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Abstract: Type 1 diabetes mellitus (T1DM) is characterized by recognition of beta cell proteins as self-antigens, 
called autoantigens (AAgs), by patients’ own CD4+ and CD8+ T cells and/or the products of self-reactive B cells, 
called autoantibodies. These AAgs are divided into two categories on the basis of beta-cell-specificity. The list of 
the targets associated with beta cell-specific AAgs is continuously growing. Many T1DM-associated AAgs are well 
characterized and have important clinical applications for disease prediction, diagnosis, and antigen-specific toler-
ance immunotherapy. Identification of T1DM-associated AAgs provides insight into the pathogenesis of T1DM and 
to understanding the clinical aspects of the disease. Since many excellent reviews have covered the previously 
identified T1DM-associated AAgs exhaustedly, here we only focus on several recently discovered T1DM-AAgs (PDX1, 
ZnT8, CHGA, and IAAP).
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Type 1 diabetes mellitus (T1DM) 

The autoimmune nature of T1DM

Although the etiology of T1DM is not fully under-
stood, a well-accepted view is that T1DM is an 
autoimmune disease caused by genetic and 
environmental factors [1]. Evidence for the 
autoimmune nature of T1DM includes: 1) The 
human leukocyte antigen (HLA) has strong link-
age with disease, especially HLA-DR3/4 and 
DQ2/8 [1]. 2) The presence of antibodies to 
islet autoantigens (AAgs) occurs many years 
before clinical onset of T1DM [2, 3]. Several of 
these autoantibodies have already become 
very good predictive and diagnostic markers for 
the development of T1DM. 3) Lymphocytic infil-
trates appear in the islets during the develop-
ment of insulitis. 4) Autoreactive CD4+ and 
CD8+ T cells to islet antigens are often present 
in recently diagnosed diabetic patients and in 
high-risk subjects [2-5]. 5) T1DM patients have 
increased susceptibility to develop multiple 
organ specific autoimmune diseases such as 
thyroid disorders, celiac disease, and Addison’s 
disease [6, 7].

The presence of autoantibodies and autoreac-
tive T cells indicates that certain islet antigens 
are erroneously recognized as foreign and initi-
ate an immune response. Previously, many islet 
AAgs have been implicated in relation to T1DM. 
Well-established AAgs include non-specific islet 
cell AAgs (ICA) [8], insulin [9], glutamic acid 
decarboxylase 65 (GAD65) [10], insulinoma 
antigen-2 (IA-2) [11], heat shock protein (HSP) 
[12], islet-specific glucose-6-phosphatase cata-
lytic subunit related protein (IGRP) [13], and 
imogen-38 [14]. The newly discovered beta cell 
specific AAgs include zinc transporter-8 (ZnT8)
[15], pancreatic duodenal homeobox factor 1 
(PDX1) [16], chromogranin A (CHGA) [17], and 
islet amyloid polypeptide (IAPP) [18]. 
Understanding the nature and clinical utility of 
AAgs is a central focus in diabetes research 
and has important implications for prediction 
prior to disease onset, diagnosis, and interven-
tion by restoring immune tolerance. For well-
established AAgs, many excellent reviews are 
available that detail their nature and utilities 
[19-21]. In this brief review, we will only focus on 
several recently identified AAgs (ZnT8, PDX1, 
CHGA, and IAPP) and discuss their basic biology 
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and clinical relevance. Before discussing these 
new AAgs, we will briefly introduce the role of 
AAgs in the pathogenesis of T1DM.

The role of AAgs in the pathogenesis of T1DM 

The discovery of AAgs in T1DM: Growing evi-
dence demonstrates that CD4+ helper and 
CD8+ cytotoxic T lymphocytes are critical in the 
pathogenesis of T1DM. Although the initial 
events triggering autoreactive responses 
remain unclear, specific AAg presentation by 
disease associated MHC class II molecules is 
thought to contribute to priming and expansion 
of pathogenic T cells. Since identification and 
characterization of AAgs provide insights into 
the pathogenic process and supports the foun-
dation for developing diagnostic assays and 
potential new therapeutic strategies, there has 
been much effort to discover these AAgs. 
Several approaches have been used to identify 
and confirm AAgs in T1DM [21] including: 1) 
detection of autoantibodies from patient sera, 
2) detection of islet autoreactive T cells, 3) 
identification of candidate proteins based on 
selective expression of beta cell proteins as 
defined by cDNA subtraction libraries or micro-
arrays, and 4) via adoptive transfer of specific T 
cells or by expression knock-down in animal 
models of T1DM.

The characterization of T cell epitopes has 
potential diagnostic and therapeutic applica-
tions and may provide clues to environmental 
agents that could be triggered to exacerbate 
autoimmune disease. T cell epitopes can be 
identified using a molecular biology strategy. 
Using a T cell epitope predicting tool, potential 
peptide epitope sequences can be identified. 
Then mini-mRNAs encoding these epitope 
sequences can be transfected into autologous 
antigen presenting cells (APCs), or the synthe-
sized peptides can be loaded into autologous 
APCs and used to challenge purified peripheral 
T cells using the ELISPOT assay. CD4+ T cell 
epitopes have been identified in proinsulin, 
IA-2, GAD65, CHGA, IAPP, and IGRP, and CD8+ 
T cell epitopes have been identified in proinsu-
lin, GAD65, IAPP, IGRP, and ZnT8 [1, 20]. These 
epitopes can be used for preparation of MHC 
tetramers (tetramers, which consist of four bio-
tinylated peptide-bound MHC complexes linked 
to streptavidin, can be used to detect antigen 
epitope-specific T cells using flow cytometry or 
magnetic cell enrichment technology to detect 

extremely low frequency epitope-specific T 
cells) for monitoring the changes in T cell phe-
notype that correlate with changes in disease 
course. Moreover, among the steadily expand-
ing list of AAgs, reactivity is often shared 
between patients and non-obese diabetic 
(NOD) mice, the murine model of the disease. 
Examples include GAD65, insulin, IA-2, PDX1, 
and CHGA [16, 22, 23].

The role of AAgs in the pathogenesis of T1DM: 
Pancreatic beta cell AAgs are the targets of 
immune responses in T1DM. Therefore, anti-
gen specific immune reactions are believed to 
be involved in beta cell destruction. The steps 
in initiation and progression of beta cell 
destruction are still not clear, but it is generally 
believed that beta cell AAgs are processed by 
antigen presenting cells (APC) including macro-
phages, dendritic cells (DC), or B cells in the 
pancreatic islets, and presented to naïve T cells 
in draining pancreatic lymph nodes to generate 
autoreactive CD4+ T cells and to the lesser 
degree, T-regulatory cells. These autoreactive 
CD4+ T cells become activated and then 
secrete cytokines, which activate beta cell spe-
cific cytotoxic CD8+ T cells. The activated T 
cells are recruited to the pancreatic islets and 
produce cytokines, which further stimulate 
macrophages and other T cells, contributing to 
the destruction of beta cells [23, 24]. Thus, 
beta cell AAgs, macrophages, DCs, B lympho-
cytes, and T lymphocytes have all been impli-
cated in the pathogenesis of T1DM (Figure 1).

The pathogenic roles of pancreatic islet AAgs 
have already been demonstrated in both ani-
mal T1DM models and in human T1DM. In ani-
mal models, the pathogenic roles for GAD65, 
insulin, CHGA, and IAPP were confirmed via 
adoptive transfer of specific T cells or by expres-
sion knock-down. For example, GAD65 reactive 
T cells are diabetogenic in NOD mice [25] and 
the suppression of GAD65 expression in the 
beta cells results in the prevention of autoim-
mune diabetes in NOD mice [26]. The elimina-
tion of insulin and insulin reactive T cells pre-
vents diabetes in NOD mice. In particular, 
expression of insulin B chain amino acids 9-23 
(insulin B: 9-23) in pancreatic islets is required 
for NOD mice to develop anti-islet autoimmuni-
ty [27]. In addition, CD4+ T cell clones, which 
were used for discovery of the new AAgs, CHGA 
and IAPP, were highly diabetogenic in NOD mice 
[17, 18]. All of the aforementioned evidence 
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supports the pathogenic role of islet AAgs in 
T1DM mouse models.

Because the above experimental strategies 
(adoptive transfer of specific T cells or expres-
sion knock-down) cannot be applied to humans, 
there is no convincing evidence to show the 
pathogenic role of islet AAgs in human T1DM. 
However, some evidence indirectly indicates 
that islet AAgs are also involved in disease pro-
gression in patients. For example, T cell 
responses, including proliferation and cytokine 
secretion to multiple AAgs, are detected in 
peripheral blood of T1DM patients [20]. This T 
cell response involves both CD4+ T cells and 
CD8+ T cells. For example, GAD65 and insulin 
specific CD4+ T cells have been observed in 
recently diagnosed diabetic patients and in 
high-risk subjects, but not in healthy control 
subjects expressing the same HLA type [28, 
29]. Also, AAg specific memory CD4+ T cells 
were found early in progression to autoimmune 
diabetes [30], and the autoantibodies against 
insulin and GAD65 correlate with the disease 
progression in most T1DM patients [30]. 
Moreover, a clinical trial of heat shock protein 
60 peptide vaccine (Diapep277) shows that 
Diapep277 injection inhibits the inflammatory T 
cell response to islet antigen and preserves 

beta cell function [31]. These data indirectly 
support the idea that islet AAgs may play key 
roles in human T1DM pathogenesis.

Although many AAgs such as GAD65, insulin, 
ZnT8, CHGA, and IGRP are already confirmed as 
T cell targets in T1DM, it is currently unclear 
whether single or multiple AAgs are required for 
triggering and exaggerating islet inflammation, 
and which antigen is most important. 
Identification of the target AAgs for T cells that 
play the key role in different stages is very 
important because manipulation of immune 
responses to these antigens offers the hope of 
specifically removing the cells responsible for 
beta cell destruction. For example, if early AAgs 
can be identified, this would provide a target for 
prevention at an earlier stage in the disease 
process before the majority of beta cells are 
damaged. Insulin is exclusively expressed in 
pancreatic beta cells, whereas other AAgs are 
also expressed in multiple endocrine organs 
and many studies are focused on exploring the 
role of insulin in the development of T1DM. 
Reviews summarize the results from these 
studies and indicate that insulin is a primary 
AAg in the development of T1DM [19, 27]. In 
NOD knockout and transgenic models, elimina-
tion of several islet AAgs and AAg-specific T 

Figure 1. A. AAg-mediated pancreatic beta cell destruction. Unknown environmental and/or immunological insults 
trigger beta cell AAg shedding into the surroundings. Antigen-presenting cells (APCs, DCs, or B cells) pick up the 
AAgs and ferry them to the draining pancreatic lymph node (PLN), where they prime naïve autoreactive CD4+ and 
CD8+ T cells. CD8+ T cells become activated upon engaging MHC-I on AAg-loaded APCs in the presence of autore-
active CD4+ T helper cells and pro-inflammatory cytokines. The autoreactive CD4+ and CD8+ T cells then expand 
and differentiate into cytotoxic T lymphocytes (CTLs). CTLs migrate into pancreatic islets and damage the beta cells. 
T regulatory cells are recruited to the PLN and islets in response to antigen and IL-2 and attempt to suppress AAg 
presentation and T cell activation. B. Antigen-specific immunoregulation. Chronic stimulation by vaccination using 
soluble antigen-specific peptides from AAgs or DNA vaccine causes low-avidity autoreactive T cells to differentiate 
into memory-like autoregulatory T cells that suppress both autoreactive CTLs and the presentation of AAgs by DCs, 
protecting beta cells from further damage. 
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cells provides convincing data supporting the 
primary role of insulin in T1DM. In human 
T1DM, it is much more difficult to identify auto-
antigenic targets, especially primary AAgs for 
initiating early autoimmune attack. Currently, 
research data only suggest that insulin plays a 
central role in inducing anti-islet autoimmunity 
[32], although it is possible that multiple pri-
mary AAgs are present and remain to be dis-
covered. One potential candidate as a primary 
AAg is PDX1 due to its early and exclusive 
expression in pancreatic progenitors and islet 
beta cells, but further evidence is required to 
confirm this. Therefore, it is still unknown which 
AAg is responsible for initiation of T1DM. 
Continuing to explore new T cell AAgs that initi-
ate and drive disease progression has the 
potential to lead to effective methods for pre-
venting or curing T1DM.

The clinical applications for AAgs in T1DM: 
AAgs can be used in two settings for immuno-
therapy of T1DM. First, specific assays used to 
detect autoantibodies against multiple islet 
AAgs are both diagnostic and predictive mark-
ers for T1DM. Second, islet AAgs can be used 
as therapeutic agents to induce immune toler-
ance, called antigen-specific immunotherapy.

Currently, major autoantibody markers for 
T1DM include ICA (islet cell autoantibodies), 
GADA (GAD65 autoantibodies), IA-2A (insulino-
ma antigen-2 autoantibodies), IAA (insulin auto-
antibodies), and ZnT8A (ZnT8 autoantibodies) 
[7, 33]. Islet autoantibody testing can be useful 
in the following situations: 1) to discriminate 
T1DM and T2DM, 2) to diagnose acute-onset, 
ketoacidotic diabetes in obese individuals, 3) 
to diagnose nonketotic diabetes onset in lean 
individuals, and 4) to predict and prevent the 
development of T1DM [7, 33]. A combination of 
GADA and IA-2A for initial screening, followed 
by ICA and IAA testing has been proposed for 
prediction of T1DM [33]. Because ZnT8A are 
present in most patients with T1DM and assay 
specificity and sensitivity are similar to those 
for GADA [15], ZnT8A could help to further con-
firm and predict T1DM. The importance of pre-
dicting T1DM is that early treatment could pre-
serve beta cell function, prolong the honeymoon 
period, prevent the development of microvas-
cular and neuropathic complications, and pro-
vide an opportunity for entrance into clinical 
trials of antigen-specific immunotherapy to pre-
vent T1DM [7]. 

Antigen-specific immunotherapy has the advan-
tage of focusing treatment on self-reactive T 
cells without impairing immune responses to 
unrelated antigens, especially tumor and infec-
tious antigens. Antigen specific immunothera-
pies have already been applied for preventing 
and treating T1DM in preclinical models and in 
patients. Although some immune-modulatory 
agents showed very promising effects in animal 
models, none have resulted in stable, long-term 
insulin independence in human diabetic 
patients [34, 35]. The reasons for this disparity 
may include: 1) Subgroups of the patients may 
respond differently. Ludvigsson, et al. found a 
significant effect of GAD-alum therapy in four 
subgroups such as male patients, the patients 
with a baseline tanner pubertal stage of 2 or 3, 
the patients with a baseline daily insulin dose 
of 0.398 to 0.605 IU per kilogram of body 
weight, and the patients from non-Nordic coun-
tries (France, Germany, Italy, The Netherlands, 
Slovenia, Spain, and The United Kingdom) [36]. 
Thus, AAg therapy benefits some subgroups of 
patients with T1DM. For prevention, the type of 
patient is equally important. Discrimination of 
subgroups depends on screening islet autoanti-
bodies, genetic markers in the HLA region, and 
some risk factors. Its accuracy is very impor-
tant for designing immunotherapy; 2) 
Administration protocols for AAgs require opti-
mization including the type of AAg used, dose, 
frequency, and administration route [34]; 3) 
There is a lack of knowledge concerning the 
role that beta cell AAgs play in islet inflamma-
tion and restoration of immunological toler-
ance; 4) Multi-component vaccines, including 
several beta cell AAgs and adjuvants, may 
increase vaccine efficiency [37]; and 5) 
Combination therapies may be the best 
approach. The combination may include anti-
gen specific immunotherapy, anti-CD3 anti-
body, and beta cell regeneration [38, 39]. Thus, 
in order to improve diagnostic and predictive 
accuracy of islet autoantibodies and preventive 
and therapeutic efficiency of antigen specific 
immunotherapy, it is extremely necessary to 
explore and study the new AAgs that may initi-
ate and drive disease progression.

Overview of the newly discovered T1DM-asso-
ciated AAgs

Zinc transporter 8 protein (ZnT8)

Zinc ions are essential for the proper storage, 
secretion, and action of insulin. The zinc con-
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tent in the pancreatic beta cell is among the 
highest of the body. Zinc ions are transported 
from the cytoplasm to insulin secretory vesicles 
in pancreatic beta cells by the SLC30A zinc 
transporter 8 protein (ZnT8). ZnT8 [40] is spe-
cifically expressed in pancreatic beta cells and 
has been identified as a novel T1DM autoim-
mune target [15].

The molecular aspects of ZnT8: ZnT8 is local-
ized to insulin-containing secretary granule 
membranes and is a pancreatic beta cell spe-
cific zinc transporter [40]. ZnT8 is highly con-
served evolutionarily, suggesting a central role 
for zinc transport within pancreatic beta cells. 
Like other zinc transporters, ZnT8 has six trans-
membrane domains, as well as cytoplasmic 
NH2- and COOH-terminal tails. The major B cell 
autoepitopes are in the cytoplasmic portions of 
the protein [15]. This is quite interesting 
because the cytoplasmic portions of the pro-
tein are unlikely to be exposed on the cell sur-
face during granule exocytosis. It was specu-
lated that this antigen might encounter immune 
surveillance after apoptosis of beta cells early 
in postnatal life or after immune mediated 
destruction of islets targeted at other cell sur-
face or secreted AAgs. Moreover, it was found 
that using the entire protein for detection of 
ZnT8A actually inhibited autoantibody detec-
tion compared to NH2-terminal and COOH-
terminal constructs and this was likely due to 
the improper folding of the transmembrane 
domain in aqueous solution.

The function of ZnT8 and its role in diabetes: 
The major role of ZnT8 is to provide zinc for 
insulin maturation and storage processes in 
insulin-secreting beta cells. Zinc also protects 
pancreatic beta cells from cytokine induced 
destruction, which is mostly observed in 
patients with T1DM, but also in T2DM. In addi-
tion, ZnT8 is reported to be associated with 
beta cell survival [41].

ZnT8 autoantibodies in diabetic patients: ZnT8 
was originally identified as an AAg candidate for 
T1DM from multi-dimensional analysis of micro-
array mRNA expression profiling experiments 
and screening using radioimmunoprecipitation 
assays (RIPA) with recent-onset T1DM and pre-
diabetic sera [15]. ZnT8A was shown to be 
associated with T1DM and demonstrated to be 
a good predictive and diagnostic marker in 
T1DM. 60-80% of recent-onset T1DM patients 

are positive for ZnT8A, with 4% of cases posi-
tive for ZnT8A only [42]. Individuals followed 
from birth to T1DM onset developed ZnT8A as 
early as 2 years of age with increasing levels 
and prevalence persisting to disease onset, 
which then decline after diagnosis of T1DM 
[43, 44]. The prevalence of ZnT8A is inversely 
related to the age at T1DM onset with the high-
est prevalence of 70% in the patients less than 
10 years of age [42]. The same correlations 
also have been found with IA-2A and GADA. 
However, sera from fulminant T1DM patients 
was not reactive to ZnT8, indicating that ZnT8A 
is not a diagnostic marker for fulminant T1DM 
[41]. It is now widely accepted that ZnT8A test-
ing in combination with other autoantibodies 
improves the accuracy of disease prediction 
[33]. Moreover, several studies reported that 
there is genetic association of specific ZnT8 
types in T1DM cases. There are three variants 
of the AAg at amino acid position 325, ZnT8-R 
(Arginine), ZnT8-W (Tryptophan), and ZnT8-Q 
(Glutamine), respectively, and ZnT8A are pre-
sented as three types, ZnT8-RAb, ZnT8-WAb, 
and ZnT8-QAb. Among these three variants, 
ZnT8-Q is observed rarely. The CC genotype 
was highly associated with the presence of 
ZnT8RAb, the TT genotype associated with the 
ZnT8WAb subtype, and the CT genotype associ-
ated with both ZnT8RAb and ZnT8WAb sub-
types [41, 45, 46]. It is interesting that carriers 
of the CC and CT genotype groups had higher 
stimulated C–peptide levels the first year after 
onset compared with those of the TT genotype 
group [46]. This indicates that the C allele of 
the SLC30A8 gene is associated with pre-
served beta cell function in T1DM patients. In 
addition, the major C allele of the SLC30A8 
gene was identified to confer greater risk for 
T2DM [47]. Thus, investigating and analyzing 
reactivity of sera with ZnT8A variants will help 
to improve diagnosis and prognosis of T1DM.

ZnT8 as target of islet reactive T cells in human 
T1DM: In addition to being a target of autoanti-
bodies, ZnT8 was also identified as a major AAg 
of disease associated autoreactive CD4+ T 
cells in human T1DM [48]. Dang et al. found 
that new-onset T1DM patients who expressed 
at least one copy of the risk-conferring HLA-
DR4/DQ8 and/or DR3/DQ2 haplotypes exhibit 
a significantly higher frequency of proinflamma-
tory ZnT8 specific T cells in their peripheral 
blood than do age and HLA matched control 
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subjects, indicating that ZnT8-directed T cell 
autoimmunity is associated with both the DR4/
DQ8 and DR3/DQ2 high risk haplotypes.

Moreover, several studies indicate that ZnT8 is 
also a major CD8+ T cell recognized AAg [49-
51]. Since the autoimmune cascade leading to 
beta cell destruction in T1DM is propagated by 
T cell recognition of specific epitopes, epitope 
mapping may be critical for staging of autoim-
munity during the disease, as well as for devel-
oping and monitoring immunomodulatory ther-
apies. Thus, exploring T cell epitopes in ZnT8 
revealed that ZnT8 (186-194) is an immuno-
dominant CD8+ T cell epitope (60-85% of 
patients) and ZnT8 (153-161) is a second rank 
epitope (20-25% of patients) in HLA-A2+ T1DM 
patients [50]. Another study further confirmed 
that ZnT8 (153-161) is a CD8+ T cell epitope in 
human T1DM [51]. Currently, the role of ZnT8 in 
the pathogenesis of T1DM remains unknown. 
Because CD8+ T effector cells take center 
stage in the destruction of pancreatic beta 
cells and contribute to sustaining islet inflam-
mation, ZnT8 as a major AAg recognized by 
CD8+ T cells may play a key role in disease pro-
gression. Thus, developing and testing novel 
preventative or therapeutic reagents targeting 
ZnT8 specific T cells has the potential to arrest 
the progression of the disease. There is cur-
rently no information about ZnT8 as an autoim-
mune target in T1DM mouse models.

Pancreatic and duodenal homeobox 1 (PDX1)

PDX1, also known as insulin promoter factor 1 
(IPF-1), is a transcription factor necessary for 
pancreatic development, beta cell maturation, 
and maintenance of beta cell function [52]. In 
adults, PDX1 is mostly restricted to the beta 
cells within islets. Recently, we have identified 
that PDX1 is a novel AAg in both NOD mice and 
human T1DM patients [16].

The molecular aspects of PDX1: The PDX1 gene 
consists of two exons encoding a 283 amino 
acid protein with a predicted molecular mass of 
31 kDa in its unmodified form [53]. The PDX1 
protein is highly conserved and the protein 
sequence has close homology among different 
species [52]. The NH2-terminus contains the 
transactivation domain and the middle region 
contains a homeodomain, which is responsible 
for DNA binding and protein-protein interac-
tions via a transcriptional activation mecha-

nism. Although the role of the COOH-terminus 
is largely unknown, with some evidence that it 
may have inhibitory function, we have shown 
that the COOH-terminus harbors major autoepi-
topes for T and B cell recognition in NOD mice 
[16, 54]. Moreover, glucose can regulate the 
insulin gene promoter through activation and 
nuclear translocation of PDX1 [55, 56].

The function of PDX1 and its role in diabetes: It 
is now widely accepted that PDX1 plays a cru-
cial role in pancreas development and beta cell 
differentiation, and in maintaining mature beta 
cell function [52]. During embryonic develop-
ment, only PDX1+ epithelial cells develop into 
pancreatic buds, and eventually, the whole pan-
creas including its exocrine, endocrine, and 
ductal populations. In adults, PDX1 expression 
is restricted mainly to beta cells and plays a key 
role in glucose-dependent insulin secretion. 
Genetic defects of PDX1 are the cause of matu-
rity-onset diabetes of the young type 4 (MODY4) 
in humans [57, 58]. In mice, PDX1 knockout 
resulted in pancreas agenesis [57, 59, 60]. The 
treatment of streptozotocin-induced diabetic 
mice with recombinant PDX1 protein promotes 
beta cell regeneration and transient liver cell 
reprogramming, leading to restoration of nor-
moglycemia [61]. Besides the role as a tran-
scription factor for regulating insulin gene 
expression, PDX1 was also found to have immu-
nomodulatory function when given to diabetic 
mice. Shternhall-Ron et al. found that in NOD 
mice treated with PDX1 delivered by an adeno-
virus vector, the autoimmune T cell profile shift-
ed from Th1 to Th2 and was accompanied by a 
down regulated autoimmune attack [62]. 
Furthermore, our own study found that treat-
ment of prediabetic female NOD mice with 
recombinant PDX1 [61] or with a non-functional 
mutant PDX1 protein (unpublished observa-
tion) prevented the onset of diabetes. The 
aforementioned evidence indicates that PDX1 
is involved in immunoregulation. 

PDX1 autoantibodies (PAA) in NOD mice and in 
patients with T1DM: PAA were originally detect-
ed in NOD mice using ELISA, western blotting, 
and radioimmunoprecipitation of [35S]–labeled 
insulinoma cell line derived PDX1 protein [16]. 
PAA were detected as early as 5 weeks of age, 
generally peaked before the onset of clinically 
overt diabetes, and often decreased to lower 
positive levels or disappeared completely after 
the onset of diabetes. Furthermore, the 
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immunodominant B cell autoepitopes were 
located to the COOH-terminus of the PDX1 pro-
tein (p200-283). PAA were also detected in the 
serum of human T1DM patients and two majors 
B cell epitopes were identified within amino 
acids 159-200 and 200-283. These two epit-
opes contain numerous trypsin sensitive (argi-
nine or lysine) sites.

Trypsin sensitive arginine or lysine residues are 
critical for the antigenicity of epitopes recog-
nized by anti-histone antibodies [63] and basic 
amino acids are believed to be important for 
autoantibody recognition of the U1-70K compo-
nent of the U1 small nuclear ribonucleoprotein 
(U1snRNP) [64]. In this regard, it is interesting 
to note that NOD mice also produce autoanti-
bodies against U1snRNP [65]. The relationship 
between these autoantibodies and PAA 
remains to be determined. However, it has 
been proposed that long runs of charged amino 
acids may render certain self-antigens immu-
nogenic [66]. In addition, autoantibodies fre-
quently recognize epitopes located on the NH2- 
and COOH-termini of proteins [67], as was the 
case here.

We recently developed a liquid-phase lucifer-
ase immunoprecipitation systems (LIPS) assay 
for detecting PAA, GADA, IA-2A, and IA-2βA 
autoantibodies and demonstrated a similar 
sensitivity and specificity to the clinical RIPA 
using the clinical results from GADA and IA-2A 
detection. Using the LIPS assay, PAA were 
detected in human serum samples (Donelan et 
al., IJCEP, in press). For future studies, the focus 
will be to survey the prevalence of PAA in the 
normal population, T1DM patients, high-risk or 
prediabetic populations, and in other diseases. 
This will help to evaluate the clinical value of 
PAA for prediction, diagnosis, or monitoring of 
T1DM.

T cell reactivity to PDX1 in NOD mice: PDX1 was 
also found to be a target of cellular immunity in 
NOD mice [16]. The location of the T cell epit-
ope was explored and may lie within the same 
COOH-terminal region as the B cell epitope. 
Moreover, overlap between autoreactive B cell 
and T cell epitopes has also been found for 
GAD65 [68, 69] and IA-2 AAgs [70]. The proxim-
ity of B and T cell epitopes within the antigen 
structure suggests that antigen/antibody com-
plexes may influence antigen processing by 

accessory cells, thereby affecting T cell reactiv-
ity [68]. Furthermore, we have successfully iso-
lated PDX1-specific CD4+ T cell clones and 
characterized one clone (2E3, see Figure 2) 
from prediabetic NOD mice after PDX1 immuni-
zation. Although these T cell clones’ pathogenic 
roles are not yet characterized, it suggests that 
PDX1 may be a CD4+ T cell target in the NOD 
mouse model. Whether PDX1 is targeted by T 
cells in human T1DM patients remains to be 
investigated in future studies.

Chromogranin A (CHGA)

CHGA is a member of the granin family of neu-
roendocrine secretory proteins [71]. It is the 
precursor to several peptides including 
vasostatin-1, pancreastatin, catestatin, chro-
mostatin, and WE-14. WE-14 and vasostatin-1 
derived peptide CHGA29-42 were identified as 
the antigenic peptides for highly diabetogenic 
CD4+ T cell clones from NOD mice [17, 72].

The molecular aspects of CHGA: CHGA is locat-
ed in secretory vesicles of neurons and endo-
crine cells. Human CHGA is a 439 amino acid 
protein stored in the secretory granules of 
many normal and neoplastic cells of the diffuse 
neuroendocrine system [73]. Comparison of 
the protein sequences of human and bovine 
CHGA shows high conservation of NH2-terminal 
and COOH-terminal domains and also in the 
potential dibasic cleavage sites [74]. CHGA is 
processed differently in various cell types to 
yield several biologically active peptides includ-
ing vasostatin-1, pancreastatin, catestatin, and 
serpinin, which have a variety of different func-
tions [71].

The relationship of CHGA to T1DM: CHGA is 
regarded as a major, nonspecific gastroentero-
pancreatic neuroendocrine tumor marker [75]. 
Like other granins, CHGA has a granulogenic 
role in secretory granule biogenesis and is 
stored in these organelles. CHGA is exocytoti-
cally released, together with hormones, first 
into the extracellular environment and then into 
the circulation. Increased levels of circulating 
CHGA have been detected in patients with neu-
roendocrine tumors, non-small cell lung cancer, 
prostate, and breast cancer [73]. Moreover, 
elevated serum CHGA levels were also detect-
ed in patients with heart failure, renal failure, 
hypertension, rheumatoid arthritis, sepsis, and 
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other inflammatory diseases. Vasostatin-1 is a 
fragment of CHGA spanning the NH2-terminal 
residues 1-78. It can inhibit a series of effects 
induced by VEGF on endothelial cells [73]. 
WE-14 is a natural 14 amino acid cleavage 
product of CHGA and has been identified in 
pancreatic islet beta cells and in other gastro-
entero pancreatic tissues, such as the adrenal 
gland [17]. Its function remains unknown.

CHGA as target of highly diabetogenic CD4+ T 
cell clones in mouse T1DM: Using a biochemi-
cal purification strategy combined with mass 

spectrometric analysis of chromatographic 
fractions antigenic for diabetogenic T cell 
clones, CHGA was found to be a source of anti-
genic ligands for diabetogenic CD4+ T cells 
[17]. These antigenic ligands include WE-14 
and vasostatin-1 derived peptide CHGA29-42, 
and they both could bind IAg7 and stimulate 
BDC T cell clones which include BDC-2.5. BDC 
clones were isolated from the spleens and 
lymph nodes of NOD mice and can initiate or 
accelerate diabetes in vivo. Compared with 
WE-14, CHGA29-42 has better binding affinity 
to IAg7. However, antigenicity of the WE-14 pep-

Figure 2. PDX1 is a CD4+ T cell target in NOD mice. Female NOD mice, 6-8 weeks of age, were injected subcutane-
ously at the base of tail with PDX1 (50 µg/mouse) mixed with CFA. 7 days later, the mice were sacrificed. The drain-
ing lymph nodes and spleen cells were harvested for assay of PDX1 specificity, and then PDX1-specific T cell lines 
and clones were prepared through repeated stimulation with PDX1 loaded irradiated syngeneic splenic cells. Using 
this protocol, several clones were obtained from NOD mice. A. Proliferative response of 10 representative T cell 
clones to PDX1 using the H3TdR incorporation assay. These T cell clones (5x104/well) were separately co-cultured 
with PDX1 protein loaded or non-loaded irradiated syngeneic spleen cells (5x105/well) in a 96-well U bottom plate 
for 72 hours, and H3TdR was added in the last 6 hours. B. Specific proliferation response of clone 2E3. T cell clone 
2E3 was separately stimulated by PDX1 protein, PDX1 peptide, GAD65, GST, P120, P83, or SpI loaded irradiated 
syngeneic spleen cells and T cell proliferation was measure using the H3TdR incorporation assay. C. The phenotype 
of T cell clone 2E3 with flow cytometry staining for CD3, CD4, and CD8.
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tide for BDC-2.5 is altered by posttranslational 
modification. The modified WE-14 found in beta 
cell extracts is far more potent than the unmod-
ified one in stimulating BDC-2.5 T cells. 
Furthermore, studies on T cells from human 
T1DM patients indicate similar responsiveness 
to WE14, with a significant difference in 
responses to the modified peptide between 
patients and controls [22]. This indicates that 
post-translational modification plays a key role 
in the generation of AAg peptide WE-14 during 
disease progression of T1DM. In fact, post-
translational modification is a well-established 
mechanism for the generation of new AAgs and 
is relevant to the development of autoimmune 
disease [76]. In T1DM, a previous study [77] on 
CD4+ T cell from human patients showed that 
oxidative modification of the cysteines is 
required for T cell recognition of a peptide from 
the insulin A chain, A1-14. Post-translational 
modifications can occur spontaneously or as 
the results of an ordered enzymatic process. 
Certain cellular processes such as aging, dis-
ease such as diabetes, inflammation, and trau-
ma are known to increase the frequency of 
post-translational modifications [76]. Thus, 
post-translational modifications in self-anti-
gens, such as insulin and WE-14, may affect the 
analyses of B and T cell specificity, current diag-
nostic techniques, and the development of 
immunotherapies for T1DM. 

T cell responses to CHGA have already been 
documented in mice [17]. However, it is unclear 
if this occurs in human T1DM. In addition, auto-
antibodies to CHGA have not been reported in 
humans or mice with T1DM. Recently, we have 
developed a LIPS assay to detect CHGA and 
validated the assay with commercial anti-CHGA 
antibodies. Using the LIPS assay, we have 
screened human serum samples from the nor-
mal population (n=100) and patients with 
recent-onset (n=100) and long-standing (n=50) 
T1DM and failed to detect autoantibodies 
against CHGA (unpublished data). Since auto-
antibodies to CHGA might be transient during 
the development of T1DM and disappear at the 
clinical onset of diabetes, future studies may 
focus on detection of autoantibodies in predia-
betic patients or high-risk populations.

Islet amyloid polypeptide (IAPP)

IAPP, or amylin, is a 37 amino acid peptide hor-
mone and is one of the major secretory prod-

ucts of beta cells, co-secreted with insulin [78, 
79]. It plays a role in glycemic regulation with 
putative function both locally in the islets, 
where it inhibits insulin and glucagon secretion, 
and at distant targets in prevention of post-
prandial spikes in blood glucose levels. 
Aggregated IAPP has cytotoxic properties and 
is known as a component of the amyloid 
plaques found in the pancreatic islets of 
patients with T2DM [79] and also in pancreatic 
islets transplanted into individuals with T1DM 
[79]. Autoantibodies to IAPP have been previ-
ously identified in human T1DM patients, but 
without correlation to disease [80]. Recently, 
IAPP was demonstrated to be a target antigen 
for diabetogenic CD4+ T cell clone BDC-5.2.9, 
from NOD mice [18]. 

The molecular aspects of IAPP: IAPP is pro-
cessed from proislet amyloid polypeptide 
(ProIAPP) [79]. ProIAPP is produced as a 67 
amino acid propeptide and undergoes post 
translational modifications, including protease 
cleavage, to produce IAPP. IAPP is strongly con-
served but with notable variation in the 20-29 
region [81]. IAPP and insulin genes contain sim-
ilar promoter elements and the transcription 
factor PDX1 regulates both genes in response 
to glucose [79]. In addition to islet beta cells, 
IAPP was also found in delta cells in the rat and 
mouse, and in the gastrointestinal tract of the 
rat, mouse, cat, and human [79].

The relationship of IAPP to T1DM: IAPP is co-
localized to beta cell granules and co-secreted 
into the blood stream with insulin in response 
to glucose and amino acid stimulated insulin 
secretion [79]. Likewise, IAPP hyposecretion 
has been observed in T1DM. Moreover, it was 
found that synthetic IAPP injection together 
with insulin improved glycemic control by sup-
pressing glucagon secretion [82]. 

IAPP as target of highly diabetogenic CD4+ T 
cell clones in mouse T1DM: The activation of 
autoreactive CD4+ T cells is a major event in 
autoimmune disease such as T1DM. IAPP is a 
protein located within secretory granules of 
beta cells, as is insulin, CHGA, and ZnT8, that is 
found to be targeted by pathogenic CD4+ T 
cells [18]. Similar to insulin and CHGA, IAPP is 
produced from a large precursor (ProIAPP), 
which is post-translationally processed within 
the secretory granules [79]. There is currently 
no study examining whether human CD4+ T 
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cells react to IAPP peptide. Because the 
sequence of IAPP is quite similar between 
mouse and human, with only one amino acid 
difference, it is possible that IAPP peptide is 
also the target of human CD4+ T cells, and this 
should be investigated in future studies. 

In addition, IAPP5-13 and IAPP9-17 were 
reported to be recognized in the context of 
HLA-A2 by peripheral blood mononuclear cells 
form T1DM patients and at risk individuals [83, 
84]. This demonstrated that IAPP is a CD8+ T 
cell recognized antigen in human T1DM. Future 
studies will be required to determine if there 
are autoantibodies to IAPP in human T1DM 
patients.

Concluding remarks

Because of their important theoretical and 
practical relevance to T1DM, there has been 
considerable effort to identify and characterize 
the AAgs involved in T1DM. Here, we mainly dis-
cuss four newly discovered AAgs: ZnT8, PDX1, 
CHGA, and IAPP (see Table 1). Many other AAgs 
related to T1DM have previously been identi-
fied, supporting the idea that immune respons-
es to multiple antigens contribute to the patho-
genesis of T1DM. CD4+ and CD8+ T cell 
recognition of islet beta cell primary AAgs may 
be the key initiation step in the autoimmune 
cascade. After the disease process is initiated, 
inter-molecular and intra-molecular epitope 
spreading occurs, involving more AAgs as the 
islet cell damage is perpetuated. It is very inter-
esting that two new AAgs, PDX1 and IAPP, have 
a close relationship to insulin. PDX1, the mas-
ter pancreatic transcription factor, controls the 
expression of insulin and IAPP, suggesting that 
intra-molecular epitope spreading has its own 
selectivity and may not be a random process. 
Discovery of beta-cell-specific CD4+ and CD8+ 
T cell epitopes is an important area of T1DM 
research. This should aid in our understanding 
of the disease pathogenesis and in the devel-
opment of new strategies for monitoring dis-

ease development and progression, as well as 
for developing therapeutic interventions. It is 
expected that more T1DM related AAgs and T 
cell epitopes will be discovered in the future.
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