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Hybrid Insulin Peptides Are Recognized by Human
T Cells in the Context of DRB1*04:01
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Carla J. Greenbaum,1-3 William W. Kwok,1-3 Rocky L. Baker,4 Kathryn Haskins, and Eddie A. James?!
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T cells isolated from the pancreatic infiltrates of non-
obese diabetic mice have been shown to recognize
epitopes formed by the covalent cross-linking of pro-
insulin and secretory granule peptides. Formation of
such hybrid insulin peptides (HIPs) was confirmed
through mass spectrometry, and responses to HIPs were
observed among the islet-infiltrating T cells of pancreatic
organ donors and in the peripheral blood of individuals
with type 1 diabetes (T1D). However, questions remain
about the prevalence of HIP-specific T cells in humans,
the sequences they recognize, and their role in disease.
We identified six novel HIPs that are recognized in the
context of DRB1*04:01, discovered by using a library
of theoretical HIP sequences derived from insulin frag-
ments covalently linked to one another or to fragments
of secretory granule proteins or other islet-derived pro-
teins. We demonstrate that T cells that recognize these
HIPs are detectable in the peripheral blood of subjects
with T1D and exhibit an effector memory phenotype.
HIP-reactive T-cell clones produced Th1i-associated
cytokines and proliferated in response to human islet
preparations. These results support the relevance of
HIPs in human disease, further establishing a novel post-
translational modification that may contribute to the loss
of peripheral tolerance in T1D.

Type 1 diabetes (T1D) is a T cell-mediated autoimmune
disease in which pancreatic 3-cells are selectively destroyed,
leading to dependence on exogenous insulin for glycemic
control. Onset of the disease is preceded and predicted
by the appearance of autoantibodies, which implies the

accompanying activity of autoreactive CD4A™ T cells (1,2).
CD4 T-cell responses to several B-cell proteins have been
implicated in both human T1D and the widely used
nonobese diabetic (NOD) mouse model (3). There is strong
evidence (particularly in the NOD mouse model) support-
ing the importance of insulin-specific responses, most
notably those directed against insulin Bg_53 (Ins Bg_»3) (4).
Additional work has confirmed the relevance of the Ins
Bg_»3 epitope in human disease; in particular, Ins Bg_3 is
recognized by human T cells in multiple binding registers
(including a low-affinity binding register) and T cells that
recognize the peptide are detectable in peripheral blood
using HLA class II tetramers and have been found among
islet infiltrates (5-8).

In general, T-cell receptors (TCR) with inappropriately
high affinity for autoreactive HLA/peptide complexes are
thought to undergo deletion and/or diversion to a regula-
tory lineage (9,10). However, negative selection is imper-
fect, to the extent that even healthy individuals with HLA
haplotypes that predispose to autoimmunity have been
shown to have a potentially autoreactive T-cell repertoire
(11). Immune escape is further facilitated by posttransla-
tional modifications, which may be underrepresented in
the thymus and have the potential to alter the affinity
of HLA binding or TCR recognition (12). Several recent
studies report the recognition of modified B-cell epitopes
by CD4" T cells from the peripheral blood of individuals
with T1D and from pancreatic draining lymph nodes and
islet infiltrates from cadaveric specimens (12,13). These
posttranslationally modified epitopes include citrulli-
nated and deamidated peptides derived from glutamic
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acid decarboxylase 65, insulin tyrosine phosphatase-
related islet antigen 2, islet amyloid polypeptide (IAPP),
and 78-kDa glucose-regulated protein (GRP78) (13-16).
Important recent data document hybrid insulin peptides
(HIPs) as a new class of neo-epitope (17). These peptides
are formed by the covalent linkage of insulin fragments to
other protein fragments (including peptides from secre-
tory granule proteins such as chromogranin A and IAPP)
through a peptide bond, an event that is thought to occur
in B-cell secretory granules and which, by definition,
generates non-genetically encoded peptides (18). Using
MHC class II tetramers, HIP-reactive T cells have been
shown to be proinflammatory, highly diabetogenic, and
detectable at increasing frequencies during disease pro-
gression in NOD mice (19,20).

Here, we further probe the relevance of HIPs in human
disease by investigating whether the fusion of B-cell
granule-associated peptides can generate hybrid neo-epitope
sequences that are bound and presented by HLA-
DRB1*04:01 (DR0401) and recognized by human CD4*
T cells. This allele is part of the high-risk T1D-associated
DR4/DQ8 haplotype (21). Furthermore, T cells frequently
recognize insulin epitopes such as proinsulin,g g¢ in the
context of DR0401 (22). Therefore, we aimed to evaluate
DR0401-restricted HIP responses. Following a prediction-
based epitope discovery process, we identified immuno-
genic HIPs and used HLA class II tetramers to determine
whether T cells that recognize these HIPs are present
within the peripheral blood of subjects with T1D. Our
results support the relevance of several novel HIPs,
demonstrating that HIP-reactive T cells are readily detect-
able in the peripheral blood of subjects with established
T1D.

RESEARCH DESIGN AND METHODS

Human Subjects

Peripheral blood was collected from 22 individuals with
T1D and 21 healthy control subjects with DRB1*04:01
haplotypes after written consent was obtained under
a study approved by the Institutional Review Board at the
Benaroya Research Institute. Subject attributes are sum-
marized in Supplementary Tables 1 and 2.

Constructing a Library of Hybrid Peptides

A library of theoretical hybrid peptide sequences was gen-
erated though the in silico combination of 86 proinsulin
fragments on the N-terminal (left) side and 89 natural
protein cleavage products (e.g., WE14, the N-terminus of
the chromogranin A) from secretory granule- and islet-
associated peptides, including insulin, islet amyloid poly-
peptide, chromogranin A, secretogranin I, secretogranin II,
secretogranin V, neuropeptide Y, and GRP78) on the C-
terminal (right) side. Supplementary Fig. 1 provides a de-
tailed description and schematic for this process, which
resulted in a database of 7,654 theoretical HIPs.
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Hybrid Peptide Prediction

The probability that theoretical HIPs would be bound and
presented by DR0401 was evaluated based on a previously
published prediction matrix (15,23). Briefly, coefficients
corresponding to each anchor residue for all possible core
9-mers within the protein were multiplied, yielding a pre-
dicted relative binding affinity score (Supplementary Table
3). Peptides within the library that shared identical core
9-mers or had a conservative single amino acid difference
(e.g., Y — F) that did not change the binding score were
considered redundant. Sequences were generally chosen to
include at least two flanking residues on each side of the
predicted minimal 9-mer motif.

Peptide Binding Measurements

Peptides (13- to 20-mer) representing the top 50 nonre-
dundant theoretical HIPs (Supplementary Table 4) were
synthesized (Sigma-Aldrich), and their binding to DR0401
was assessed through a competition assay as previously
described (24). Briefly, increasing concentrations of each
theoretical HIP were incubated in competition with
a biotinylated reference influenza hemagglutinin peptide
(HAz06-318) at 0.02 pmol/L in wells coated with DR0401
protein. After washing, residual biotin-HAzqg 315 was
detected using europium-conjugated streptavidin (Perkin-
Elmer) and quantified using a Victor’ D time-resolved
fluorometer (PerkinElmer). Curves were simulated using
Prism software (version 5.03; GraphPad Software Inc.),
and ICsq values calculated as the concentration needed to
displace 50% of the reference peptide.

HLA Class Il Protein and Tetramer Reagents

DR0401 protein was purified from insect cell cultures
as previously described (7,25). Monomers were loaded
with 0.2 mg/mL peptide at 37°C for 72 h in the presence
of 0.2 mg/mL n-dodecyl-B-maltoside and 1 mmol/L Pefa-
bloc (Sigma-Aldrich). Peptide-loaded monomers were
conjugated into tetramers using R-phycoerythrin (PE)
streptavidin (Invitrogen), PE-Cy5 streptavidin (BD Bio-
sciences), or PE-CF594 streptavidin at a molar ratio of 8:1.

In Vitro Tetramer Assays and T-Cell Clone Isolation

Peripheral blood mononuclear cells (PBMCs) were isolated
by Ficoll underlay, resuspended in T-cell media (RPMI,
10% pooled human serum, 1% penicillin-streptomycin,
1% 1r-glutamine) at 4 X 10° cells/mL, and stimulated
with peptides (20 pg/mL total) in 48-well plates for
14 days, with addition of medium and IL-2 starting on
day 7. Cells were stained with individual tetramers for
75 min at 37°C, followed by CD4 PerCP (BD Bioscien-
ces), CD3 APC (eBioscience), and CD25 FITC (Bio-
Legend) for 15 min at 4°C run on a FACSCalibur (BD
Biosciences), and analyzed using FlowJo (Treestar Inc.).
Clones were isolated by sorting single tetramer—positive
CD4t T cells using a FACSAria (BD Biosciences) and
expanded in 96-well plates in the presence of 1 X 10°
irradiated PBMC and 2 pg/mL phytohemagglutinin
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(Remel), with addition of media and IL-2 starting on
day 10.

T-Cell Clone Maintenance and Characterization

Clones specific for HIP peptides were maintained in sup-
plemented RPMI and restimulated using phytohemagglu-
tinin (2 pg/mL; Remel) every 2 weeks. For assessment of
specificity and preferential recognition of hybrid peptides,
10* T cells/well were plated with 1 X 10° irradiated
DR0401" PBMCs and stimulated in triplicate with
10 pg/mL peptide. After incubation for 48 h at 37°C
and pulsing with medium containing *[H]-thymidine
(1 wCi/well), incorporation was measured 18 h later
with a scintillation counter. To assess responsiveness to-
ward human islets, we added 100 wL PBS and 100 L
trifluoroethanol to 3,000 islet equivalents in a microfuge
tube. After sonicating for 5 min, the islets were briefly
vortexed and heated for 10 min at 95°C with brief vortex
steps every 2 min. Islets were then sonicated for another
5 min and subsequently centrifuged at 17,000g for 5 min.
Supernatants were fractionated in 25 mmol/L ammo-
nium acetate buffer by size exclusion chromatography.
DR0401" PBMCs were pulsed with fractionated primary
human islets, left unpulsed, or pulsed with peptide as
a positive control. The pulsed (or unpulsed) PBMCs
were incubated for 4 h and then irradiated, plated in
triplicate at 1 X 10° cells per well plus 10* T cells/well,
and incubated and pulsed with medium containing 3[H]-
thymidine, and incorporation was measured as described
above. For assessment of the functional phenotype of
T cells, clones were activated with 50 ng/mL PMA and
1 pg/mL ionomycin for 30 min, followed by incubation
with Brefeldin A (eBioscience) for 3 h at 37°C. Cells were
fixed in fixation/permeabilization buffer (eBioscience);
washed in permeabilization buffer; stained with IL-4
AF488 (eBioscience), IFN-y AF700 (eBioscience), and
IL-10 Bv421, IL-17A APC/Cy7, and TNF-a PerCP-Cy5.5
(all BioLegend) for 15 min at 4°C; run on an LSR II (BD
Biosciences); and analyzed using FlowJo.

Ex Vivo Tetramer Analysis
Analysis of T-cell frequency was accomplished using our
previously published approach (26). Briefly, 40-60 X 108
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PBMCs were resuspended in a total of 400-600 L media,
divided into two or three independent tubes of 20 X 10°
cells (200 pL) each, incubated with 50 nmol/L dasatinib
for 10 min at 37°C, and stained with 20 pg/mL PE-labeled,
PE-CF594-labeled, or PE-Cy5-labeled HIP tetramers at
room temperature for 120 min (three tetramers per
tube for a total of six hybrid peptide tetramers plus an
nonimmunogenic control tetramer if adequate cells were
available for a third staining tube). Cells were washed,
incubated with PE-magnetic beads (Miltenyi Biotec) for
20 min at 4°C, and magnetically enriched; 1% of the cells
were retained as a nonenriched sample. Enriched (bound)
and nonenriched (precolumn) samples were stained with
CD4 V500, CD14 PerCP-Cy5.5, and CD19 PerCP-Cy5.5
(eBioscience) and CD45RA AF700 (BD), CXCR3 FITC,
CCR6 BV421, and CCR4 BV605 (BioLegend) for 15 min
at 4°C. After washing, cells were labeled with ViaProbe (BD
Biosciences) and analyzed on a FACSCanto (BD Bioscien-
ces), gating on CD4"CD14~CD19 ViaProbe™ cells and
plotting tetramer versus CD45RA. Frequencies were cal-
culated as previously described (26).

Statistics

A Mann-Whitney U test was used for two group comparisons
between subjects with T1D and control subjects. A Kruskal-
Wallis test and Dunn multiple comparisons were used for
multiple group comparisons of T-cell frequencies. The
Kolmogorov-Smirnov test was used to compare the distribu-
tion of T-cell frequencdies for subjects with T1D and control
subjects, and an F test was used to compare variances.

Data and Resource Availability
Data and materials are available upon written request to
E.AJ.

RESULTS

Identification of Theoretical HIPs Presented by DR0401

To identify HIP sequences that can be bound and pre-
sented by DR0401, we used a two-step strategy: first,
nonredundant sequences within a library of 7,654 possible
HIPs (Supplementary Fig. 1) were scored and predicted
using a previously published approach (23,27); the top
50 peptides were synthesized and their binding to

Table 1—Sequences and binding affinities for antigenic HIP peptides

Peptide Amino acid sequence®P Left peptide source Right peptide source ICs0 (wmol/L)® Response rate®
HIP-4.1 VCGERGFFEELVARSE Ins B Secretogranin | 2.8 37.5 (3 of 8)
HIP-4.2 HLVEALYLEELVARSE Ins B Secretogranin | 0.44 25 (2 of 8)
HIP-4,4 ICSLYQLEFVNQHLCG Ins A Ins B 10 25 (2 of 8)
HIP-4.18 SLQKRGIVEELVARSE C-peptide/Ins A Secretogranin | 1.8 62.5 (5 of 8)
HIP-4.39 CSLYQLENSVPHFSDE Ins A Secretogranin V 0.24 25 (2 of 8)
HIP-4.40 QPLALEGSALSSQHQA C-peptide GRP78 2.4 62.5 (5 of 8)

#The residues that originate from the left peptide source are bolded in each sequence. The predicted minimal epitope is underlined. °ICsq
represents the peptide concentration that displaces half of the reference peptide. %In vitro responses were examined in a total of eight
subjects with established T1D. The response rate (percentage of subjects with a positive response) is noted, and the fraction of

responders is listed in parentheses.
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recombinant DR0401 protein was assessed using a compe-
tition assay (15,23). This narrowed our list of theoretical
HIPs to 30 peptides that bound to DR0401 with appre-
ciable affinity (Supplementary Table 4). We then produced
DRO0401 tetramers for each of the 30 peptides and used
these to investigate the ability of each peptide to elicit
CD4" T-cell responses in vitro. PBMCs from eight unique
subjects with T1D were stimulated with pools of HIP
peptides for 2 weeks and subsequently stained with the
corresponding individual tetramers (Supplementary Fig.
2). Six of the peptides (summarized in Table 1) elicited
detectable populations of tetramer-positive T cells in
multiple subjects with T1D (with response rates that
varied between 25% and 62.5%), whereas the remaining
staining results were consistently negative (representative
negative results are shown for HIP-4.7 and HIP-4.47).
Tetramer-positive T-cell clones were isolated from at least
two different subjects for each of these epitopes to facil-
itate further studies (tetramer staining of representative
clones shown in Fig. 14).

We next examined whether these T-cell responses were
directed exclusively against the hybrid peptide sequences
or whether T cells could respond to extended versions of
the corresponding nonhybrid peptides. Each “left” peptide
included a C-terminal extension and each “right” peptide
included an N-terminal extension to replace the hybrid
portion of the peptide (Supplementary Table 5). We
assessed the HLA binding of the extended nonhybrid
left and right peptides, and in all cases, the nonhybrid
left and right peptides were not able to bind to DR0401.
Furthermore, isolated T-cell clones exhibited proliferation
above background in response to the full hybrid peptide
but failed to proliferate in response to equivalent concen-
trations of the corresponding nonhybrid peptides (Fig.
1B). Proliferation was completely or partially blocked by an
anti-HLA-DR antibody (the degree of blocking ranged
from 73% to 99%) but not by a control anti-HLA-DQ
antibody, confirming the restriction of the response (Fig.
1B). Finally, additional binding assays with arginine-
substituted peptides verified that the minimal HLA-DR0401-
restricted epitope within each of the six peptides spans the
hybrid peptide junction (Supplementary Table 6). There-
fore, we concluded that the epitopes recognized by these
T-cell clones are hybrid peptides and focused our sub-
sequent experiments on these six HIPs.

T Cells That Recognize HIPs Are Present in T1D and
Can Cross-react With Homologous Sequences

For evaluation of the relevance of HIP-reactive T cells in
human subjects, we applied a direct tetramer enrichment
approach (26) to measure their frequency in the peripheral
blood of subjects with T1D. To assess the frequency of
T cells that recognize all six theoretical HIPs of interest, we
simultaneously labeled individual HIP specificities with
PE-, PE-CF594-, or PE-Cy5-labeled tetramers, staining
two separate aliquots of cells to assess all six HIPs (rep-
resentative results for a subject with T1D shown in Fig. 24).
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For some individuals, a third aliquot of cells was available
and was stained using a negative control tetramer loaded
with the nonimmunogenic HIP-4.7 peptide. In each case,
the number of T cells stained by the HIP-4.7 tetramer was
near or below the limit of detection for our assay (de-
termined to be 0.5 cells per million in a previous study using
a serial dilution method [28]). As we previously reported
in our tetramer-based study of influenza-specific T-cell
responses before and after vaccination (29), when homol-
ogous epitopes are included in the same staining tube and
labeled with different fluorophores, their cross-reactivity
can be estimated by evaluating the number of T cells that are
double labeled by both tetramers. Applying this strategy, we
observed that 15 of the 22 subjects with T1D had a sub-
stantial proportion of T cells that were costained by HIP-4.1
and HIP-4.18 tetramers (Fig. 2B). The remaining 7 subjects
had no double-labeled cells, suggesting that cross-staining
was not likely to be merely caused by an experimental
artifact. On average, 40% of T cells that were labeled by
the HIP-4.18 tetramer were also stained by the HIP-4.1
tetramer. Given that the sequences of these two peptides
share considerable homology (Table 1), such cross-reactivity
was not altogether unexpected. We further confirmed cross-
recognition of these homologous epitopes by staining T-cell
clones that had originally been isolated using the HIP-4.1
tetramer with HIP-4.18 tetramer, observing reduced but
clearly positive staining (Fig. 2C).

T Cells Specific for HIPs Exhibit Diverse Profiles in
Subjects With T1D

Based on the observed cross-reactivity, we included dual-
labeled cross-reactive T cells in our estimates of the
frequencies of HIP-4.1- and HIP-4.18-reactive T cells.
In total our analysis showed that each of the six novel
HIP specificities was present at a frequency that was above
the limit of detection for our assay in most subjects (Fig.
3A). To draw further inferences about the significance of
HIP-reactive T cells in subjects with T1D, we reorganized
these T-cell frequency data into a heat map to visualize
patterns of HIP-specific T cells in different individuals (Fig.
3B). From this analysis, it was evident that some subjects
had high frequencies for multiple HIPs (e.g., participant
9 and participant 21), whereas others had very few HIP-
specific T cells (e.g., participant 8 and participant 14).
Given this observed diversity, we asked whether the
frequency of HIP-reactive T cells might be correlated
with characteristics such as disease duration, age at di-
agnosis, or number of autoantibodies. We observed a sig-
nificant negative correlation (P = 0.0048) between age and
the combined frequency of HIP-reactive T cells (Supple-
mentary Fig. 3A). No other associations were significant,
except that the two subjects who were insulin autoanti-
body negative (IAA ™) had significantly lower frequencies of
HIP-reactive T cells than the remaining subjects (P =
0.0173), who were all IAA™" (Supplementary Fig. 3B).
However, it should be noted that since IAA were tested
after diagnosis, antibodies in some subjects could be
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Figure 1—Recognition of HIP peptides by T-cell clones from subjects with T1D. A: T-cell clones that recognize HIPs were isolated from
peripheral blood after peptide-specific expansion by sorting of tetramer-positive T cells. In each case, the clones were stained by the
corresponding HIP-loaded tetramer (but not a tetramer loaded with an irrelevant peptide). Each staining result shown is representative of
clones isolated from at least two different subjects with established T1D. B: Proliferation of HIP-specific T-cell clones in response to an
irrelevant peptide (~5 pmol/L, corresponding to 10 wg/mL), their cognate peptide (~0.5 and ~5 pmol/L, corresponding to 1 and 10 pg/mL),
control nonhybrid left and right peptides (~5 wmol/L, corresponding to 10 ng/mL), or the cognate peptide (~5 wmol/L, corresponding to
10 pg/mL) in the presence of an anti-HLA-DR blocking antibody or an irrelevant HLA-DQ blocking antibody. Data are represented as
stimulation index values, calculated by normalizing the proliferation of each clone based on [3H]-thymidine incorporation of unstimulated
wells. Each clone did not proliferate (stimulation index <3) in response to the nonhybrid peptides but exhibited robust proliferation
(stimulation index >10) in response to 1 ug/mL cognate hybrid peptide, which was further increased at 10 pg/mL. The majority of the
response was blocked through addition of the anti-DR antibody (ranging from 73% blocking for HIP-4.40 to 99% blocking for HIP-4.2) but not
the irrelevant anti-DQ antibody. NEG, negative; Pep, peptide; Tmr, tetramer.

directed against exogenous insulin rather than being true
autoantibody responses against self-insulin.

CD4* T Cells That Recognize HIPs Exhibit an Effector
Phenotype

We next evaluated the surface marker expression of HIP-
reactive T-cells to draw inferences about their phenotype.
Our staining panel was designed to address whether HIP-
reactive cells were naive or antigen experienced and
to assess their effector versus central memory status
based on coexpression of CD45RA and CCR7. We de-
fined naive cells as CD45RA"CCR7", central memory
(Tem) as CD45RA™CCR7, effector memory (Tgy) as
CD45RA " CCR7 , and terminal effector-like cells
(TEMRA) as CD45RA"CCR7~ (Fig. 30). Indeed, in sub-
jects with T1D, the majority of HIP-reactive T cells had
a memory phenotype (Fig. 3D) and the majority of these
had an effector-like status, evidenced by lack of CCR7
expression (Fig. 3E). To further assess whether HIP-
responsive T cells exhibit effector function, we performed

intracellular cytokine staining of HIP-reactive T-cell clones
following activation with PMA/ionomycin and ob-
served substantial levels of IFN-y (Supplementary
Fig. 4). TNF-a was also observed in all but one of the
clones, and significant levels of IL-4 were present within
some clones.

CD4* T Cells That Recognize HIPs Respond to Human
Islets

To further support the relevance of these putative HIP
epitopes, we next evaluated whether epitopes correspond-
ing to these peptides are present within human islets.
HIP-reactive T-cell clones corresponding to each novel
DRO0O401-restricted HIP peptide were activated in vitro
using DR0401™ T cell-depleted PBMCs pulsed with frac-
tionated primary human islets (using unpulsed cells as
a negative control and peptide pulsed cells as a positive
control), and their proliferation was assessed through
thymidine incorporation. For HIP-4.1-, HIP-4.2-, and
HIP-4.4-reactive T-cell clones, the levels of proliferation
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Figure 2—CD4 " T cells specific for novel HIPs are directly detectable, and T cells specific for homologous HIPs can cross-react. A magnetic
enrichment procedure was used to enumerate HIP-reactive T cells directly ex vivo. A: Two independent tetramer stains per subjects were
performed with PE-, PE-Cy5-, or PE-CF594—labeled tetramers to enumerate CD4™ T cells for each of the six individual HIP specificities and
a BV421-labeled influenza control tetramer (Flu MP). If sufficient cells were available, an additional tetramer stain with a control (HIP-4.7
loaded) tetramer was also performed. Each upper panel shows a precolumn fraction, used to determine the total number of CD4" T cells in
the unmanipulated sample and to set a threshold for positive tetramer staining. Each lower panel shows the corresponding enriched fraction,
used to determine the total number of epitope-specific CD4 ™ T cells in the sample. Cells were gated based on size, viability and lack of CD14/
CD19 expression, and CD4 expression and then displayed on a CD4 versus tetramer (PE, PE-Cy5, or PE-CF594 [PE-CF] labeled) as shown.
B: Tetramer staining revealed significant cross-reactivity between HIP-4.1- and HIP-4.18-reactive T cells, in that an average of 42% of the
tetramer-positive cells were stained by both tetramers. C: Cross-reactivity between these epitopes was further confirmed by demonstration

of cross-staining of HIP-4.1-reactive T-cell clones with HIP-4.18 tetramer. Neg, negative; Tmr, tetramer.

in response to human islets were much lower than the
levels observed for peptide and not above the unpulsed
control condition (Fig. 4). In contrast, the HIP-4.18, HIP-
4.39, and HIP-4.40 T-cell clones exhibited proliferation in
response to islets that was well above the unpulsed control
condition, strongly suggesting that epitopes that corre-
spond to these hybrid peptides are present within human
islets (or that equivalent epitopes can form through ad-
ditional processing within antigen-presenting cells).

T Cells Specific for HIPs Are Present at Elevated
Frequencies in Subjects With T1D

To assess the relevance of HIP-reactive T cells, we also
measured their frequency and assessed their phenotype in
the peripheral blood of HLA-matched control subjects.
Notably, some HIP-reactive CD4" T cells were present
in control subjects. However, we observed that the com-
bined frequency of HIP-reactive CD4" T cells in subjects
with T1D was significantly higher than in control subjects
(P = 0.0012) (Fig. 5A). Although there is some overlap

between the HIP-reactive T-cell frequencies observed for
control subjects and subjects with T1D, the frequency
distributions were significantly different (Kolmogorov-
Smirnov test, P = 0.0082), as was the variance observed
in each group (F test, P < 0.0001). Individual T-cell
frequencies for HIP-4.2- and HIP-4.18-reactive T cells
were significantly higher in subjects with T1D than in
control subjects (P = 0.0074 and P = 0.0051, respectively)
and trended toward being higher for HIP-4.1- and HIP-
4.39-reactive T cells (Fig. 5B). Using CD45RA as a marker
to distinguish antigen-experienced (CD45RA ™) versus na-
ive T cells (CD45RA™), we found that subjects with T1D
had a higher proportion of HIP-reactive T cells that were
antigen experienced than control subjects (P = 0.0124)
(Fig. 5C). Notably, although memory HIP-reactive T cells
mainly had an effector status in subjects with T1D, the
opposite trend was observed in control subjects (Supple-
mentary Fig. 5). TEMRA cells were rarely observed in
T1D patients and were essentially absent in control
subjects. Correspondingly, memory T-cell frequencies for
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Figure 3—CD4" T cells specific for novel HIPs exhibit diverse frequency profiles and have an effector memory phenotype. A: The observed
frequency hierarchy for HIP-reactive T cells in subjects with T1D (accounting for cross-reactive double-stained T cells). B: A heat map
analysis of the same T-cell frequencies shown in A, indicating patterns of reactivity that differed between subjects. In the heat map, each
column represents one subject and each column reflects one HIP specificity, with each square color coded to indicate the observed T-cell
frequency in cells per million. C: Quadrant boundaries were defined for CD45RA and CCR7 surface expression based on the attributes of total
CD4" T cells. These were applied to classify HIP-reactive T cells as naive (CD45RA"CCR7"), Tcm (CD45RA"CCR77), and Tgym
(CD45RA"CCR77). Terminal effectors (CD45RA™CCR7") were rarely seen among HIP-reactive cells. D: Across all specificities, the
phenotype of HIP-specific CD4~ T cells was predominantly memory as opposed to naive. E: Among CD45RA™ T cells, HIP-specific
CD4™ T cells were more like Tgy (CCR77) as opposed to Tey. Tmr, tetramer.

HIP-4.1-, HIP-4.2-, HIP-4.18-, and HIP-4.39-reactive
T cells were significantly higher in subjects with T1D
than in control subjects (P = 0.0065, P = 0.0026, P =
0.011, and P = 0.029, respectively) (Fig. 5D). Thus, subjects
with established T1D had significantly greater numbers of
HIP-reactive CD4 " T cells than control subjects, and their
HIP-reactive T cells showed increased signs of antigen
exposure.

DISCUSSION

Published studies support a role for various classes of mod-
ified and nonconventional epitopes in T1D (12,14,15,30,31).
In the current study we provide evidence showing that HIP-
reactive T cells are present in human subjects. This builds on
recently published work showing for the first time that HIP-
reactive T cells can be observed in the peripheral blood of
newly diagnosed T1D patients (32). In that study, HIP-
reactive T cells were detectable in peripheral blood by IFN-y
enzyme-linked immune absorbent spot assay, and HIP-
specific T-cell responses were shown to persist over time.
Notably, multiple HIP-reactive T-cell clones isolated from
these subjects were shown to be HLA-DR restricted (32). In
the current study, HIP-reactive cells were detected in the
peripheral blood of subjects with T1D using HLA-
DRB1*04:01 tetramers and exhibited an effector-like surface

phenotype (evidenced by lack of CCR7) and some evidence of
effector function (e.g., secretion of IFN-y and TNEF-a).
Among subjects with T1D, HIP-reactive T-cell frequencies
were diverse; average frequencies were near 8 cells per
million CD4™ T cells in peripheral blood for HIP-4.1, HIP-
4.2, HIP-4.4, HIP-4.18, and HIP-4.39 (only HIP-4.40 stood
out as having a lower mean frequency), but frequencies in
individual subjects varied from <1 cell to >50 cells per
million CD4™ T cells. While such frequencies are modest in
comparison with those observed for vaccine antigens, they
meet or exceed those observed for commonly studied
CD4" T-cell islet epitopes (5,22). Surprisingly, although
the cross-sectional cohort of subjects we studied was fairly
well distributed with respect to characteristics such as age
at diagnosis and disease duration, the only significant
association we observed was between age and the fre-
quency of HIP-reactive T cells. Anecdotally, the two sub-
jects in our cohort who were IAA™ had low frequencies of
HIP-reactive T cells, suggesting a possible link between
T-cell responses to HIPs and insulin antibodies.
HIP-reactive T cells were also present in HLA-matched
control subjects, indicating incomplete central and/or
peripheral tolerance. Furthermore, HIP-reactive T cells
in healthy subjects were not completely limited to a naive
phenotype. These observations are in accord with a recent
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Figure 4—HIP-reactive CD4" T-cell clones proliferate in response to human islets. Proliferation of HIP-specific T-cell clones in response to
nonpulsed antigen-presenting cells, antigen-presenting cells pulsed with human islet preparations, or their cognate peptide (~5 pmol/L,
corresponding to 10 ng/mL). Data are represented as stimulation index values, calculated by normalizing the proliferation of each clone
based on [3H]-thymidine incorporation of the control nonpulsed antigen-presenting cell-stimulated wells. HIP-4.1—, HIP -4.2—, and HIP-4.4—
specific clones did not proliferate (stimulation index <3) in response to antigen-presenting cells pulsed with human islet fractions. HIP-4.18—,
HIP-4.39—-, and HIP-4.40-specific clones did proliferate (stimulation index = 61, 40, and 95, respectively) in response to antigen-presenting
cells pulsed with human islet fractions. Ag, antigen.
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Figure 5—CD4" T cells specific for DR4-restricted HIPs are more frequent in subjects with T1D. A: Comparison of total HIP-reactive CD4 ™"
T-cell frequencies in the peripheral blood of 21 healthy control subjects and 22 subjects with T1D. The total frequencies of HIP-reactive T cells
(HIPs 4.1,4.2,4.4,4.18, 4.39, and 4.40 combined) were significantly higher (P = 0.0004) in subjects with T1D than in HLA-matched control
subjects. B: The individual frequencies were significantly higher in subjects with T1D (filled circles) than in healthy control subjects (open
circles) for HIP-4.2 and HIP-4.18 (P = 0.0075 and P = 0.005, respectively). Individual frequencies for HIP-4.1 and HIP-4.39 also trended
toward having higher frequencies (P = 0.062 and P = 0.058, respectively) but did not reach statistical significance. C: HIP-specific CD4*
T cells in subjects with T1D had a significantly higher (P = 0.0065) proportion of memory (CD45RA ™) T cells than healthy control subjects. D:
Correspondingly, the memory frequencies were significantly higher in subjects with T1D (filled circles) than in healthy control subjects (open
circles) for HIP-4.1, HIP-4.2, HIP-4.18, and HIP-4.39 (P = 0.0065, P = 0.0026, P = 0.011, and P = 0.029, respectively). “P < 0.05, **P < 0.01,

**P < 0.001. RA-, CD45RA™.

tetramer-based study of autoreactive CD8" T cells and
prior studies that used in vitro assays and can be inferred
to suggest that autoreactive T cells are present in the T-cell
repertoire of healthy subjects with disease-susceptible HLA
and can undergo limited expansion in the absence of
autoimmune disease (11,33,34). However, in spite of de-
tectable frequencies in control subjects, HIP-reactive
T cells were significantly more frequent in subjects with
T1D. Admittedly, the immunologic significance of this
two- to threefold difference in frequency is not entirely
clear. Once possibility is that these modestly elevated
frequencies are reflective of recent T-cell activation and
turnover. For example, in a previous study, T-cell frequen-
cies for conserved influenza epitopes were two to threefold
higher following influenza exposure (35). HIP-reactive
T cells in subjects with T1D exhibited a memory phenotype

that was biased toward having an effector status, implying
disease-associated expansion of HIP-reactive T cells to
form an autoreactive memory pool. The presence of ele-
vated frequencies of HIP-reactive memory T cells in sub-
jects with T1D supports their relevance, but further
elaborating the significance of HIP-reactive cells in disease
is challenging. However, the anecdotal observation that
insulin antibody—-negative subjects appear to have reduced
numbers of HIP-reactive T cells raises the intriguing
possibility that HIP responses and insulin antibodies
may be linked in some way. Longitudinal studies or larger
and more diverse sample sets could shed further light
on the role that HIP-reactive T cells play in disease
development.

Our study does have limitations. Notably, although
HIP-reactive T-cell clones proliferated in response to
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human islets, we have not yet been able to verify the
formation of these putative HIP peptides in B-cells by mass
spectrometry. Therefore, the peptides identified through
our study could be mimotopes, which activate T cells that
recognize other homologous sequences that are present in
human islets. It could be argued that a more stringent
negative control (e.g., a similarly prepared extract from the
same donor using tissue devoid of islets) should have been
included to exclude the possibility that HIP-reactive T-cell
clones proliferated in response to protein fragments that
were generated during the isolation and/or fractionation
process. Likewise, it is possible that peptides or protein
fragments from the islet fractions may have undergone
additional processing within antigen-presenting cells dur-
ing the pulsing and incubation steps of our assay. In that
scenario, it would be necessary to elute peptides from
pulsed antigen-presenting cells to identify the exact pep-
tide sequences recognized by each of these T-cell clones.
Until precise hybrid peptide sequences are known, it will be
difficult to draw clear conclusions about cross-reactivity. It
is likely that additional HIPs beyond the six putative HIPs
that we studied are also recognized in human subjects with
T1D. Given that HIP-reactive T cells appear to be present
at much higher frequencies in some subjects, an important
unanswered question is whether abundant HIP responses
are reflective of a specific disease state or endotype. Like-
wise, because the precise mechanisms through which HIPs
are formed within the secretory granules of B-cells remain
unknown, it is unclear whether stressed B-cells are more
prone to generating HIPs. Future studies to address these
questions would be of value.

In all, our findings support a potential role for HIP-
reactive T cells in general and, more specifically, a new class
of DRB1*04:01-restricted HIPs in T1D and suggest that
these epitopes activate pathogenic CD4" T cells that are
not effectively eliminated by negative selection or con-
trolled by peripheral tolerance. These results and prior
observations in murine models support the notion that the
pathways by which HIP epitopes are generated may be
highly conserved among species. Indeed, recent mass
spectrometric analyses confirmed the presence of other
HIPs in both mouse and human pancreatic islets (36). Our
data, then, support the hypothesis that the formation of
HIPs in human B-cells generates a potentially diverse set of
epitopes, some of which are recognized in the context of
DR0401, that contribute to autoreactive responses. Given
that other HIP-reactive T cells have been found among
islet-infiltrating T cells, it will be interesting to ascertain
whether T cells that recognize these novel DR0401-
restricted HIPs are present within disease proximal tissues.
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