24a) and T1DR (Figure 24b). 

Patients with GADA conversion had much higher risk to develop HG (p=0.0004, 
p=0.0004) and T1DR (p<0.0001, p<0.0001), respectively, compared to GADA 
persistent and GADA negative patients. Patients with GADA persistence showed no 
increased risk of T1DR (p=0.1343) or HG (p=0.4193) compared to GADA negative 

patients. Thus, GADA conversion but not persistence was associated with T1DR. 
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Figure 24a: GADA conversion on follow-up was clearly associated with HG. 24b: GADA conversion on 

follow-up was clearly associated with T1DR. GADA = GAD autoantibody, HG = hyperglycemia, T1DR 

= type 1 diabetes recurrence, GADA neg = GAD autoantibody negative, GADA per = GAD 

autoantibody persistence, GADA con = GAD autoantibody conversion 
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3.9.3 IA-2A positivity is associated with the return of HG and T1DR on follow-
up 

Figures 25a and 25b show IA-2A positivity and its relation to HG and T1DR. 

Compared to GADA, IA-2A positivity is not only associated with T1DR (p<0.0001, 
Figure 25b), but also with HG overall (p=0.0003, Figure 25a). At ten years post-
transplant, 60% of IA-2A positive subjects have T1DR compared to only 
approximately 10% of patients without any AAb. 
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Figure 25a: IA-2A positivity on follow-up is associated with HG. 25b: IA-2A positivity on follow-up is 

associated with T1DR. IA-2A = IA-2 autoantibody, HG = hyperglycemia, T1DR = type 1 diabetes 

recurrence, IA-2A neg = IA-2 autoantibody negative, IA-2A pos = IA-2 autoantibody positive 
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3.9.4 IA-2A conversion is associated with the return of HG and T1DR on 
follow-up 

As in the previous analysis comparing the conversion status for GADA, IA-2A 

conversion also shows a clear association with HG (p<0.0001, Figure 26a) and T1DR 
(p<0.0001, Figure 26b) compared to IA-2A negativity. IA-2A persistence is not 
significantly associated with HG (p=0.0618) or T1DR (p=0.0630). There is also no 
significant difference between IA-2A conversion and IA-2A persistence (p=0.2290 

and p=0.0768, respectively). 
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Figure 26a: IA-2A conversion on follow-up is clearly associated with HG. 26b: IA-2A conversion on 

follow-up is clearly associated with T1DR. IA-2A = IA-2 autoantibody, HG = hyperglycemia, T1DR = 

type 1 diabetes recurrence, IA-2A neg = IA-2 autoantibody negative, IA-2A per = IA-2 autoantibody 

persistence, IA-2A con = IA-2 autoantibody conversion 
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3.9.5 ZnT8A positivity (conversion) is associated with the return of HG and 
T1DR on follow-up 

Prior to transplant, all of the rare ZnT8A positive patients (n=10) converted to 

negative on follow-up. However, out of those ten patients, two reacquired ZnT8A on 
follow-up as a single AAb and were still NGT after 10 years of follow-up. Another 
patient converted back to ZnT8A positivity, as well as to positivity for GADA and IA-
2A, and developed hyperglycemia of undetermined cause 1.9 years after 

transplantation. Essentially, all patients with ZnT8A positivity post-transplant had AAb 
conversion and ZnT8A positivity pre-transplant was not linked to future conversion. 
As expected, ZnT8A positivity shows a strong association to HG (p=0.0002, Figure 
27a) and T1DR (p<0.0001, Figure 27b). At ten years post-transplant, 60% of ZnT8A 

positive subjects had T1DR compared to only approximately 10% of patients with 
negative antibodies. On note, 10/14 HG cases in Figure 27a had T1DR. 
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Figure 27a: ZnT8 autoantibody positivity on follow-up is associated with return of HG. 27b: ZnT8 

autoantibody positivity on follow-up is associated with return of T1DR. ZnT8A = ZnT8 autoantibody, 

HG = hyperglycemia, T1DR = type 1 diabetes recurrence. ZnT8A neg = ZnT8 autoantibody negative, 

ZnT8A pos = ZnT8 autoantibody positive 
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3.9.6 Lack of association of pre-transplant autoantibody number with the 
return of HG and T1DR on follow-up 

The number of positive AAb before transplantation was not associated with higher 

risk of HG. However, only two of the patients had three AAb pre-transplant and one 
developed HG within two years.  
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Figure 28a: Number of AAb pre-transplant is not associated with return to HG. 28b: Number of AAb 

pre-transplant is not associated with T1DR. HG = hyperglycemia, T1DR = type 1 diabetes recurrence, 

AAb = autoantibody 
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3.10  Number of autoantibodies post-transplant is associated 

with the return of HG and T1DR on fol low-up 

On follow-up, a higher number of AAb was associated with an increased risk for HG 
and T1DR (Figure 29a-29b). Examining HG free survival (Figure 29a), there was a 

significantly higher incidence of HG with 3 versus 0 AAb (p<0.0001), 3 versus 1 AAb 
(p=0.0033), and a trend with 2 versus 0 AAb (p=0.0642). There was no statistically 
significant difference comparing 1 versus 0 AAb (p=0.4002), 1 versus 2 AAb 
(p=0.2166) and 2 versus 3 AAb (p=0.0612). Of the 14 patients with 3 AAb 9 patients 

eventually developed hyperglycemia, again noting that 8 of them had T1DR and only 
one had HG of undetermined cause. This could also have been a case of T1DR but 

we did not have enough data to support that clinical diagnosis. 

Figure 29b shows T1DR free survival as a function of AAb positivity. Like in the HG 
free survival analysis, there were no differences comparing patients with 0 versus 1 
AAb (p=0.2703). There was higher T1DR incidence in patients with 2 versus 0 AAb 

(p=0.0006), 3 versus 0 AAb (p<0.0001), 3 versus 1 AAb (p<0.0001). Among patients 
with 2 or 1 AAb who have not developed T1DR, very few have ZnT8A (n=2 with 2 

AAb (1 PCR and 1 UND) and n=1 with 1 AAb (1 UND), respectively); this emphasizes 
the strong association of ZnT8A with T1DR.  
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Figure 29a: Number of positive AAb on follow-up is associated with return to HG. 29b: Number of 

positive AAb on follow-up is associated with T1DR. HG = hyperglycemia, T1DR = type 1 diabetes 

recurrence, AAb = autoantibody 
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4  Discussion 

Autoimmune diseases are caused by humoral and/or cell-mediated immune 

responses against the constituents of the body’s own tissues (self-antigens). In the 
case of T1D, the selective destruction of pancreatic beta-cells is mediated by 

autoimmune responses against several islet autoantigens. These include both 
humoral and cellular responses to multiple autoantigens, more commonly GAD, IA-2, 
ZnT8 and insulin. There are standardized radioimmunoassays that measure AAb to 
islet autoantigens, which can be detected several years prior to the onset of the 

disease and for that reason they play a considerable role as diagnostic and predictive 
biomarkers of T1D (190,193,213). 

In earlier studies from the late 1980s, recurrence of T1D was reported very rarely, 

possibly because the shorter graft survival may not have allowed enough time for this 
condition to develop and because many of todays’ diagnostic reagents were not 
available to help with the diagnosis (161,162,173,175). Sibley et al (161) carried out 

immunohistologic and histopathologic examination of 100 grafts transplanted in 
1978-1986 period, a time when immunosuppression was less effective. There was a 

higher incidence of acute rejection and graft survival was shorter. Importantly, there 
were no cases of T1DR in recipients of cadaveric grafts who received full-dose 
immunosuppression; rather, nine patients (9%) had diabetes recurrence among 

recipients of transplants from living related donors, from identical twins or HLA-
identical siblings, who received no or minimal immusuppression. These observations 
led to the belief that immunosuppression that prevents rejection also prevents 

autoimmunity and that donor-recipient HLA matching is an essential requirement for 
diabetes recurrence. However, later reports suggest that immunosuppression may 
not always suppress islet autoimmunity, especially in the long-term and studies 
reported associations of ICA with graft failure (21,24,58,133,177), even in recipients 

of cadaver donor organs and regardless of HLA matching (21).  

With advanced surgical techniques and improvements in immunosuppression, 

technical failures, acute and chronic rejection are less common and thus patients 
experience prolonged periods of graft survival. Our group has for several years been 
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monitoring the Miami cohort of SPK recipients for the presence of islet autoimmunity. 
With extended follow-up, several patients with T1DR have been identified and 
extensively studied (192). Initial studies involved the retrospective and prospective 
evaluation of GADA and IA-2A in our SPK recipients. These studies provided 

evidence that the presence of these AAb, and especially the conversion from 
negative to positive on follow-up, is a risk factor for T1DR (49). This is significant 

because early identification of patients with increased likelihood of disease 
recurrence may facilitate therapeutic attempts to halt the process. Other studies have 
examined GADA, IA-2A, ICA and insulin autoantibodies in pancreas transplant 
recipients. As noted, there are several reports of association of AAb with diabetes 

recurrence, albeit in most studies this is reported as graft loss and T1DR is not fully 
documented by biopsy (78,180,192) or by the presence of autoreactive T-cells 

(21,24,58,133).  

ZnT8 was discovered as a novel diabetes autoantigen in 2007 by Wenzlau et al. 
(203). AAb against the carboxy-terminal intracellular domain of ZnT8 is a further 
indicator of rapid disease progression and showed testing for ZnT8A improves T1D 
prediction when the disease is first diagnosed in the life of a patient. Thus, following 
the discovery of ZnT8A as a novel AAb associated with T1D, we evaluated whether 
this is also a risk factor for T1DR in the well characterized Miami cohort of SPK 
patients. To this end, we retrospectively tested multiple serum samples from patients 
in the Miami SPK cohort and determined the prevalence of ZnT8A.  

This analysis of the SPK cohort at the University of Miami includes 223 patients who 
matched our inclusion criteria, which consisted of at least one year of follow-up and a 
clear classification of AAb status as negative, persistent positive or positive following 

conversion. SPK patients were treated and monitored according to a published 

protocol (30). The Miami SPK cohort is of particular interest because it is very large, 
patients have extended follow-up (mean 6.2, SD ± 4.1 years, range 1-22.6, Table 3) 

and GADA and IA-2A were assessed extensively on pre- and post-transplant 
samples, largely on the same serum samples tested in this study. We analyzed 

approximately 2,600 serum samples, which is equivalent to a mean of 14 samples 
per patient. Moreover, the clinical setting of SPK transplantation with bladder 
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drainage allows distinguishing whether graft loss can be ascribed to rejection or not, 
by the evaluation of urine amylase levels. In the case of rejection, these will be 
reduced and if kidney rejection occurs, the creatinin levels will be elevated. A clinical 
diagnosis of T1DR is typically made in the presence of hyperglycemia requiring 

insulin therapy, impaired C-peptide secretion in the absence of signs of rejection and 
therefore unchanged urine amylase and serum creatinine levels. For most patients, 

this clinical diagnosis was validated by demonstration of insulitis or beta-cell loss in a 
biopsy of the transplanted pancreas and we could demonstrate circulating 
autoreactive T-cells against islet cell autoantigens (139), in addition to AAb.  

As shown in Table 4, the length of follow-up was not significantly different in the NGT 

and HG groups in our study. Table 4 and Figure 11 show that 79% of the SPK 
transplanted patients in our cohort remained normoglycemic throughout the follow-
up period. Twenty-one percent of the SPK recipients developed hyperglycemia, with 
7.6% (n=17) of the patients developing T1DR according to our clinical definition 
(mean 6.8 SD ± 3.8 years, range 2.2-17.2, Table 4). Thus, T1DR typically develops 
several years after successful transplantation. Importantly, 15 of these 17 patients 
had a pancreas transplant biopsy, which confirmed the clinical diagnosis in all cases 
and confirm that with extended follow-up T1DR is a common cause of 
hyperglycemia in our cohort, as it explained 36% of the cases with hyperglycemia. 
Twenty-one percent of the hyperglycemia cases were ascribed to rejection, while 
42% remained of undetermined cause. 

Evaluation of the pre-transplant AAb status (Figure 12) showed that 43% of our SPK 
recipients were AAb positive prior to transplantation. Overall GADA, IA-2 and ZnT8 
pre-transplant positivity was 30.2%, 22.8% and 4.7% respectively. In Figure 13, 

18.6% had only GADA, 9.8% had IA-2A only, and 1.4% had ZnT8 only. In 

combination, 10.2% of recipients had GADA and IA-2A, 0.5% had GADA and 

ZnT8A, 1.9% IA-2A and ZnT8A; 0.9% of recipients had all three AAb. These results 
are different from a previous study in which the prevalence of IA-2A and GADA was 

50% and 80% (172) and 16% and 30% (24), respectively; however, the overall AAb 

positivity was similar with 46.4% in the latter study. The lower prevalence of ZnT8A is 
consistent with the results of the NIRAD study (95), in which there was an inverse 
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relation to age, and to the kinetics of the ZnT8A response which appears to be short-
lived (205). Overall, pre-transplant AAb positivity did not predict the development of 
hyperglycemia or T1DR on follow-up. 

Post-transplant, more than half of our SPK patients (52%) remained or became AAb 

negative (Figure 12, Figure 13). The rest of the patients were or became positive for 
one or more AAb. The overall prevalence for GADA and IA2-A changed little from the 

pre-transplant status. Overall GADA, IA-2 and ZnT8 post-transplant positivity was 
35%, 24.7% and 12.1% respectively; 19.3% had only GADA, 7.6% had IA-2A only, 
and 3.6% had ZnT8 only. In combination, 9.0% of recipients had GADA and IA-2A, 
0.4% had GADA and ZnT8A, 1.8% IA-2A and ZnT8A; 6.3% of recipients had all 

three AAb. Moreover, in our population, the post-transplant conversion rate of AAb 
positivity to negativity and vice versa was comparable (21% and 24%); as a 
consequence, in 76-79% of patients the pre-transplant antibody status remained 
unchanged.  

We then analyzed the pre-transplant and post-transplant AAb status in relation to the 
development of hyperglycemia on follow-up and its causes, thus comparing groups 
classified as having NGT, T1DR, UND and PCR (Table 5). Prior to transplantation, the 
only significant difference we found was that GADA were significantly less frequent in 
patients who would later develop chronic rejection. The other groups showed 
comparable prevalence of all three AAb tested. The incidence of positivity ranged 
between 33.4% (IA-2A and GADA in the HG-undetermined group) and 0% (ZnT8A, 

in the T1DR-group). Interestingly, ZnT8A occurrence was low prior to transplantation 
in all of the metabolic subgroups. Hence, we found no specific association of AAb 
status pre-transplant with graft outcome on follow-up. Braghi et al came to the same 

conclusion (24). Their study of 110 SPK recipients showed that graft function as well 

as survival rates were not associated with the presence of islet AAb before 
transplantation. Occhipinti (120) also had similar results in an analysis of 25 
successfully performed solitary pancreas transplantation, with no evidence of a link 

between AAb status prior to transplantation and pancreas graft outcome. 
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Post-transplantation, there were more normoglycemic (57.4%) than hyperglycemic 
(31.9%) patients with persistently negative AAb status. Among 116 AAb-negative 
patients on follow-up, six (5.2%) and eight (6.9%) developed hyperglycemia due to 
PCR or to undetermined cause, but only 1 (0.9%) developed T1DR (PCR vs. T1DR 

p=0.0042, OR=24; UND vs. T1DR p=0.00159, OR= 10.67). This difference reflects 
the multiple etiologies of altered glucose homeostasis, such as chronic rejection or 

other metabolic causes. In contrast, the T1DR group more frequently had AAb 
(94.1%), compared to HG in general (68.1%) and NGT (42.6%). None of the AAb 
were significantly associated with chronic rejection or with undetermined 
hyperglycemia. We found a strikingly increased frequency of ZnT8A in the subgroup 

of patients with T1DR with a positivity rate of 58.9%, which was highly significant 
(Table 5, Figure 16). Compared to the NGT patients, the prevalence of ZnT8A also 

increased in the other hyperglycemia subgroups but to a much lesser extent, i.e. to 
15% in the UND-group and to 10% in the PCR-group (Table 5). The inclusion of 
ZnT8A after transplantation allowed the identification of eight (3.6%) patients, who 
otherwise would have been described as AAb negative. The prevalence of GADA 
and IA-2A were also significantly increased in the subgroup of T1DR to 88.3% and 
76.5%, respectively, providing proof of the usefulness of these AAb as diagnostic 
tools for the detection of T1DR. The previously mentioned analysis of Braghi et al. 
also found that GADA and IA-2A are a marker of pancreas graft loss, albeit they did 
not distinguish between T1DR and rejection (24). The reappearance or stimulation of 

islet AAb and their persistence at high levels (in case of IA-2A) were related with 
subsequent graft loss.  

We examined the sensitivity and specificity of the three AAb. All three AAb had good 

specificity to predict T1DR (Table 7); ZnT8A had the highest specificity (0.93) 

compared to GADA (0.68) and IA-2A (0.83). Sensitivity values for GADA, IA-2A and 
ZnT8A were 0.88, 0.76 and 0.59, respectively. For T1DR, the relatively low incidence 
of ZnT8A in SPK patients results in a good positive predictive value of 0.43 for 

ZnT8A, which is higher than the PPV for GADA and IA-2A (0.21 and 0.30, 

respectively). Positivity for multiple AAb and number of AAb correlates with higher 
risk of progression to T1D in studies of at-risk first degree relatives (213). In our 
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cohort, the AAb combinations that includes ZnT8A (with GADA or IA-2A, or all three) 
had better specificity than GAD and IA-2 together (0.97 vs 0.90). The specificity for 1, 
2 and 3 AAb was 0.64, 0.88 and 0.95, the sensitivity was 0.12, 0.35 and 0.47 and 
PPV was 0.03, 0.30 and 0.62, respectively. In our cohort, a total of 14 patients had 

all three AAb post-transplant, eight (57%) of whom had T1DR, one patient had 
undetermined hyperglycemia and the remaining five were NGT. Thus, adding ZnT8A 

is a valuable addition to the prediction of T1DR in SPK recipients. The study by 
Occhipinti at al. (120) in a smaller cohort of 25 PTA recipients found that ZnT8A 
predicted loss of pancreas graft function with a sensitivity of 95%, a specificity of 
80% and a PPV of 80%. Thus, both our and this study concur that ZnT8A is a 

valuable addition to GADA and IA-2A testing in transplant recipients to identify 
patients at risk of diabetes recurrence and to help in the diagnosis versus rejection. 

Thus, ZnT8A is the stronger predictor of T1DR after SPK transplantation. One 
explanation for this phenomenon could be the high tissue specificity of ZnT8A (35) 
compared to IA-2A and GADA, which are also expressed in tissues other than 
pancreatic beta-cells (151). ZnT8 is located within beta-cell secretory granules (46) 
and ZnT8A may not appear until there is enough beta-cell damage to make ZnT8 
immunologically detectable. Because the half-lives of the ZnT8A, GADA and IA-2A 
after disease onset surpass the half-life of human immunoglobulin molecules in the 
circulation, the decline in AAb titer reflects diminishing of autoreactivity rather than 
completion of AAb production at disease onset (205). The kinetics of ZnT8A in 

relation to T1D onset was described by Wenzlau et al. (205). In their study, ZnT8A 
titers declined by 20-60% over 2.5 years of follow-up and were less persistent than 
IA-2A or GADA in the longer term. The prevalence of ZnT8 autoreactivity 

consequently fell from 80.3% at disease onset to 42.6% by the end of the follow-up 

period. Within a subgroup of 282 subjects with a disease duration of at least 20 
years, 21.3% had GADA, 19.5% were IA-2A positive and only 6.7% were reactive to 
ZnT8. This group of patients with longer disease duration is more likely resembling 

our SPK patients at the time of transplantation. Another group in Sweden came to a 

similar observation (189). They found significantly declining ZnT8A levels during the 
first year after development of disease. Further decrease was observed during the 
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following four years. They also found that ZnT8A titers and IA-2A titers declined 
rapidly after onset of disease, while GADA levels appeared stable. These findings are 
in agreement with earlier studies suggesting that GADA persists over many years 
after clinical onset of T1D (65). Previous studies with IA-2A showed conflicting 

results: Some authors reported a decline in IA-2A levels after clinical onset of T1D, 
while other studies showed stable expression of IA-2A (19,20,48,81). The lower 

prevalence of ZnT8A in long-term diabetic individuals and the more rapid 
disappearance of ZnT8A reported in T1D patients (205) are consistent with our 
observations in SPK patients and thus may reflect loss of an islet antigen as a 
stimulus for autoimmunity. The advantage of the additive detection of ZnT8A could 

therefore lie in a higher specificity, whereas the sensitivity might be lower, perhaps as 
a function of timing of the test. If a patient does not undergo regularly follow-up 

screening, it is possible that ZnT8A may be missed if they are present for a short 
period of time, as we have noted in several of our T1DR patients. On the other hand, 
ZnT8A was usually the last AAb to appear, and the conversion occurred closer in 
time to the clinical diagnosis of T1DR (Figure 18 and 19). In our SPK cohort, ZnT8A 
was detected either at the time of metabolic status change or 0.77 years prior to it 
and its positive status lasted up to 1.5 years on follow-up, in contrast to GADA and 
IA-2A which were detected several years prior to T1DR and persisted for much 
longer after diagnosis. Thus, the appearance of ZnT8A in SPK recipients raises the 
concern that diabetes recurrence may occur in the near future. In spontaneous 

disease, the interval between ZnT8A detection and onset of the disease varied from 
within one year to up to seven years. And in a pair-wise comparison, T1D developed 
earlier after ZnT8A conversion than after GADA and IAA conversion but similar to IA-

2A conversion and onset of disease (203). Again, a possible explanation is the fact, 

that ZnT8 antigen presentation is secondary to more severe beta-cell damage and 
epitope spreading (203). 

Exceptionally, AAb may not be detectable in patients that develop diabetes 

recurrence or graft loss. One of our T1DR patients did not have AAb and a patient 

who developed T1DR in the absence of GADA and IA2-A was recently reported by 
Assalino et al. (7), who however did not test ZnT8A. In a recent study of 25 PTA 
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recipients, there was also a case of pancreas function loss which was not preceded 
by an AAb change (120). Also, a patient with B-cell deficiency because of X-linked 
Agammaglobulinemia developed autoimmune diabetes (109). Thus, while AAb may 
rarely be absent before the development of diabetes or its recurrence, our data show 

that overall AAb are strongly associated with T1DR, for which they are robust risk 
markers, similarly to many studies in first degree relatives (213). 

Overall, our findings provide evidence that GADA, IA-2A and ZnT8A, especially when 
presented together and especially if acquired following transplant (AAb conversion) 
are associated with T1DR in SPK recipients. Indeed, AAb conversion happened 
significantly more often in HG patients and in the T1DR patients (53.2% and 88.2%, 

respectively) than in NGT patients (14.2%). In other words, more patients developed 
hyperglycemia or T1DR during follow-up among AAb converters than among AAb 
negative or persistent AAb positive patients. This is in agreement with earlier studies 
by Braghi (24) and Occhipinti´s analysis of PTA patients, in whom serum conversion 
from negative to positive, extending from one to multiple AAb or titer increases were 
observed in five of 25 SPK recipients and followed by graft loss in four of the five 
patients (120). Thus, given that a change in antibody status from negative to positive 
(conversion) is associated with increased risk for T1DR, regular AAb monitoring after 
SPK transplantation might be a sensitive screening method for predicting T1DR.  

We evaluated the above associations further with Kaplan-Meier survival analysis to 
take time into account and estimate the cumulative incidence of hyperglycemia and 

T1DR on follow-up. Prior to transplantation, neither the AAb status, type of AAb nor 
the number of AAb were a risk factor for developing hyperglycemia or T1DR on 
follow-up (Figures 20a, 20b). This investigation is in agreement with other reports 

(21,24,120). However, post-transplant, there was a clear association of AAb positivity 

in general with the development of hyperglycemia and a much stronger association 
with T1DR during the follow-up period (Figures 21a and 21b). Looking at the 
individual AAb, GADA (Figure 23a) was the only AAb whose positivity showed no 

significant association with HG (p=0.2309), but there was association  with T1DR 

(p<0.0001). We then examined the relationship with the pattern of AAb positivity, 
which cross-sectionally showed a strong association of AAb conversion with T1DR. 
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Fifty-seven (59.4%) patients of our population had at least one persistent AAb and 30 
(23.6%) individuals had conversion for at least one AAb from negative to positive 
(Figure 12). Interestingly, persistence for any AAb did not impact the risk of 
developing hyperglycemia or T1DR on follow-up compared to AAb negativity (Figure 

17). GADA is pre-transplant the most abundant AAb and as a consequence the 
relative rate of conversion is lower compared to the other AAb. Esmatjes et al. (58) 

studied 50 SPK recipients and reported that immunosuppression did not alter the 
existence of GADA. Thus, in the absence of pre-transplant data, detection of GADA 
post-transplant may often represent AAb persistence rather than conversion and 
may carry a low risk of T1DR. However, conversion for any AAb, or conversion of any 

AAb, including GADA, was very clearly associated with an increased risk of 
developing hyperglycemia and T1DR. In our population, more than 90% of those 

individuals developed hyperglycemia and 80% developed T1DR (Figures 22a and 
22b). AAb conversion for GADA was associated with higher incidence of 
hyperglycemia and T1DR also compared to AAb persistence, while there was a trend 
for IA2-A. Importantly, the persistent pattern was not observed for ZnT8A, 
suggesting that when present, these likely represent a conversion event and thus are 
associated with higher risk of T1DR. Overall, AAb conversion, but not persistence, 
was associated with increased risk of T1DR on follow-up (Figures 17, 22a and 22b). 
Finally, we examined the association of the number of AAb with hyperglycemia and 
T1DR by survival analysis (Figures 29a and 29b). The presence of 2 and 3 AAb was 

associated with increased risk of T1DR (p=0.0006 and p<0.0001, respectively) 
compared to 0 or 1 AAb (p=0.2703). The Kaplan-Meier survival analysis showed that 
after ten years of follow-up, T1DR developed in 10% of patients without or with only 

one AAb, in 40% of those with 2 AAb and in 80% of those with three AAb. This 

analysis confirms our cross-sectional analysis and is consistent with numerous 
studies in at-risk first-degree relatives (9,193,213).  

Importantly, the association of AAb, AAb conversions and AAb number with T1DR 

was still observed when we performed survival analyses excluding the patients with 

hyperglycemia of undetermined cause or due to chronic rejection. Conversely, no 
associations were found if the patients with T1DR were excluded (data not shown). 
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Thus, the associations we identified are specific for T1DR.  

We conclude that ZnT8A is a valid predictive and diagnostic biomarker of islet 
autoimmunity and T1DR after SPK transplantation. Adding ZnT8 to the post-
transplant monitoring increases specificity, sensitivity and positive predictive value of 

AAb testing. Because ZnT8 is rarely detected pre-transplant and is not observed in a 
persistent pattern, ZnT8 positivity essentially equates to AAb conversion, hence 

confers high risk of T1DR and it is typically closer to the diagnosis than other AAb. 
Thus, ZnT8A can aid in staging progression of T1DR, a process that in many patients 
proceeds slowly but will eventually lead to loss of graft endocrine function. Our 
studies also highlight that the prevalence of this condition is higher than previously 

thought, being at least as important as chronic rejection, and yet less responsive to 
therapy. With improved prediction and diagnosis, there is hope that therapeutic 
advances will follow.    
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5  Summary 

Type 1 diabetes (T1D) results from the autoimmune destruction of the insulin-

producing beta-cells of the pancreas, followed by lifelong insulin-dependency. 
Simultaneous pancreas kidney (SPK) transplantation corrects end-stage renal 

disease and restores insulin secretion. Immunological failures post transplant have 
become less frequent over the years, due to improved immunosuppression, and are 
usually categorized as chronic rejection. However, there is evidence that chronic islet 
autoimmunity might induce a relapse of disease despite immunosuppression that 

prevents rejection. The diagnostic work-up of graft failure should therefore 
incorporate islet autoimmunity assessment prior to transplantation and on follow-up 

in T1D recipients of pancreas transplants. Initial studies in the cohort of SPK 
recipients at the University of Miami had examined associations with GAD and IA-2 
autoantibodies (GADA, IA-2A). Since then, the zinc transporter 8 (ZnT8) has been 
identified as an autoantigen in T1D patients, in whom ZnT8 autoantibodies (ZnT8A) 

are an important biomarker and predictor of new onset T1D, but there have not been 
any studies about its prevalence in SPK recipients to date.  

We have now examined the association of ZnT8A with T1D recurrence (T1DR) after 
SPK transplantation. Of 452 patients who underwent SPK transplantation at the 
University of Miami from 1990 to 2013, 223 matched our criteria and were tested for 

GADA, IA-2A and ZnT8A pre-transplant and on follow-up. Compared to GADA 
(30.2%) and IA-2A (22.8%), ZnT8A (4.7%) was rarely found pre-transplant. However, 
on follow-up, ZnT8A had stronger association with T1DR than GADA and IA-2A 

(ZnT8 OR=17.9, p<0.0001; GAD OR=16.1, p<0.0001 and IA-2 OR=15.8, 
p<0.0001). Specificity and positive predictive value (PPV) for T1DR were 0.68/0.21 
(GADA), 0.83/0.30 (IA-2A) and 0.93/0.43 (ZnT8A). A higher number of autoantibodies 
(AAb) was associated with T1DR, with specificity/PPV values of 0.64/0.03 for 1 AAb, 

0.88/0.30 for 2 AAb including ZnT8A (0.90/0.40 for 2 AAb without ZnT8A) and 0.95/ 
0.62 for 3 AAb. 47.1% of our T1DR patients had 3 AAb compared to only 2.8% of 

the normoglycemic patients (p=<0.0001, OR= 30.4). The value of adding ZnT8A and 
therefore measuring 3 AAb was also verified by Kaplan-Meier survival analysis.  
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In conclusion, measuring ZnT8A led to a significantly improved prediction of T1DR 
not only in spontaneous disease but also in SPK recipients as it is a valuable and 
independent marker for autoimmunity. Adding ZnT8A to the antibody panel with AAb 
against GAD and IA-2 will expand and enhance the diagnostic and predictive power 

of autoantibody screening in SPK patients. 
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