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Abstract
Pathogenesis of type 1 diabetes (T1D) is mediated by effector T cells and CD4 Th1 and Th17 T
cells have important roles in this process. While effector function of Th1 cells is well established,
due to their inherent plasticity Th17 cells have been more controversial. Th17 cells contribute to
pathogenicity, but several studies indicate that Th17 cells transfer disease through conversion to
Th1 cells in vivo. CD4 T cells are attracted to islets by β-cell antigens which include insulin and
the two new autoantigens, chromogranin A and islet amyloid polypeptide, all proteins of the
secretory granule. Peptides of insulin and ChgA bind to the NOD class II molecule in an
unconventional manner and since autoantigenic peptides may typically bind to MHC with low
affinity, it is postulated that post-translational modifications of β-cell peptides could contribute to
the interaction between peptides, MHC, and the autoreactive TCR.

Introduction
Interest in how T cells become pathogenic and mediate the autoimmune events that lead to
islet destruction in type 1 diabetes (T1D) has spanned three decades. It was apparent by the
mid-80's that both CD4 and CD8 T cells contributed to the disease process and the
subsequent isolation of diabetogenic T cell lines and clones indicated that at least under
some circumstances, either CD4 or CD8 T cell clones could induce the disease process in
diabetes-prone rodents [1]. T cell receptor transgenic (TCR-Tg) mice followed, the first
example being the BDC-2.5 TCR-Tg mouse [2], bearing the TCR from the diabetogenic
CD4 T cell clone BDC-2.5 and widely used to investigate both pathogenic and regulatory
events in NOD autoimmune diabetes [1]. In recent years, the paradigm of Th1/Th2 balance
has shifted due to the increasing body of information on other CD4 subsets, in particular
regulatory T cells (Tregs) and Th17 T cells. A much pursued goal has been the identification
of the autoantigens that drive pathogenic T cells in T1D, not only because of the need to
better understand etiology and the breakdown of tolerance, but also due to the growing
interest in antigen-specific therapies. Insulin has been the dominant beta cell autoantigen,
but the recent discovery of other beta cell secretory granule proteins as autoantigens leads to
new avenues of investigation. In this review, we will highlight some of the latest
developments in our knowledge of pathogenic CD4 T cells and the autoantigens that activate
them.
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CD4 Th1 Effector T cells
CD4 Th1 T cells have traditionally been regarded as playing a key role in the pathogenesis
of T1D. Isolation and characterization of Th1 T cell clones from NOD mice and
investigations of how pathogenic cells are activated and regulated using TCR-Tg mice have
provided the basis of much of our understanding of how Th1 T cells contribute to
autoimmune diabetes [1], but more importantly, the relevance of Th1 cells to T1D in
humans has been confirmed by many studies on CD4 T cells isolated from human patients.
Although recent attention has been more focused on various treatments to prevent the
destructive activity of Th1 T cells, there continues to be interest in how Th1 T cells function,
how they encounter antigen, and how they are triggered. By understanding these events in
detail, new therapeutic approaches can be developed.

For example, the importance of costimulation in Th1 activation and function has been
highlighted through studies of the CD40-CD154 signaling pathway, as well as CD28 and
CTLA4 [3–6], but only recently has it been appreciated that CD40 operates in Th1 cells.
CD40 was first noted to be elevated on T cells in autoimmune strains [7] and its presence on
NOD-derived diabetogenic CD4 T cell clones suggested a functional role in the
inflammatory response [8]. The observation that CD40 has a costimulatory function in Th1
cells [9,10] and that CD40+ (but not CD40-) CD4 T cells contained the diabetogenic
population in adoptive transfers of disease from NOD mice [11,12], further supported a
functional role. More recent work has shown that signaling between T cells occurs through
CD40 and CD154 co-expressed on pathogenic CD4 T cells (Fig. 1), and that impaired CD40
signaling in NOD T cells through retroviral expression of a dominant-negative form of
CD40 abrogates their ability to mediate T1D (Baker and Haskins, unpublished). Thus there
appear to be intrinsic mechanisms in Th1 cells that contribute to their pathogenic properties,
prolonging and enhancing their inflammatory activity and perhaps thereby promoting a more
favorable environment for Th1 cells than for Tregs.

Strategies to block CD4 Th1 T cells can provide insight into the pathogenic mechanisms
employed by this subset and novel vaccination protocols have suggested potential
therapeutic targets. For example, the prevention of diabetes in NOD mice by mature
dendritic cells was found to work through affecting the migration of Th1 T cells and
attracting CD4 T cells with a Th2 phenotype [13]. Administration of a galectin-9 plasmid, a
negative regulator that works through the T cell Ig mucin 3, expressed on terminally
differentiated Th1 T cells, was another treatment found to downregulate the Th1 T cell
response in NOD mice and protect against disease [14]. An interesting new study has
examined the role of B7x in T1D. Absence of islet expression of this inhibitory member of
the B7/CD28 family resulted in expansion of both Th1 and Th17 cells in the pancreas after
transfer of BDC-2.5 TCR-Tg T cells, whereas over-expression of B7x inhibited disease due
to inhibition of IFNγ production rather than expansion of Tregs [15*]. Another study using
BDC-2.5 TCR-Tg T cells in transfers suggests that activated effector Th1 cells are involved
in their own feedback regulation by stimulating expansion of Tregs [16*]. These new studies
are just some of those illustrating how Th1 effector function can be elucidated through
efforts to prevent pathogenic CD4 T cell activity. A comprehensive list of other
immunotherapies being investigated in T1D has been recently evaluated, with particular
focus on targeting CD4 T cells through antigen-specific tolerance induction [17*], a topic
we return to below.

CD4 Th17 T cells
The exact role of Th17 cells in autoimmune diabetes remains somewhat controversial. On
the one hand there are data suggesting that Th17 cells play a pathogenic role in diabetes
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onset and that tolerogenic strategies that impede this population inhibit disease. For
example, Jain et al reported that pathogenicity of IL-17-producing cells in NOD mice could
be suppressed by antigen (GAD2) inserted into an immunoglobulin molecule, resulting in
disease inhibition if Ig-GAD2 was administered during, but not prior to insulitis [18]. In
another report where intervention was successful in pre-diabetic NOD mice, it was found
that treatment with anti-IL17 antibodies or with the IL-17 inhibitory family member, IL-25,
led to reduction of disease [19]. A recent study in diabetes-prone BB rats indicates that
increased numbers of both Th1 and Th17 cells shift the balance toward effector T cells,
leading to disease versus protection [20]. Transfers of OVA-specific Th17 T cells into RIP-
mOVA mice suggested that Th17 T cells may be needed for stimulation of CD8 CTL
effectors [21]. Studies with RelBlo dendritic cells indicated that tolerizing DC therapy works
in young (4 wk) prediabetic NOD mice, but not in older (14-wk old) NOD animals where
the increased production of IL-1β impairs Treg function and promotes Th17 differentiation
[22]. These examples all suggest that Th17 T cells can act as pathogenic effectors, although
at least in some instances via effects on other cells.

Th17/Th1 conversion
On the other hand, groups using transfer systems have shown that while purified polarized
Th17 cells do indeed have the ability to transfer diabetes, this arises through in vivo
conversion of these cells to Th1-like cells. The concept of plasticity in CD4 Th cell
phenotypes – nicely outlined in a recent review [23] – has been discussed at length in recent
years, but the circumstances under which cells undergo conversion are not well understood.
Studies with the BDC-2.5 TCR-Tg mouse have helped to establish that T helper cell
flexibility is characteristic of the autoimmune disease process and its regulation. BDC-2.5
TCR-Tg T cells can readily be activated to be Th1 effectors, converted to Tregs in the
presence of TGFβ, and as recently demonstrated, can also display a Th17 phenotype. Two
groups showed that disease could be transferred to recipient NOD.scid mice by BDC-2.5
TCR-Tg T cells polarized in vitro to a Th17 phenotype [24,25]. However, analysis of the
transferred cells indicated that T cells that were Th17 at the time of transfer were converted
into Th1 T cells in vivo. Lexberg et al reported that Th17 cells isolated ex vivo could not be
converted into Th1 T cells by IL-12 [26], although later work by this group indicated that
following culture with both IFNγ and IL-12, ex vivo Th17 cells could be converted to a Th1/
Th17 phenotype, co-expressing IFNγ and IL-17, as well as the transcription factors, T-bet
and RORγt [27**]. A new study by Bending et al has revealed that while the Il12rb2 gene is
expressed in Th17 T cells generated in vitro, little expression is seen in Th17 cells isolated
ex vivo; Il12rb2 expression can however be increased in ex vivo Th17 T cells following in
vitro stimulation, thereby allowing conversion to a Th1 phenotype in the appropriate
cytokine milieu [28**]. This study may point toward an important in vivo mechanism of
Th17 cell differentiation and provide in part an explanation for differing observations with
regard to Th17 plasticity. There is also evidence for conversion of Th17 to Th1 T cells in
human autoimmune disease, at least in the instance of childhood autoimmune arthritis [29].

Autoantigens for CD4 T cells
There is a good body of data suggesting that the presence of autoreactive T cells in the
pancreas is a reflection of the presence of antigen [30,31*]. Various reviews have provided a
comprehensive list of the autoantigen targets of B cells and T cells in both humans and the
NOD mouse [32–34]. We will discuss here only secretory granule proteins, insulin and two
newly discovered antigens for CD4 T cells, chromogranin A (ChgA) and islet amyloid
polypeptide (IAPP). These proteins are all proteolytically processed within the secretory
granules and are thereby truncated into small peptide fragments such as insulin C peptide
and in the case of ChgA, WE14.
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Insulin has been the preeminent beta cell autoantigen, first as the target of autoantibodies in
patients and rodents [35], and then following the first report of insulin-reactive T cell lines
from pre-diabetic islets of NOD mice [36]; subsequently, insulin peptide specific T cells
were found in the PLN of diabetic patients [37]. Recent studies have extended our
understanding of interactions between insulin and MHC and the complexities of the T cell
response to insulin and its peptides. For example, the ability of insulin B:9-23 to bind to
IAg7 in two different registers has been described previously [38,39], and recently it was
postulated that a third binding register exists in which disease-relevant peptides bind with
low affinity, allowing their escape from thymic deletion; thus pathogenic CD4 T cells could
target epitopes with unfavorable MHC binding motifs [40**]. The use of insulin in antigen-
induced tolerance regimes has also been intensely investigated. One promising avenue for
induction of antigen-specific tolerance involves administration of antigenic peptides coupled
to cells with the chemical crosslinker, ethylene carbodiimide (ECDI), an approach thought
to involve both the activation of Tregs and PD-L1/PD-1 mediated anergy. This approach is
already in clinical trials for multiple sclerosis and a second trial is planned with insulin-
coupled PBLs for T1D [17*].

Chromogranin A (ChgA) and islet amyloid polypeptide (IAPP) are two newly discovered
autoantigens for CD4 T cells in T1D. Using a biochemical purification strategy combined
with mass spectrometric analysis of chromatographic fractions antigenic for diabetogenic T
cell clones, we demonstrated that these proteins are the source of antigenic ligands for
diabetogenic CD4 T cell clones [41**,42*]. Initial studies identified at least one peptide
ligand from each protein, WE14 from ChgA and KS20 from IAPP. The IAPP sequence
KS20 strongly stimulates a T cell clone BDC-5.2.9 [42*], but although WE14 from ChgA
can stimulate at least three T cell clones including BDC-2.5, the natural sequence, a
proteolytic cleavage product of ChgA, is only antigenic at high concentrations of peptide
[41**]. Of note, another group has identified a peptide, ChgA 29-42, from vasostatin-1
which itself is generated from ChgA; ChgA 29-42 was shown to be a better binder of IAg7

and could stimulate T cells from the BDC-2.5 TCR-Tg mouse [43], findings that appear to
challenge the status of WE14 as the ligand for BDC-2.5. Subsequent studies, however, have
demonstrated that the antigenicity of the WE14 peptide for BDC-2.5 is dramatically altered
if the peptide is treated with transglutaminase, an enzyme known to be involved in various
post-translational modification processes. The details of how this reaction compares to
events taking place within inflamed islets are not yet known, but our in vitro data, coupled
with the fact that the natural form of the antigen in beta-cell extracts is far more potent than
unmodified WE14, would suggest that an altered form of this peptide is the ligand for
BDC-2.5. The enzymatically converted form of WE14 also elicits responses from BDC-2.5
TCR-Tg T cells and from primary CD4 T cells of NOD mice (Delong, Haskins et al,
unpublished results). Furthermore, preliminary studies on T cells from human T1D patients
indicate similar responsiveness to WE14, with a significant difference in responses from
patients versus controls to the converted peptide (Gottlieb, Haskins et al, unpublished
results).

Post-translational modification is a well-established mechanism for the generation of
autoantigens in several autoimmune diseases; notable examples include citrullination in
rheumatoid arthritis and multiple sclerosis, deamidation in celiac disease, and
phosphorylation in systemic lupus erythromatosis [44–47]. Another example is the
iodination of thyroglobulin which only occurs in the thyroid gland, resulting in iodinated
epitopes shown to be pathologically relevant in autoimmune thyroid disease [48,49].
Evidence of post-translational modification in T1D comes from studies on CD4 T cells from
a human patient in which it was found that the stimulating epitope was a peptide from the
insulin A chain, A1-13, containing oxidized adjacent cysteines resulting in a vicinal
disulfide bond [50]. With this exception, however, there has been little other investigation
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into post-translational modification as the basis for autoantigenicity in T1D. The
inflammatory conditions within islet beta cells could lead to a variety of enzymatic and/or
spontaneous non-enzymatic post-translational modifications of secretory granule proteins. In
addition, secretory granule peptides are prone to aggregation, an event that can readily occur
in a dysregulated cell environment, perhaps making them more attractive targets for antigen-
presenting cells. We hypothesize that during the autoimmune progression of disease in
islets, neo-antigens such as an altered WE14 peptide ligand are generated due to post-
translational modification (Fig. 2). In addition to disulfide formation, these reactions could
include deamidation, citrullination, acetylation and others (Fig. 3).

Insulin and IAPP are proteins originating in beta cells, but ChgA is found in secretory
granules of other tissues besides the pancreatic islet and may therefore be less obvious as a
candidate autoantigen. One hypothesis for the autoantigenic activity of certain ligands in
T1D is that these peptides bind to the predisposing MHC class II in an unusual manner, a
mechanism that has precedent in other autoimmune disorders such as EAE [51,52], and is
exemplified by the ability of insulin B:9-23 to bind to IAg7 in various binding registers
[39,40]. The WE14 peptide from ChgA is also a weak binder to IAg7, filling only part of the
class II groove [41**]. If weak binding to the class II molecule is a characteristic of
autoantigenic peptides, some additional mechanisms, such as post-translational
modification, may be necessary in order to increase peptide affinity for MHC and/or TCR.
For example, the conversion of WE14 by transglutaminase could simulate an intracellular
process in which peptide multimers are formed or the peptide is covalently bound to IAg7. It
is possible that post-translational modification could be relevant to new findings by Mohan
et al indicating that at least some diabetogenic insulin-reactive T cells respond to insulin
peptide generated only in the secretory granules [53*], and a second paper describing
effective vaccination of NOD mice with an insulin mimotope but not natural insulin
sequences [54].

Conclusions
The immune system has evolved strategies to ensure that it has the capability to respond to
infectious agents, but does not respond to self-antigens. Among the central and peripheral
tolerogenic mechanisms involved is deletion orchestrated by the expression of transcription
factors such as Aire that enable the expression of peripheral self-antigens, both in the
thymus and in secondary lymphoid organs [55]. However, the antigens expressed at these
sites will not undergo the same post-translational modifications that occur in the peripheral
organs themselves. Proteolytic processing of self-antigens clearly occurs in the pancreatic
beta cell and in autoimmune diabetes, there are ample opportunities for post-translational
modifications to take place. Th1 and Th17 T cells are key participants in the autoreactive
response although the factors governing initiation of this response remain unclear. Topics
for future study include the further clarification of when Th1 and Th17 T cells contribute to
disease, post-translational modification as a general mechanism in β-cells for generation of
antigenic epitopes for autoreactive T cells, and identification of more peptides (or altered
peptides) for use in targeted induction of tolerance.
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Highlights

• CD4 Th1 and Th17 T cells are primary mediators of autoimmune diabetes

• Pathogenicity of Th17 cells may result from conversion to Th1 cells in vivo

• Chromogranin A and islet amyloid polypeptide are new autoantigens for CD4 T
cells

• β-cell peptides bind to MHC class II unconventionally and with low affinity

• Antigenic epitopes in T1D may be generated through post-translational
modification
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Figure 1.
Pathogenic CD4 T cells in the islet infiltrate. Th1 and Th17 T cells are the primary CD4
effector T cells mediating islet inflammation in T1D. Th17 cells are more “plastic” and can
be converted into cells with a dual phenotype (Th1/Th17) co-expressing Th1 and Th17
cytokines, or into Th1 cells. Th17 cells have also been reported to be a distinct pathogenic
subset. Upon activation by antigen presented to Th1 cells by IAg7 on dendritic cells (DC),
Th1 cells co-express both CD154 and CD40 which permits interaction with other Th1 cells
through these molecules, further promoting activation and pathogenic function of Th1 cells.
Cytokines (IFNγ, TNFα) produced by Th1 cells can act directly on islet β-cells, but can also
activate macrophages (Mϕ) to produce inflammatory cytokines such as TNFα and IL-1β.
Chemokines (chemoattractant cytokines) produced by both Th1 and Th17 cells are thought
to be involved in the recruitment of other immune effectors into the site, including CD8 T
cells, NK cells and macrophages. Thus the inflammatory environment is initiated and
perpetuated, ultimately resulting in β-cell destruction.
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Figure 2.
Hypothetical generation of β-cell autoantigens through post-translational modification.
Proteins such as insulin (Ins), chromogranin A (ChgA), and islet amyloid polypeptide
(IAPP) normally undergo proteolytic cleavage in the secretory granules to yield functional
peptides. If the environment of the β-cell is undergoing stress generated by inflammatory
events, these peptides can undergo aggregation and/or other modifications. Although post-
translational modifications (PTM) are a normal part of protein processing, under conditions
of cellular stress, dysfunctional PTM can occur. Increases in intracellular levels of calcium
can lead to the activation of enzymes (e.g., transglutaminase) that catalyze PTM.
Spontaneous (non-enzymatic) PTM (e.g., oxidation or glycation) are also increased. PTM
can result in potentially harmful changes, such as altered amino acids that could result in
recognition of a peptide as “non-self” and/or in altered processing within APC. Aggregated
forms of peptides may be more readily taken up by antigen-presenting cells (APC) for
internal processing to neo-epitopes. Post-translationally modified peptides might also be
bound with higher affinity by the class II IAg7 molecule on the APC whereas unmodified
self-peptides are thought to be poor binders.
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Figure 3.
Potential post-translational modifications in the islet β-cell. A variety of post-translational
modifications could take place in secretory granule proteins within the islet β-cell under the
inflammatory conditions that prevail during progression of T1D.

Haskins and Cooke Page 12

Curr Opin Immunol. Author manuscript; available in PMC 2014 March 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


