
Proinsulin C-peptide is an autoantigen in people with
type 1 diabetes
Michelle Soa, Colleen M. Elsoa, Eleonora Tresoldia, Miha Pakuscha, Vimukthi Pathirajaa, John M. Wentworthb,
Leonard C. Harrisonb, Balasubramanian Krishnamurthya,c, Helen E. Thomasa,c, Christine Roddad, Fergus J. Camerone,f,
Jacinta McMahona, Thomas W. H. Kaya,c, and Stuart I. Manneringa,c,1

aImmunology and Diabetes Unit, St. Vincent’s Institute of Medical Research, Fitzroy, VIC 3065, Australia; bDepartment of Population Health and Immunity
Walter and Eliza Hall Institute of Medical Research, Parkville, VIC 3052, Australia; cDepartment of Medicine, University of Melbourne, St. Vincent’s Hospital,
Fitzroy, VIC 3065, Australia; dWestern Centre for Health Research and Education, University of Melbourne, Western Clinical School, Sunshine Hospital,
St. Albans, VIC 3021, Australia; eDepartment of Endocrinology and Diabetes, Royal Children’s Hospital, Murdoch Children’s Research Institute, Parkville,
VIC 3052, Australia; and fDepartment of Paediatrics, University of Melbourne, VIC 3010, Australia

Edited by Lawrence Steinman, Stanford University School of Medicine, Stanford, CA, and approved September 11, 2018 (received for review May 30, 2018)

Type 1 diabetes (T1D) is an autoimmune disease in which insulin-
producing beta cells, found within the islets of Langerhans in the
pancreas, are destroyed by islet-infiltrating T cells. Identifying the
antigenic targets of beta-cell reactive T cells is critical to gain insight
into the pathogenesis of T1D and develop antigen-specific immuno-
therapies. Several lines of evidence indicate that insulin is an impor-
tant target of T cells in T1D. Because many human islet-infiltrating
CD4+ T cells recognize C-peptide–derived epitopes, we hypothesized
that full-length C-peptide (PI33–63), the peptide excised from proinsu-
lin as it is converted to insulin, is a target of CD4+ T cells in people
with T1D. CD4+ T cell responses to full-length C-peptide were de-
tected in the blood of: 14 of 23 (>60%) people with recent-onset
T1D, 2 of 15 (>13%) people with long-standing T1D, and 1 of 13
(<8%) HLA-matched people without T1D. C-peptide–specific CD4+

T cell clones, isolated from six people with T1D, recognized epitopes
from the entire 31 amino acids of C-peptide. Eighty-six percent (19 of
22) of the C-peptide–specific clones were restricted by HLA-DQ8,
HLA-DQ2, HLA-DQ8trans, or HLA-DQ2trans, HLA alleles strongly as-
sociated with risk of T1D. We also found that full-length C-peptide
was a much more potent agonist of some CD4+ T cell clones than an
18mer peptide encompassing the cognate epitope. Collectively, our
findings indicate that proinsulin C-peptide is a key target of autor-
eactive CD4+ T cells in T1D. Hence, full-length C-peptide is a promis-
ing candidate for antigen-specific immunotherapy in T1D.
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Type 1 diabetes (T1D) is a chronic, incurable, autoimmune
disease caused by T cell-mediated pancreatic beta-cell de-

struction (1) that leads to insulin deficiency and dysregulation of
glucose metabolism (2). The International Diabetes Federation
estimated that globally more than 0.5 million children, 14 y and
younger, are living with T1D. Even with optimal glycemic control,
vascular complications including ischemic heart disease, retinopa-
thy, and nephropathy are rarely avoidable (3). Despite many sig-
nificant advances in insulin-delivery technology and developments
in synthetic insulins, the life expectancy of an individual with T1D
remains over a decade less than the overall population (4).
Antigen-specific therapies that attenuate the pathogenic auto-

immune response are an attractive approach to preventing and/or
curing this disease. However, to date, attempts to develop antigen-
specific therapies for T1D have been unsuccessful (5). Identifi-
cation of the epitopes recognized by pathogenic CD4+ T cells is
essential for developing both antigen-specific therapies for T1D
and T cell assays to monitor changes in pathogenic T cell function.
T cell assays are required for monitoring changes in T cell number
and function following antigen-specific therapy to serve as a sur-
rogate endpoint in clinical trials of new therapies for T1D (6).
Insulin is a prime candidate autoantigen in T1D (1). Insulin-

specific autoantibodies are detectable before the symptomatic
onset of T1D (7) and continue to be used to identify individuals
at a high risk of developing T1D (8). Genetic association studies

have also implicated insulin in the immune pathogenesis of human
T1D. The T1D susceptibility locus, IDDM2, maps to a variable
number of tandem repeats (VNTR) upstream of the insulin gene
(9). This polymorphism is believed to modulate thymic proinsulin
expression that, in turn, impacts upon T cell central tolerance (9,
10). Furthermore, T cell responses to insulin B9-23 are essential
for the development of T1D in the NOD mouse (11).
The HLA region, on chromosome 6p21, is the locus most

strongly associated with the risk of T1D (12). Within the HLA
region, HLA-DQ8 (HLA-DQA1*03:01; HLA-DQB1*03:02) and
HLA-DQ2 (HLA-DQA1*05:01; HLA-DQB1*02:01) confer
the greatest risk of an individual developing T1D. Interest-
ingly, individuals who are heterozygous for HLA-DQ2 and HLA-
DQ8 are at greatest risk of developing T1D. This increased
susceptibility to T1D is attributed to transdimers (trans), which
form when the alpha chain of HLA-DQ8 pairs with the beta
chain of HLA-DQ2 (HLA-DQ2trans: HLA-DQA1*03:01; HLA-
DQB1*02:01) and, conversely, when the alpha chain of HLA-DQ2
pairs with the beta chain of DQ8 (HLA-DQ8trans: HLA-
DQA1*05:01; HLA-DQB1*03:02) (13). The HLA class II het-
erodimers, HLA-DR, HLA-DQ, and HLA-DP, are expressed on
professional antigen-presenting cells and present antigen-derived
peptides to CD4+ T cells. Peptide-HLA binding studies have
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identified proinsulin-derived epitopes that bind to HLA-DQ2
and HLA-DQ8trans (14). However, despite the pivotal role
HLA-DQ2 and HLA-DQ8 play in susceptibility to T1D, the
epitopes presented by these HLA molecules recognized by CD4+
T cells are largely unknown. For example, to our knowledge, no
blood-derived HLA-DQ2 (or HLA-DQ2trans) restricted, and
only one HLA-DQ8 (or HLA-DQ8trans) restricted, insulin-
specific CD4+ T cell clone has been reported (15).
In contrast to peripheral blood, HLA-DQ2/DQ8 restricted

CD4+ T cells have been isolated from the residual pancreatic
islets of deceased organ donors who suffered from T1D (16, 17).
We found that many islet-infiltrating CD4+ T cell clones rec-
ognized epitopes derived from proinsulin C-peptide presented by
HLA-DQ8 or HLA-DQ8trans (16). More recently, others have
identified similar HLA-DQ8 restricted, islet-derived, T cell re-
ceptors (17). Although the numbers of donors are still small at
this time, 10 of the 12 proinsulin-specific clones analyzed to date
recognize epitopes derived from C-peptide (18).
C-peptide is a 31-aa peptide that is excised from proinsulin

during the biosynthesis of insulin (19). In light of the evidence
pointing to C-peptide–specific T cells playing a role in the immune
pathogenesis of human T1D, we asked if C-peptide–specific CD4+

T cells could be detected in the blood of people with and without
T1D. If present, we sought to characterize these cells. Our find-
ings suggest that C-peptide is an important, but previously over-
looked, antigen in T1D. This information will further guide the
development of effective antigen-specific therapies for T1D and
T cell assays for monitoring disease progression.

Results
CD4+ T Cell Responses to C-Peptide Are Detectable in the Blood of
People with T1D. Previously, we identified six C-peptide–derived
epitopes were recognized by human islet-infiltrating CD4+
T cells (16). To allow responses to all possible C-peptide–derived
epitopes to be detected, with a small volume of blood, we used
full-length C-peptide (PI33–63) to stimulate peripheral blood
mononuclear cells (PBMCs) and detected CD4+ T cell responses
using the sensitive CFSE-based proliferation assay (20). CD4+
T cell responses [cell division index (CDI) ≥ 3.0] to PI33–63 were
detected in 14 of 23 subjects (60.8%) with recent-onset diabetes
(within 100 d of diagnosis, stage III; ref. 21), 2 of 15 (13.3%)
subjects with long-standing diabetes (greater than 100 d of di-
agnosis), and 1 of 13 (7.7%) healthy subjects (Fig. 1 and SI
Appendix, Fig. S1 and Tables S1–S4, recent onset vs. healthy P =
0.005, recent onset vs. long-standing P = 0.016). The magnitude
of the CD4+ T cell responses to PI33–63 was significantly greater
in PBMCs from individuals with recent-onset T1D compared
with healthy controls (10.8 ± 3.9 vs. 1.9 ± 0.25; P = 0.0024) and
compared with long-standing subjects (10.8 ± 3.9 vs. 2.3 P =
0.0196). A CDI cutoff of ≥3.0 gave the greatest disease speci-
ficity (92.3%) and sensitivity (60.9%) (SI Appendix, Table S5).
Insulin VNTR genotype showed no association with CD4+ T cell
responses PI33–63 measured by CFSE-based proliferation assay
(SI Appendix, Fig. S1). We found no correlation between CFSE
responses and insulin dose-adjusted HbA1c (SI Appendix, Fig. S2).

C-Peptide Harbors Many CD4+ T Cell Epitopes. To further charac-
terize the C-peptide–derived epitopes recognized by peripheral
blood CD4+ T cells, clones were isolated using our CFSE-based
T cell cloning protocol (22). A total of 32 CD4+ T cell clones that
responded to PI33–63 were isolated from the peripheral blood of
six subjects with recent-onset T1D. Of the 32, 7 could not be
grown for analysis. The remaining 25 clones’ epitope specificities
were determined using a panel of five overlapping 18mer pep-
tides spanning C-peptide. The epitope mapping for two clones,
H11.5 and K9.5, is shown in Fig. 2. Data for all of the other
clones is shown in SI Appendix, Fig. S3. Fifteen of the 25 clones
(60%), including H11.5 (Fig. 2 A and B), responded to one of the
five 18mer peptides encompassing the entire C-peptide (Fig. 2A
and SI Appendix, Fig. S3). The minimum epitopes required to
stimulate these clones were then determined using a panel of

peptides sequentially truncated by one amino acid from either
the N or C terminus (Fig. 2B and SI Appendix, Fig. S3). Ten
C-peptide–specific clones did not respond to any of the five 18mer
peptides, including clone K9.5 (Fig. 2 C–F). For these clones, the
minimum epitope was then determined by first testing against a
panel of deletion variants of the full-length C-peptide (Fig. 2 D and
E and SI Appendix, Fig. S4). The minimum epitope was identified
by testing the clones against a panel of peptides with a single amino
acid substitution expected to impair T cell recognition by disrupting
either HLA binding or TCR recognition (Fig. 2F and SI Appendix,
Fig. S4). Using this approach, the epitope specificities of 7 of these
10 clones were determined, but the specificity of the remaining 3
clones could not be determined. We concluded that clone H11.5
recognized PI42–51 (Fig. 2B) and clone K9.5 recognized PI54–62 (Fig.
2F). In all, we mapped epitopes recognized by 22 CD4+ T cell
clones, from six subjects with recent-onset T1D (Table 1).

Most C-Peptide–Specific Clones Are HLA-DQ2, HLA-DQ8, HLA-DQ2trans,
and HLA-DQ8trans Restricted. The HLA restriction of the CD4+ T
cell responses to proinsulin was determined by inhibiting re-
sponses by blocking HLA-DP, HLA-DQ, and HLA-DR, then
testing against HLA-transfected cell lines (SI Appendix, Fig. S5).
For the C-peptide–specific clones, 19 of 22 (86.3%) clones were
HLA-DQ restricted and the remaining 3 (13.6%) were HLA-DR
restricted (SI Appendix, Fig. S5). To define the restricting HLA
alleles, panels of T2 or BLS lines transduced with individual HLA-
DQ or HLA-DR genes, respectively, were used as antigen-
presenting cells. Of the 22 clones analyzed: 9 (40.9%) were
HLA-DQ8 restricted, 4 (18.2%) were HLA-DQ2 restricted, 3
(13.6%) were HLA-DR4 restricted, and 3 (13.6%) were HLA-
DQ8trans restricted (SI Appendix, Figs. S5 and S6). The three
remaining clones exhibited promiscuous recognition; one clone
(4.5%) responded equally to both HLA-DQ8-expressing and
HLA-DQ8trans-expressing antigen-presenting cells (APC) (SI
Appendix, Fig. S5I) and two clones (9.1%) responded to both
HLA-DQ2 and HLA-DQ2trans-expressing APC (SI Appendix,
Figs. S5 M and N and S6). All three (13.6%) HLA-DR restricted
clones were restricted by HLA-DR4; no HLA-DR3 restricted
clones were isolated. Hence, with the exception of HLA-DR3,
C-peptide–specific clones were restricted by all of the HLA
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Fig. 1. CD4+ T cell responses to C-peptide in PBMC. A CDI ≥ 3.0, dotted line,
is a positive response. The means of triplicate measurements for individuals
with recent-onset T1D (n = 23), long-standing T1D (n = 15), and without T1D
(n = 13) are plotted. Open red symbols indicate responses from which clones
were isolated. Statistical significance was determined using unpaired Stu-
dent’s t test, *P < 0.05 after log transformation of the CDIs.
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alleles strongly associated with risk of T1D; notably 86% (19 of
22) of the clones were restricted by HLA-DQ2, HLA-DQ8 and/or
their transdimers (Table 1). A comparison of the epitope speci-
ficity of islet-infiltrating and PBMC-derived C-peptide–specific
clones is shown in SI Appendix, Table S6.

Private TCRs Encode C-Peptide Recognition. To examine the clonal
diversity of the peripherally derived C-peptide–specific CD4+

T cells, TCR genes expressed by the clones were sequenced. The
clones used a range of TRAV and TRBV genes (SI Appendix,
Table S7). TRAV and TRBV genes were sequenced from 21 of
the 22 clones for which an epitope and HLA restriction could be
determined. Fifteen distinct TRA/TRB combinations were
found (SI Appendix, Table S7). There was no evidence of a
“public” TCR. Clones from three of the six (50%) subjects
expressed identical TCRs (SI Appendix, Table S8). Clones with
identical TCRs had matching epitope specificity and HLA re-
striction, except T6.6 and T17.1. T6.6 was insufficiently sensitive
to respond to HLA-DQ2trans, whereas T17.1 responded to both
HLA-DQ2 and HLA-DQ2trans.

Full-Length C-Peptide Is a More Potent Antigen for Some T Cells. To
determine the relative potency of PI33–63 as an agonist for CD4+

T cells, we compared the potency of full-length (PI33–63, 31 aa)

C-peptide to 18mer peptides incorporating the cognate epitope
for eight C-peptide–specific clones. In each case, the minimum
epitope was flanked by at least three amino acids at both the N
and C termini (SI Appendix, Table S9). Six of eight clones were
more sensitive to the full-length C-peptide. Remarkably, for five
of eight clones, full-length C-peptide was >100- to 1,000-fold
more potent than the 18mer peptide incorporating the cognate
epitope (Fig. 3 and SI Appendix, Table S9). In contrast, two of
the eight clones tested responded equally to both full-length C-
peptide and an overlapping 18mer. The clones that were more
sensitive to the full-length C-peptide recognized epitopes toward
the C terminus of the C-peptide (SI Appendix, Table S10). The
enhanced response to full-length C-peptide is not due to protein
splicing because amino acid substitution experiments, using a
high concentration (50 μM) of 16mer peptides, show that 7–10
contiguous amino acids are required to stimulate the clones
(Figs. 2F and 3 I and J and SI Appendix, Fig. S4G). We conclude,
that for many C-peptide–specific CD4+ T cells, full-length C-peptide
is a much stronger agonist than 18mer peptides incorporating
the cognate epitope.
To confirm that the C-peptide–specific clones responded to

beta cells, six clones were tested for responses against human
islet lysates. Five of six clones responded to islet lysates (SI
Appendix, Fig. S7) and, in some cases, weakly to acinar tissue.

A

B

C

D

E

F

Fig. 2. Analysis of epitope specificity of C-peptide–specific CD4+ T cell clones. CD4+ T cell clone responses to antigen were measured by the secretion of IFN-γ
measured by ELISA, mean ± SEM of triplicate IFN-γmeasurements are shown. (A) Clone H11.5 was tested against 18mer peptides (10 μM) spanning C-peptide.
(B) Peptides truncated by a single amino acid. (C) Clone K9.5 doesn’t have a detectable response to the overlapping 18-mer peptides (10 μM). Clone K9.5
epitope mapping using truncated peptides (D and E) and a series of substituted peptides (F). Experiments were performed at least twice with similar results. In
all figures, the parallel lines delineate the sequence of the minimum epitope determined.
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Discussion
Here, we show that CD4+ T cells specific for proinsulin
C-peptide can be detected in the peripheral blood of individuals
with recent-onset T1D. This concurs with the detection of
C-peptide–specific CD4+ T cells in the islets of the small number
of organ donors with T1D who have been studied (16–18, 23).
C-peptide–specific CD4+ T cell clones isolated from peripheral
blood recognized epitopes from throughout the C-peptide with
many in its C-terminal half. Eighty-six percent of T cell clones
were restricted by HLA-DQ8, HLA-DQ2, HLA-DQ2trans, or
HLA-DQ8trans. Dose–response experiments revealed that full-
length C-peptide was a 100- to 1,000-fold more potent stimulator
than 18mer peptides encompassing the cognate epitopes for
some CD4+ T cell clones. Together, these data confirm that
C-peptide–specific CD4+ T cells are present in both the islets
and the peripheral blood of individuals with T1D. Furthermore,
our data suggest that PI33–63 may be an important, but largely
overlooked, target of pathogenic CD4+ T cells in T1D.
CD4+ T cell responses to C-peptide were detected in the pe-

ripheral blood of more than 60% (14 of 23) of people within 100
d of diagnosis of T1D, compared with 8% (1 of 13) of healthy
controls. We note that many recent-onset T1D subjects will have
residual C-peptide, which may impact upon CD4+ T cell re-
sponses. The comparison is also complicated by genetic differ-
ences between the T1D and without T1D groups. Nonetheless,
the sensitivity and specificity of our assay was greater than in
assays that used shorter peptides (24) or recombinant proinsulin
(25). For example, CD4+ T cell responses to PI51–68 eluted from
HLA-DR4 (26), which were seen in only ∼13% of individuals
with recent-onset T1D, as detected by ELISpot (27). Our ability
to detect responses in more than 60% of individuals with T1D
may be attributable to the use of PI33–63. This provides more
potential epitopes than a shorter peptide, increasing the pool of
potential responding T cells. In addition, we found that many of
the T cell clones that recognize epitopes in the C-terminal end
of the C-peptide were 100- to 1,000-fold more sensitive to full-
length C-peptide than to 18mer peptides incorporating the
cognate epitope (Fig. 3). At this point, it is unclear why clones

specific for epitopes in the C terminus of C-peptide are more
sensitive to full-length C-peptide than shorter epitopes. How-
ever, our data suggest that hybrid insulin peptides (HIPs) (28), or
an epitope formed by an altered conformation (29) of C-peptide,
are not responsible for the greater potency of the full-length
C-peptide. Instead, we suggest that the shorter peptides may
be more rapidly degraded compared with full-length C-peptide,
or the latter may be more efficiently processed and presented by
antigen-presenting cells than shorter peptides.
In contrast to previous studies (30–33), 86% (19 of 22) of the

C-peptide–specific clones we isolated were HLA-DQ restricted.
It is unclear why it has been difficult to isolate HLA-DQ re-
stricted CD4+ T cells from peripheral blood and why our ap-
proach, using CFSE-based proliferation assays and full-length
C-peptide, stimulated a largely HLA-DQ2/8 restricted re-
sponse. The detection of many HLA-DQ restricted CD4+ T cells
fits neatly with the well-documented genetic association between
these HLA alleles and risk of developing T1D (12), providing
support for the clinical relevance of CD4+ T cell responses to
full-length C-peptide. We did not seek to analyze C-peptide–
specific CD4+ T cells restricted by HLA alleles other than
HLA-DR3, HLA-DR4, HLA-DQ2, HLA-DQ8, HLA-DQ2trans,
and HLA-DQ8trans. We did not attempt to clone T cells from
subjects without T1D. We have found that clones cannot be
isolated when the CDI is <3.0. However, it remains possible that
there are C-peptide–specific CD4+ T cell clones restricted by
other HLA alleles that we have not analyzed, or from subjects
without T1D. Peptide HLA class II tetramers have been used to
identify beta-cell antigen-specific T cells (34, 35). However, our
results suggest that an HLA class II tetramer-based approach may
not be feasible to comprehensively analyze C-peptide–specific
responses because there are at least 13 different peptide/HLA
combinations that can be derived from human C-peptide. Instead,
we would advocate for functional assays (20, 36) that do not re-
quire a specific reagent for each peptide/HLA combination.
HLA-DQ2 and HLA-DQ8 are strongly associated with risk of

T1D (12). While the mechanism by which HLA-DQ2 and HLA-
DQ8 contribute to risk of T1D remains unclear, it is now clear

Table 1. Epitope mapping and HLA restriction analysis of blood-derived C-peptide–specific CD4+ T cells

C-peptide

Clone E A E D L Q V G Q V E L G G G P G A G S L Q P L A L E G S L Q HLA restriction*

B3.1 X X X X X X X X X X X X DQ8
B3.3 X X X X X X X X X X X DR4
K3.2 X X X X X X X X X DQ2
K4.4 X X X X X X X X X X DR4
K6.2 X X X X X X X X X X DQ8trans
K6.4 X X X X X X X X X X DR4
K9.5 X X X X X X X X X DQ2
K9.6 X X X X X X X X X X X DQ8
D1.1 X X X X X X X X X X DQ8
D1.4 X X X X X X X X X X DQ8
T6.1 X X X X X X X X X X X X DQ2/DQ2trans
T6.6 X X X X X X X DQ2
T17.1 X X X X X X X DQ2/DQ2trans
H3.3 X X X X X X X X X X DQ8trans
H3.7 X X X X X X X X X DQ8
H6.4 X X X X X X X X X X DQ8trans
H7.4 X X X X X X X X X DQ8
H8.5 X X X X X X X X X DQ8
H11.5 X X X X X X X X X X DQ8
H12.2 X X X X X X X X X DQ8/DQ8trans
E2.3 X X X X X X X X X DQ2
E2.5 X X X X X X X X X X X X DQ8

*Nomenclature referenced by abbreviated HLA type is as follows (indicated in parentheses): HLA-DQ8 (A1*03:01, B1*03:02), HLA-DQ2 (A1*05:01, B1*02:01),
HLA-DQ8trans (A1*05:01, B1*03:02), HLA-DQ2trans (A1*03:01, B1*02:01), HLA-DR4 (B1*04:01).
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that many islet-infiltrating CD4+ T cell clones are restricted by
HLA-DQ2/DQ8 (16–18, 23). Broadly, there is overlap between
the HLA-DQ2 and HLA-DQ8 restricted clones isolated from
islets and peripheral blood (SI Appendix, Table S6) (16, 17),
although fine mapping reveals that very few are identical.
HLA-DQ8 restricted HIPs also infiltrate human islets (28). In-
terestingly, some CD4+ T cells that recognize a hybrid insulin
peptide epitope formed by the fusion of the central region of
C-peptide with a fragment of IAPP2, cross-react with unmodified
C-peptide (28). Although the unmodified C-peptide is less potent
than the HIP for these clones, this suggests that responses to HIPs
and full-length C-peptide may both be HLA-DQ8 restricted and
potentially reenforce each other.
The C-terminal half of C-peptide (PI51–68) has been tested in a

phase I trial as a candidate for antigen-specific therapy to curb
autoimmune CD4+ T cell responses in T1D (37, 38). This pep-
tide, PI51–68, incorporates epitopes recognized by half (11 of 22)

of the full-length C-peptide–specific clones described here. Al-
though the PI51–68 peptide was identified in an HLA-DR4 re-
stricted response (26), our data shows that this peptide contains
epitopes presented by HLA-DQ2, HLA-DQ2trans, and HLA-
DQ8 in addition to HLA-DR4 when T cells are stimulated
with full-length C-peptide. Compared with PI51–68, full-length
C-peptide comprises multiple epitopes, stimulates predomi-
nantly HLA-DQ2/8 restricted responses, and is a much more
potent antigen.
The primary limitation of this work, like all clinical studies, is

that we cannot demonstrate that C-peptide–specific CD4+ T cells
cause T1D in humans. A direct demonstration of a pathogenic
role for CD4+ T cell responses to C-peptide will require a mouse
model of the human T cell responses to C-peptide, which is yet to
be developed.
There are two clinical applications of our findings: T cell

biomarker assays and antigen-specific therapy protocols.

A B C D

E F G H

I J

Fig. 3. Comparison of the stimulatory capacity of full-length C-peptide and 18mer peptides. Titration of full-length C-peptide (closed circles) and 18mer
peptides (open squares) incorporating the cognate epitope. KJ EBV or HLA-DR4 transfected BLS cells (both at 2 × 104 cells/well), were used as APC. T cell
responses were measured in triplicate by IFN-γ ELISA (pg/mL). Mean (±SEM) of triplicate IFN-γ measurements are shown. Dose–response curves for the fol-
lowing clones are shown: K9.6 (A), H11.5 (B), D1.1 (C), E2.3 (D), T17.1 (E), K9.5 (F), B3.3 (G), H3.3 (H). Amino acid substitution experiments (50 μM peptide),
where each amino acid is changed to alanine or lysine, reveal that clones T17.1 (I) and H3.3 (J) recognize contiguous 7- to 10-aa-long epitopes. One rep-
resentative of at least two experiments is shown.
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Developing T cell biomarker assays to monitor changes in beta
cell-specific T cells in the blood of people with T1D has been an
enduring challenge. Based on the results presented here, we
suggest that C-peptide could usefully be included in functional
T cell assays, such as ELIspot or CFSE-based proliferation as-
says. C-peptide can readily be applied to assays, using larger
cohorts, to further delineate the temporal dynamics of CD4+
T cell responses to C-peptide in the blood of people developing
T1D. Full-length C-peptide warrants further investigation as an
antigen in antigen-specific therapies. As noted above, a shorter
section of C-peptide has already been evaluated as an antigen-
specific therapy, in a phase Ib clinical trial with HLA-DRB1*04:01
subjects (38). PI33–63 could readily be tested for prevention of
T1D because it is relatively stable, nontoxic, and water soluble,
and has already been used in clinical trials for diabetes-
associated complications (39).

Materials and Methods
Subjects. Studies received local ethical approval (St. Vincent’s Hospital, HREC-
A 135/08), (Royal Melbourne Hospital, 2009.026), and (Monash Health,
12185B). All participants provided written informed consent. Participants
(aged 3–45 y) without T1D, diagnosed with T1D within 100 d (recent-onset),
or greater than 100 d (long-standing) were recruited. T1D was diagnosed
according to American Diabetes Association criteria.

CFSE-Based Proliferation Assay and CD4+ T Cell Cloning. Blood was obtained
by venepuncture and PBMC isolated. CFSE-labeled PBMC were cultured with
no antigen, PI33–63 (10 μM), or tetanus toxoid (20, 22). The results are
presented as a CDI (20). C-peptide specific CD4+ T cell clones were isolated
as described (22).

Screening Antigen-Specific Clones. Clones were tested for antigen specificity
using the 3H-thymidine assay (22). APC were either autologous PBMC or
KJ-EBV. Each clone was tested in duplicate with and without antigen.
Responses were measured by 3H-thymidine incorporation. Clones that had a
stimulation index (>3.0) were considered to be antigen specific.

Functional Analysis of CD4+ T Cell Clones. Cloned CD4+ T cells were incubated
with synthetic peptides and the KJ cell line (22). Cloned CD4+ T cells (50,000
per well) were cultured with 20,000 APC with and without peptides. Re-
sponses to antigen were measured in triplicate as IFN-gamma (IFN-γ) secre-
tion into the culture media, determined by ELISA (BioLegend).

Determining the HLA Restriction of T Cell Clones. The HLA restriction of the
C-peptide–specific CD4+ T cell clones was determined by mAb blocking
and transfected cell assays (22, 31).

Sequencing TCR Genes Expressed by C-Peptide–Specific Clones. Reverse tran-
scription mix, SuperScript VILO Reverse Transcriptase (Invitrogen), was dis-
pensed directly into wells containing five cells. TRA and TRB genes were
amplified using pools of forward primers and Taq polymerase (Qiagen) as
described by ref. 40.
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