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HLA A*24:02-restricted T cell receptors
cross-recognize bacterial and preproinsulin
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CD8* T cells destroy insulin-producing pancreatic B cells in type 1 diabetes through HLA class I-restricted presentation of
self-antigens. Combinatorial peptide library screening was used to produce a preferred peptide recognition landscape for a
patient-derived T cell receptor (TCR) that recognized the preproinsulin-derived (PPI-derived) peptide sequence LWMRLLPLL
in the context of disease risk allele HLA A*24:02. Data were used to generate a strong superagonist peptide, enabling
production of an autoimmune HLA A*24:02-peptide-TCR structure by crystal seeding. TCR binding to the PPI epitope was
strongly focused on peptide residues Arg4 and Leu5, with more flexibility at other positions, allowing the TCR to strongly
engage many peptides derived from pathogenic bacteria. We confirmed an epitope from Klebsiella that was recognized by
PPI-reactive T cells from 3 of 3 HLA A*24:02* patients. Remarkably, the same epitope selected T cells from 7 of 8 HLA A*24+
healthy donors that cross-reacted with PPI, leading to recognition and killing of HLA A*24:02* cells expressing PPI. These data
provide a mechanism by which molecular mimicry between pathogen and self-antigens could have resulted in the breaking of

self-tolerance to initiate disease.

Introduction

Multiple lines of evidence show that type 1 diabetes (T1D) devel-
ops due to CD8" T cell-mediated destruction of insulin-producing
pancreatic f cells. Human leukocyte antigen class I (HLA-I), the
primary antigen presentation platform for CD8* T cells, is strong-
ly implicated in disease onset and progression. Islets of Langer-
hans, which normally express very low levels of HLA-I (1), hyper-
express these CD8* T cell recognition platforms in patients with
T1D (2-4), and abrogation of major histocompatibility complex
(MHC) class I expression in NOD mice confers disease protection
(5, 6). Additionally, a detailed search involving more than 2,000
patients with T1D identified HLA B*39, HLA B*18, and HLA A*24
as being associated with T1D susceptibility, conferring a relative
risk comparable to, or greater than, the more classically associat-
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ed T1D genes, such as PTPN22 (7). Subsequent studies at 4-digit
resolution show that HLA B*39:06, HLA A*24:02, HLA A*02:01,
HLA B*18:01, and HLA C*05:01 predispose toward disease (8).
HLA A*02:01 and HLA B*39:06 have both been observed to medi-
ate T1D in mouse models (9, 10). Other evidence, in addition to
the disease linkage with HLA-I, implicates CD8" T cells in disease
initiation, as they are the most abundant cell type in the leukocyte
infiltrate during inflammation of islets early in disease, and there
is an inverse correlation between the frequency of CD8* T cell
infiltrate and islet insulin expression (11). This insulitis-associat-
ed infiltrate is enriched in CD8* T cells that respond to putative
diabetogenic epitopes (12), with as many as 10% of CD8" T cells in
the pancreas being specific for a single preproinsulin (PPI) epitope
during recent-onset disease (13). Importantly, PPI-specific T cells
have been shown to attack and kill HLA-matched human f cells
isolated from deceased organ donor samples (14, 15).

Here, we focus on HLA A*24:02, which has a strong T1D dis-
ease-predisposing effect, is associated with a younger age of dis-
ease onset, and presents a peptide of the sequence LWMRLLPLL
comprising residues 3-11 of PPI on targets expressing the INS
gene, including B cells (7, 14). PPIis considered to be a critical auto-
antigenic driver in the development of T1D and autoimmune dia-
betes in relevant preclinical models (16, 17). Replacement of the
INSI gene in NOD mice with the human ortholog protects against
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disease, suggesting that key disease-causing PPI-derived T cell
epitopes may differ in the 2 species (18). HLA A*24:02-PPIL_ -
specific CD8* T cells are expanded in patients with recent-onset
T1D (14). We studied the well-characterized T1D patient-derived
HLA A*24:02-PPIL,_ -specific T cell clone 4C6, which has been
shown to kill HLA A*24:02* human § cells (14). Five T cell clones
were isolated by single-cell sorting with HLA A*24:02-PPI,_,
tetramer from the blood of a patient with T1D taken at 2 time
points 6 months apart; and, following expansion and sequencing,
all 5 T cell clones were shown to express the 4C6 T cell receptor
(TCR), which uses the TRAV5*01, TRAJ37*01 TCR a-chain, CD3a
sequence CAEPSGNTGKLIF, paired with the TRB7-9*03, TRBJ2-
7*01 B-chain, CD3p sequence CASSLHHEQYF (Supplemental
Figure 1; supplemental material available online with this arti-
cle; https://doi.org/10.1172/JCI164535DS1). No other TCR was
identified, suggesting that the 4C6 T cell dominated the patient
response to PPI_ . We therefore undertook a detailed study of the
peptide recognition landscape of the 4C6 TCR using a combina-
torial peptide library (CPL) and generated a superagonist peptide
ligand for this TCR that bound with a dissociation constant (K)
of 5.4 uM, more than 20-fold higher than that of the PPI-derived
natural sequence. This superagonist peptide allowed us to crystal-
lize the 4C6 TCR with a cognate ligand and then seed crystals with
the natural PPI, , ligand to generate what we believe to be the first
atomic-resolution structure of an HLA A*24:02-restricted TCR
in complex with autoantigen. We further discovered pathogen-
derived peptides that were thousands of times more potent at acti-
vating the 4C6 T cell than the PPI,_, sequence. CD8" T cells were
pulled from the PBMCs of 7 of 8 HLA A*24* healthy donors using
the Klebsiella-derived peptide SLPRLFPLL. Remarkably, these T
cells also stained with HLA A*24:02-PPI,_, multimers and killed
HLA A*24:02" cells expressing PPI to provide a potential mecha-
nism by which such T cells might become activated against self
via molecular mimicry.

Results
4C6 T cells exhibit a restricted pattern of recognition at peptide posi-
tions 4 and 5. We have previously determined that although CD8*
T cells can recognize vast numbers of individual peptide sequences
(19, 20), HLA-I-restricted TCRs exhibit a preference for a specific
length of peptide (21). A peptide sizing scan (21) showed that the
4C6 T cell exhibited a strong preference for peptides of 9 amino
acids in length in the context of HLA A*24:02 (Figure 1A). A 9-mer
CPL screen of the 4C6 T cell revealed that it exhibited constrained
recognition across the center of the peptide (positions 4-8), with
more flexibility at peptide positions 1-3 and 9 (Figure 1, B and C).
These data indicated that the “index” amino acid found in the insu-
lin-derived peptide (indicated by the green bars in Figure 1B) might
be suboptimal in some peptide positions. This effect was particu-
larly striking at position 6, where the phenylalanine sublibrary was
vastly more potent than the one containing the index leucine res-
idue. Specificity was most restricted at position 5, where only the
leucine sublibrary was recognized. Overall, these data suggest that
the 4C6 T cell can recognize a large number of peptides, with some
being far more potent than the natural index insulin sequence.
Generation of a potent superagonist peptide for the 4C6 T cell.
CD8" T cells are capable of recognizing millions of different indi-
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vidual peptides (20). This makes it unlikely that the index peptide
will be optimal, and we have been able to find a more potent acti-
vating ligand for every HLA-I-restricted TCR for which we have
attempted this approach, including public antiviral TCRs that
respond to immunodominant epitopes (20, 22). The raw data
shown in Figure 1B were analyzed using the algorithm developed
by Szomolay et al. (23) to predict optimal ligands for the 4C6 T
cell. The top 10 predicted ligands from a set of 500 peptides —
sampled at random from the entire peptide universe with a bias
toward good agonists using CPL data — were tested in titration
assays, with NMPRLFPIV and QLPRLFPLL being the most potent
at activating 4C6 (Supplemental Figure 2 and Figure 2A). The
QLPRLFPLL sequence proved to be the best agonist, with an EC, |
almost 10,000 times lower than the index PPI,, sequence as a
crude peptide (Figure 2A). The QLPRLFPLL sequence is indicated
by magenta bars and arrows in Figure 1B.

The 4C6 T cell receptor binds to HLA A*24:02-PPI__ with rela-
tively high affinity for an autoantigen. The 4C6 T cell clone was suc-
cessfully stained with HLA A*24:02-PPL_, tetramers (14) without
the need for the protein kinase inhibitor dasatinib or other “tricks”
usually required for staining of autoimmune T cells (24-26).
The fact that the 4C6 T cell is amenable to regular peptide-HLA
(pHLA) tetramer staining suggested that the 4C6 TCR might bind
to HLA A*24:02-PPI, , with a relatively high affinity for an auto-
immune TCR-pMHC interaction (25, 27). We confirmed that the
4C6 T cell could be stained by regular pHLA tetramer staining
with HLA A*24:02-PPIL__, reagents and showed that staining was
more intense when the QLPRLFPLL superagonist sequence was
used (Figure 2B). Soluble 4C6 TCR was produced as described
previously (28) and shown to bind to HLA A*24:02-PPI,_, witha K
0f129.2 pM by surface plasmon resonance (SPR). (Figure 2C). The
affinity of the interaction between the 4C6 TCR and the QLPRLF-
PLL superagonist peptide (K, 5.4 uM) was more than 20-fold
higher than that of the interaction between the 4C6 TCR and the
PPI-derived LWMRLLPLL peptide, explaining why this ligand was
almost 10,000-fold more potent in peptide titration assays (Figure
2A) and bound better as a pHLA multimer (Figure 2B).

PPI_, residues Arg4 and Leu5 form a “peg-in-hole” network of
bonding interactions with the 4C6 TCR. Attempts to generate crys-
tals of HLA A*24:02 bound to PPI_, failed, but we were able to
generate crystals of HLA A*24:02 bound to the QLPRLFPLL
superagonist peptide that diffracted at 2.2 A using our optimized
crystallization screen (Supplemental Figure 3A and Supplemental
Table 1) (29). This structure showed that QLPRLFPLL bulged in
the middle, with Arg4 and Leu5 pointing outward as likely TCR
contact residues (Figure 3A). The pronounced bulge was probably
caused by a combination of an intrapeptide Van der Waals (VAW)
interaction between Pro3 and Phe6, likely explaining the promi-
nence of phenylalanine at position 6 in the CPL screen, and inter-
actions between the peptide and the HLA A*24:02 binding groove.

Multiple attempts to generate cocrystals of the 4C6 TCR in
complex with HLA A*24:02-PPI_ failed. However, we were able
to generate crystals of the 4C6 TCR in complex with the HLA
A*24:02-QLPRLFPLL superagonist peptide. These crystals were
then used to seed complexes with HLA A*24:02-PPI,  , which
diffracted at 2.48 A to produce a high-resolution structure. Anal-
ysis of the LWMRLLPLL peptide in the 4C6-HLA A*24:02-PPI_,
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Figure 1. Sizing scan and positional scanning CPL screening of 4C6 T cells. (A) The 4C6 T cell clone was incubated overnight with sizing scan mixtures of
defined amino acid length (x axis) using C1R-HLA A*24:02 as antigen-presenting cells. Assay supernatants used for MIP-1B ELISA. Data points shown for
duplicate conditions. (B) Based on the results of the sizing scan, a 9-mer positional scanning CPL (PS-CPL) screen was performed, using 4C6 T cells and

antigen-presenting cells and ELISA as in A. Key: Green bars indicate amino acid
amino acid present in the superagonist peptide (shared amino acid residues are
gave similar results. (C) Motif logo plot summarizing the amino acid preference

complex demonstrated a conformation virtually identical to that
of the QLPRLFPLL superagonist peptide, with the peptide bulged
to project peptide residues 4 and 5 out of the HLA A*24:02 pep-
tide-binding groove. A VAW interaction between the side-chains
of the LWMRLLPLL Met3 and Leu6 residues likely helped sup-

J Clin Invest. 2024;134(18):e164535 h

present in the natural PPI epitope; and magenta bars and arrows show
underlined). Data points shown for duplicate conditions. A replicate assay
of 4C6 at each position of the PS-CPL.

port the central bulge in a manner analogous to that observed in
the HLA A*24:02-QLPRLFPLL structure (Figure 3B and Supple-
mental Figure 3B). The 4C6-HLA A*24:02-PPI_, binding mode
positioned the CDR1a, CDR3a, CDR1f, and CDR3p loops around
the peptide bulge, while the CDR2a and CDR2p loops were largely

:

ttps://doi.org/10.1172/)CI164535



:

RESEARCH ARTICLE

The Journal of Clinical Investigation

A B € 1004 136 2718 27890 ar
NMISSES|V QLI S so- AYAQKIFKIL
ECsy: 716x10°  2.0x 10" g 604
4- g 40 NoPKI  QLPRLFPLL
uf 204
s £ 1007 130 7375 30464
< -
< 2 2 &
\n < 604 + PKI
o ®©
= 14 E 407
o 3
. 2 20 \
5 0 Ty Ty e A
4 5 6 7 8 -9 -0 -1 0 108 10¢ 108
[Peptide] M log,, Tetramer PE
C QLPRLFPLL 500
6007 K, 600y Kk,=54+04uM
2 & £ 400
S 400 E 5
- : 2 300
1] 7] 2
5 5 & 200
S 2001 a a
i e & 100
0 = 0!
0 10 20 30 40 50 0 10 20 30 40 50 0 100 200 300 400

Time (s) Time (s)

[4C6 TCR] uM

Figure 2. Cellular and biophysical analyses of the PPl and superagonist peptides. (A) Sensitivity of 4C6 T cell clone to PPl (LWMRLLPLL) and superago-
nists (NMPRLFPIV and QLPRLFPLL) peptides in a titration assay. Incubation overnight with CIR-HLA A*24:02 as antigen-presenting cells. Assay superna-
tants used for MIP-1B ELISA. Data points shown for duplicate conditions. Replicate assay including all candidate superagonist peptides tested for 4C6 as
shown in Supplemental Figure 2. Underlined amino acid residues are the same as for the PPI peptide. Highlighted residues were present in both super-
agonist peptides. The most potent superagonist, QLPRLFPLL, was used for downstream experiments. (B) Staining of the 4C6 T cell clone with irrelevant
(AYAQKIFKIL from CMV), PPI, and superagonist PE-conjugated tetramers. Tetramer used alone or following pretreatment with the protein kinase inhibitor
(PK1) dasatinib. Mean fluorescence intensity of staining is displayed. Stained for CD8 APC-Vio770 and the viability stain VIVID. (C) SPR analysis of 4C6 TCR
recognition of LWMRLLPLL (green) and QLPRLFPLL (magenta). SPR response to 10 serial dilutions of 4C6 was measured (left and center). K, values were

calculated using nonlinear fit curve (y = [P1 x x]/[P2 + x]) (right).

positioned over the HLA A*24:02 molecule surface (Figure 3C).
The positioning of the CDR loops enabled the 4C6 TCR to make
substantial contacts with the solvent exposed residues in both
peptides, with the side-chains of Arg4 and Leu5 forming a tight
“peg-in-hole”-like interaction with a pocket formed by the TCR
CDRla, CDR3a, CDR1B, and CDR3 loops (Figure 3, D-F). Inter-
action with Arg4 and Leu5 accounted for 72% of contacts (51%
and 21% respectively) between the LWMRLLPLL peptide and
the TCR CDR loops (represented as a heatmap in Figure 3G). The
dominance of contacts with this motif explained the restricted
recognition at positions 4 and 5 in the CPL scan (Figure 1B). Arg4
made 34 contacts across the following residues: Asp270, Ser29aq,
and Ser30a from CDR1o; and Pro93a, Ser94a, Gly95a, Asn96a,
and Thr97a from CDR3a (Figure 3E and Supplemental Table
2). Leu5 made 14 VAW contacts across the following residues:
Tyr32a from CDR1g; Thr97a and Gly98a from CDR30; Arg32
from CDRI1p; and His98 and His99 from CDR3p (Figure 3F and
Supplemental Table 2).

Comparison of the 4C6 TCR in complex with both HLA
A*24:02-QLPRLFPLL and HLA A*24:02-LWMRLLPLL revealed
a virtually identical canonical binding mode, with the TCRa
chain and TCR@ chain over the N- and C-termini of the peptide,
respectively (Supplemental Figure 3, C-E). However, structural
data suggest that despite binding over 20-fold more strongly to

HLA A*24:02-QLPRLFPLL than HLA A*24:02-LWMRLLPLL,
the 4C6 TCR made 15 fewer interactions with HLA A*24:02-
QLPRLFPLL (Supplemental Tables 2 and 3). Several factors may
have contributed to the increased affinity of the 4C6 TCR for HLA
A*24:02-QLPRLFPLL compared with HLA A*24:02-LWMRLL-
PLL. First, increased VAW interactions between Pro3 and Phe6
within the superagonist peptide during 4C6 TCR binding may
have contributed greater stabilization of the Arg4/Leu5 “peg”
above the HLA A*24:02 binding platform (Supplemental Figure
3B and Supplemental Figure 4A). It was also evident that the
superagonist peptide had a suboptimal MHC anchor at position
2 (Supplemental Figure 4B), a situation that we have previously
observed in superagonist peptides (30, 31). Maintenance of the
natural, and suboptimal, position 2 HLA A*02:01 anchor within
the melanoma-associated Melan-A peptide EAAGIGILTYV allows
a cognate TCR to pull the peptide out of the MHC binding groove
toward itself, thereby making a stronger interaction (32-34).
Additionally, thermodynamic comparison of 4C6-HLA A*24:02~
LWMRLLPLL and 4C6-HLA A*24:02-QLPRLFPLL showed that
interaction with the PPI-derived sequence was enthalpically
unfavorable and entropically favorable, whereas the reverse was
true for the superagonist structure. These thermodynamics data
indicate a net formation of interactions in the 4C6-HLA A*24:02-
QLPRLFPLL complex, perhaps in part due to the suboptimal P2

J Clin Invest. 2024;134(18):e164535 https://doi.org/10.1172/)C1164535
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anchor, which may contribute to the more than 20-fold-higher
affinity (Supplemental Figure 4C).

4C6 T cells vespond to a large number of different 9-mer peptides
in the context of HLA A*24:02. We next used the importance sam-
pling technique we previously adapted for estimation of how many
peptides an individual T cell could respond to (20). The raw data
from the CPL screen shown in Figure 1B, with cysteine excluded,
were normalized as previously described to provide a sampling
distribution to bias the sample toward good agonists. A total of 60
peptides were drawn from an effective set of 3.16 x 10 from the
sampling entropy, as previously described (20). Of the 60 peptides,
8 were recognized with pEC_, greater than 5 (pEC_ is -1 x the base
10 logarithm [p] of the EC,, as used previously; ref. 20). Five were
better agonists than the index peptide, suggesting that the 4C6 T
cell would be capable of recognizing more than 1,000,000 dif-
ferent peptides as well as or better than the index PPI, , sequence
used to kill human pancreatic B cells (Supplemental Figure 5).
These results suggest that 4C6 T cells might be capable of strongly
cross-reacting with a peptide sequence derived from a pathogen.

J Clin Invest. 2024;134(18):e164535 https://doi.org/10.1172/)C1164535
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Figure 3. Structural analysis of the 4C6
TCR with superagonist and PPI peptides.
(A) Structure of HLA A*24:02-QLPRLFPLL.
Peptide shown as gray sticks, with MHC
a-helix (gray) shown for orientation. Dotted
lines represent VdW interactions. (B) Struc-
ture of 4C6-HLA A*24:02-LWMRLLPLL.
Peptide shown as green sticks, with MHC
a-helix (gray) shown for orientation. Dotted
lines represent VdW interactions. (C)
Top-down view of 4C6 TCR “footprint” on
HLA A*24:02-LWMRLLPLL. 4C6 CDR loops
shown as colored cartoon, with the peptide
shown as green sticks. Green line and num-
ber indicate crossing angle. (D) Close-up of
4C6:HLA A24:02-LWMRLLPLL structure
focusing on residues Arg4 and Leu5 (green
sticks), which form a peg-in-hole formation
inside the 4C6 TCR (lines and surface). (E
and F) LWMRLLPLL peptide residues Arg4
(E) and Leus5 (F) shown as green sticks.
Important 4C6 TCR residues are labeled.
Black dotted lines indicate VdW interac-
tions. Red dotted lines indicate hydrogen
bonds. (G) Heatmap of 4C6 TCR contacts
with the LWMRLLPLL peptide.

Peptides-derived from human pathogens act as strong agonists of
the 4C6 T cell. The above structural data and the CPL data in Fig-
ure 1B suggest that the 4C6 T cell will respond to many peptides
of 9 amino acids in length with the motif X-H/K/L/M/N/W/Y-X-
P/R-L-X-X-X-A/F/1/L/M/V/W. Our proteomic database compil-
ing bacterial species known to be human pathogens (22) contains
678,578 different peptides that incorporate this motif, which fur-
ther highlights the high capacity for activation of the 4C6 T cell by
molecular mimicry. We next examined this aspect in more detail
as recently undertaken for HLA A*02:01-restricted insulin-specif-
ic TCR InsB4 (22). Testing of the top 20 peptides from a database
of viral proteins showed that although 3 of 20 acted as agonists,
none of these were more potent than the index PPI, sequence
(data not shown). Sixteen of the top 20 peptides predicted from the
fungal pathogen proteomic database acted as 4C6 agonists, with
one from Cryptococcus being almost 10,000 times more potent
than the index PPI, | sequence in peptide titrations (Supplemental
Figure 6). Searching of the much larger proteomic database from
pathogenic bacteria produced the most 4C6 agonists, with 9 of the
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-11.11 . SLPPLAPLL ~ 22x10% Pseudomonas fluorescens  Peptidase

Figure 4. 4C6 T cells cross-react with peptides derived from bacterial proteomes. PS-CPL data for 4C6 (Figure 1) was used to screen a database of
infectious bacteria and the top 20 peptides selected for testing. (A) Peptide titrations using 4C6 with the top 20 bacteria peptides (listed in B). Incubation
overnight with CIR-HLA A*24:02 as antigen-presenting cells. Assay supernatants used for MIP-1B ELISA. Data points shown for duplicate conditions. (B)
Peptide sequence and origin. Scoring indicates prediction of how likely the peptide is to be recognized by 4C6 T cells, with the best-scoring peptide at the
top. EC,, of activation in bold indicates peptides that acted as superagonists of the 4C6 T cell (ligand more potent than natural insulin sequence). One of
the peptides gave no response (NR), and 2 of them gave ambiguous EC,; values (~) according to GraphPad Prism. (C) Staining of 4C6 T cell clone with pMHC
tetramers bearing CMV irrelevant epitope (AYAQKIFKIL), PPI (LWMRLLPLL), superagonist (QLPRLFPLL), and K. oxytoca (RYPRLFGIV and SLPRLFPLL) PE
tetramers. Staining performed without PKI. Mean fluorescence intensity of staining is shown. Stained for CD8 APC-Vio770 and the viability stain VIVID.

20 top predicted peptides being more potent activators of the 4C6
T cell than the index PPI-derived sequence (Figure 4, A and B).
All but one of these 9 superagonist ligands included the expected
Arg4/Leu5 peg. The remaining peptide, sequence NLLPLAPLF
from Pseudomonas aeruginosa, included a proline residue in posi-
tion 4 that showed as a second option at this position in the CPL

screen (Figure 1B). It was striking that all the most potent bacterial
agonists (RYPRLFGIV, SLPRLFPLL, RYPRLFGIL, and RYPRLF-
PLL), like the NMPRLFPIV and QLPRLFPLL superagonists (Fig-
ure 2B) and the strongest fungal agonist (Cryptococcus-derived
LLPRLFGLF) (Supplemental Figure 6), contained a central PRLF
motif at positions 3-6, suggesting that the ringed amino acid
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Figure 5. K. oxytoca peptides are real epitopes and prime PPI-reac-
tive T cells from a healthy donor. (A) Genes encoding enterochelin
esterase (also known as DUF3327 containing protein) (gene: fes) or
glutathione ABC transporter ATP-binding protein (gene: gsiA) from
K. oxytoca were expressed in C1R cells (with or without HLA A*24:02)
using lentivirus, then used in overnight activation assays with PPI
LWMRLLPLL peptide-reactive CD8* T cell clone 4C6. Irrelevant pro-
tein IMP2 (gene: IGF2BP2) was used as a negative control. Peptides
(10" M) RYPRLFGIV from enterochelin esterase and SLPRLFPLL
from glutathione ABC transporter ATP-binding protein were used

as positive controls. Supernatants used for MIP-1B and TNF ELISA.
Error bars represent standard deviation of triplicate conditions.

(B) Purified CD8* T cells from an HLA A*24* healthy donor (BB51)
were primed with K. oxytoca (Kleb) SLPRLFPLL or PPI LWMRLLPLL
peptides at 10~° M. Unprimed T cells were cultured without peptide.
The lines were stained with HLA A*24:02-irrelevant (AYAAAAAAL),
Kleb SLPRLFPLL, and PPI tetramers. Percentages are for viable CD3*

tetramer- cells.

teomes of bacteria known to be pathogenic to humans have

the capacity to be recognized by 4C6 T cells with a higher
potency than the insulin-derived LWMRLLPLL sequence.
Overall, these data highlight the fact that pathogen-derived
sequences can act as strong superagonists of T cells bearing
the 4C6 TCR through molecular mimicry. It was impossible to

study the huge number of peptide sequences within the pro-
teome of pathogenic bacteria with potential to act as super-
agonists for T cells with 4C6-like TCRs. We therefore chose
to focus on the K. oxytoca-derived peptides as an example for
subsequent experiments while remaining mindful of the fact
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side-chains at positions 3 and 6 might play a role in optimal TCR
engagement by supporting the Arg4/Leu5 peg as shown in Sup-
plemental Figure 4A. Indeed, there were 865 peptides within the
proteomes of the 1,034 different bacterial species most commonly
infecting humans that contained the X-H/K/L/M/N/W/Y-P-R-L-
F-X-X-A/¥/1/L/M/V/W motifincorporating the position 3-6 PRLF
seen in the very strongest agonists and allowing binding to HLA
A*24:02. The strongest activating bacterial ligand tested, SLPRLF-
PLL derived from Klebsiella oxytoca, also contained a central PRLF
core and was almost 30,000 times more potent than PPI,_ (EC50
5.6 x 10" M compared with 1.9 x 107 M with >95% pure peptide;
Supplemental Figure 7). The sequence of this peptide, SLPRLF-
PLL, differs from the LWMRLLPLL PPI,_, sequence at 4 positions,
where in each case it uses an amino acid predicted to be preferable
in the CPL screen in Figure 1B; this include Leu2 as was the case
for QLPRLFPLL superagonist peptide, where it might have effects
on the HLA A*24:02-peptide complex similar to those described
in Supplemental Figure 4. Tetramer staining of 4C6 T cells with
HLA A*24:02 loaded with SLPRLFPLL and another K. oxytoca-
derived peptide (RYPRLFGIV) further confirmed that the 4C6
TCR engaged these pathogen-derived epitopes (Figure 4C). Giv-
en the 678,578 bacterial peptides that contain the motif described
above and the 18 peptides in Figure 4B that elicited a response,
we estimate that in excess of 100,000 peptides found in the pro-
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that the chances of any chosen sequence from such a large list

of possibilities being biologically relevant to T1D were small.

It was first important to establish that candidate sequences

could be genuinely processed from bacterial protein and pre-
sented at the cell surface in the context of HLA A*24:02.

K. oxytoca-derived peptides are real T cell epitopes. In order to
confirm that K. oxytoca SLPRLFPLL and RYPRLFGIV peptides
could be processed from their respective proteins (amino acid
sequences in Supplemental Figure 8A) and presented on HLA
A*24:02to T cells, we lentivirally cotransduced HLA A*24:02 and
fes or gsiA genes from K. oxytoca into 3 different HLA A*24:02-neg-
ative cell lines (C1R, THP-1, and A549), thereby creating “surro-
gate” infected cells. Transduction with human IGF2BP2 was
used as a control. Each K. oxytoca gene transductant was capable
of activating the 4C6 CD8* T cell clone in the presence of HLA
A*24:02, with similar results for all 3 cell lines used (Figure 5A
and Supplemental Figure 8B). The gsiA gene, encoding glutathi-
one ABC transporter ATP-binding protein, which contains the
SLPRLFPLL epitope, was capable of inducing MIP-1p and TNF
to levels comparable with 10 uM exogenous Klebsiella peptide
(Figure 5A and Supplemental Figure 8B). The fes gene, encoding
enterochelin esterase protein (RYPRLFGIV peptide), induced
MIP-1p but not TNF; and as MIP-1 is a more sensitive T cell assay
output than TNF (35, 36), these data could be a reflection of the
reduced potency of 4C6 toward the RYPRLFGIV peptide com-
pared with SLPRLFPLL (Figure 4), or differences in the processing
and presentation of the epitopes from their respective proteins. As
SLPRLFPLL peptide from K. oxytoca was the most potent of the
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Figure 6. Klebsiella tetramers co-select PPI-specific T cells in nondiabetic donors. (A) PBMCs from 8 HLA A*24* healthy donors were enriched in parallel
with HLA A*24:02 Klebsiella SLPRLFPLL or CMV-AYAQKIFKIL PE-conjugated tetramers and anti-PE magnetic beads. After 2 weeks of expansion with
allogeneic PBMCs and PHA, the T cell lines were stained with irrelevant (HLA A24:02 AYAAAAAAL; not shown in the schematic), PPl (L(WMRLLPLL), and
Klebsiella or CMV (depending on the enrichment) tetramers. (B) Tetramer staining of enriched T cell lines from donor BB64. Percentage tetramer* is shown.
(C) Percentage of Kleb, PPI, and irrelevant tetramer staining for Kleb tetramer-enriched lines from 7 of 8 donors. Donor BB72 did not have Kleb T cells, so
those data are not shown. Donor BB64 staining is shown in B. Performed as single-staining conditions. (D) Percentage of CMV, PPI, and irrelevant tetramer
staining for CMV tetramer-enriched lines from 7 of 8 donors. Donor BB64 staining shown in B. Performed as single-staining conditions.

pathogen derived peptides at activating 4C6 (Figure 5A and Sup-
plemental Figure 8B) and exhibited enhanced stimulation of 4C6
compared with the K. oxytoca RYPRLFGIV peptide in the epitope
validation experiments (Figure 5A), we concentrated on SLPRLF-
PLL for downstream experiments.

Klebsiella and PPI cross-reactivity exists in other T1D patients.
We next looked at 2 other HLA A*24* donors with T1D (CCPO-
1406 and T1D-12) to establish whether the PPI cross-reactivity
with Klebsiella observed in the patient that 4C6 was grown from
(14) existed in other patients. Magnetic enrichment with PPI-
LWMRLLPLL tetramers from the PBMCs of patient CCPO-1406,
or cultured T-cells from patient T1D-12, revealed T-cells that also
stained with Klebsiella SLPRLFPLL tetramers, suggesting that
the cross-reactivity we describe is not exclusive to the patient we
derived the 4C6 T-cell from (Supplemental Figure 8C).

Next, we used the K. oxytoca SLPRLFPLL epitope as an exam-
ple of a naturally occurring superagonist peptide sequence and
were interested in whether T cell cross-reactivity between Klebsi-
ella and PPI also exists in healthy HLA A*24* donors. We primed
CD8" T cells from HLA A*24* donor BB51 with the Kiebsiella-
derived sequence and showed that the resultant T cell line also
bound tetramers made with the PPI epitope (Figure 5B). We then
used tetramers and magnetic sorting (25) to make enriched T cell
lines from donor BB51 and other HLA A*24* nondiabetic healthy

donors. Kiebsiella SLPRLFPLL- and CMV AYAQKIFKIL-binding
T cells were isolated from donor PBMCs with tetramer and then
cultured so that there were enough cells to work with (Figure 6A).
The resulting T cell lines stained with respective enriching (Kleb-
siella or CMV) and PPI tetramers. Klebsiella tetramer-enriched
cell lines from 7 of 8 donors stained positive for Klebsiella and
PPI tetramers (Figure 6, B and C, and Supplemental Figure 9),
whereas none of the CMV tetramer-enriched lines from the same
donors stained with PPI tetramer (Figure 6, B and D, and Supple-
mental Figure 9). Cells derived from the eighth donor (BB72) did
not stain with Klebsiella or CMV tetramers (data not shown). It is
possible that the donor was not HLA A*24* based on the cross-
reactivity of the antibody used for HLA typing (antibody clone
4194 also binds HLA A*23). The Klebsiella tetramer also coselected
T cells that stained with the second Klebsiella epitope, RYPRLFGIV
(Supplemental Figure 9). Overall, in cells from 5 of 7 donors (BB25,
BB52, BB64, BB51, and BB57), the percent tetramer” staining with
the Klebsiella (SLPRLFPLL and RYPRLFGIV) and PPI (LWMRLL-
PLL) epitopes was similar; whereas for donor BB31, the enriching
SLPRLFPLL epitope stained more (41.6%) than with RYPRLF-
GIV (15.3%) and LWMRLLPLL (14.8%) tetramers. Similarly, cells
derived from donor 572D stained more with SLPRLFPLL (3.6%)
than with RYPRLFGIV (1.12%) and LWMRLLPLL (2.13%) (Figure
6, B and C, and Supplemental Figure 9). This suggests that in the
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Figure 7. T cell lines enriched with Klebsiella peptide recognize and kill HLA A*24:02* target cells expressing
PPI. T cell lines created from healthy HLA A*24* donors by enrichment with HLA A*24:02 Klebsiella-SLPRLF-
PLL tetramers were found to be cross-reactive with LWMRLLPLL from PPI. CMV (AYAQKIFKIL) T cell lines
from the same donors were used in parallel. Left and middle: T cells lines were incubated with K562s express-
ing HLA A*24:02 (K562 A24) with or without PPI (K562 A24 PPI). Reactivity toward 10°¢ M PPI peptide was
assessed using C1R HLA A*24:02 (C1R A24) as antigen-presenting cells. CD3/CD28 beads used as a positive
control for T cell activation. Data points shown for duplicate conditions. Right: T cell lines from BB57 incubat-
ed (6 hours) with chromium 51-labeled K562 A24 and K562 A24 PPI cells. Background killing with K562 A24
cells was subtracted from killing with K562 A24 PPI cells. Performed in triplicate with error bars showing SEM.

case of all donor cell lines from which we were able to culture Kleb-
siella peptide-specific T cells, these T cells could also engage the
PPI-derived peptide LWMRLLPLL in the context of HLA A*24:02.
Indeed, across the cohort, most of the Klebsiella peptide-reactive
T cells also recognized the PPI epitope.

Healthy donor Klebsiella epitope-enlisted T cells kill surrogate
pancreatic f§ cells. The Klebsiella peptide T cell lines from donors
BB52 and BB57 were tested in activation assays with surrogate
pancreatic islets cells (K-562 cells expressing HLA A*24:02 and
PPI), which were recognized by the T cells at levels similar to
those seen with exogenous PPI peptide (Figure 7). We also test-
ed the Klebsiella and CMYV lines from donor BB57 in cytotoxicity
assays, which showed that the PPI-reactive cells induced with a
Klebsiella peptide were able to kill surrogate pancreatic islet cells
(Figure 7). Overall, these data demonstrate that T cells that can
be primed and grown from healthy donor PBMCs using a peptide
sequence from K. oxytoca also recognized and killed surrogate
pancreatic cells through the PPI epitope. The common cross-
recognition of insulin by Klebsiella peptide-derived T cells sug-
gested that there may be a common mode of binding of these pep-
tides across the population and the existence of a “public” TCR
chain, so we next examined the sequence of these cross-reactive
TCRs in multiple donors.

Klebsiella and PPI cross-reactive TCRs from healthy donors exhib-
it similarities to 4C6. TCR sequencing of Klebsiella and PPI tetra-
mer T cell line populations from 4 of the healthy donors (BB51,
BB52, BB57 and BB64) revealed seven cross-reactive TCRs, with
1-4 TCRs per donor (Supplemental Figure 10). There was little
evidence of monospecific TCRs for only the Klebsiella-derived
peptide used to initially select the T cells, as 96%-100% of the
Klebsiella TCRs from each donor also bound the PPI tetramer (Sup-
plemental Figure 10). This is consistent with the similar percent-
ages of tetramer staining for the Klebsiella and PPI peptides seen
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and His99p) with the healthy donor
TCRs. The 4C6 TCR and one of
the TCRs from the healthy donors
(BB57) both utilize TRAV5, so the
CDRIlo amino acid residues of the
4C6 TCR (Asp27a, Ser29a, Ser30a
and Tyr32a) that bind the PPI pep-
tide may also assist in epitope recog-
nition by the BB57 TCR (Supplemen-
tal Figure 10). Similarities in CDR3a
between the 4C6 and healthy donor
TCRsincluded a non-germline proline residue in donors BB52 and
BB64 (Supplemental Figure 10). This Pro93a residue of the 4C6
TCR forms 3 interactions with Arg4 of the PPI peptide (Figure 3E).
There were other similarities associated with CDR30, suggesting
that the mode of TCR binding to HLA A*24:02-LWMRLLPLL may
be similar across different donors (as indicated in Supplemental
Figure 10), but further sequence alignments or structures would
be required in order to designate any similarities as a TCR “motif.”

Discussion

CD8* T cells use their clonotypic TCR to interrogate the proteome
of other cells to find and eliminate anomalies that arise because
of cellular transformation or infection. This ingenious system is
made possible by the HLA-I presentation pathway, which presents
short peptides from intracellular proteins at the cell surface. Every
human has approximately 4 x 10" T cells, each expressing one of
approximately 10% unique TCRs, a number that is dwarfed by the
more than 10" foreign peptides that could theoretically be encoun-
tered (37-39). Pathogens evolve much faster than their mammali-
an hosts and could quickly adapt to exploit T cell blind spots; so
to be effective, T cell immunity must cover all possibilities (19).
Simple arithmetic dictates that a comprehensive immune system
requires T cells to be highly cross-reactive (19, 39). Indeed, we
previously showed that the T1D patient-derived, HLA A*02:01-
restricted, PPI-specific CD8* T cell clone 1E6 could recognize well
over 1 million different 10-mer peptides with a potency equivalent
to, or greater than, that of the index PPI sequence used to destroy
human B cells (20).

Here we investigated the T1D patient-derived TCR 4C6,
which kills human B cells via presentation of PPI_: sequence
LWMRLLPLL by HLA A*24:02, an HLA-I known to be enriched
in patients with T1D (7). SPR binding data showed that the 4C6-
HLA A*24:02-LWMRLLPLL interaction was relatively weak (K
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~130 uM) but nonetheless higher than usually observed for auto-
immune TCRs (25). Our initial, extensive attempts to crystallize
the 4C6 TCR with its cognate PPI-derived ligand failed. Func-
tional analysis of the 4C6 T cell clone showed that it exhibited
a preference for peptides of 9 amino acids in length. The data
from a 9-mer CPL screen was used to generate a superagonist
peptide, QLPRLFPLL, that was more than 100,000 times more
potent at activating 4C6 T cells than the natural insulin-derived
epitope in titration assays when using peptides of >95% purity.
The QLPRLFPLL superagonist peptide bound to the 4C6 TCR
with more than 20-fold-higher affinity than the natural PPI-
derived peptide epitope. The higher affinity of interaction with
the superagonist peptide allowed us to generate 4C6 TCR-ligand
crystals (29). As the peptide in TCR:peptide-HLA complexes is
sandwiched between the TCR and HLA and not solvent exposed,
we reasoned that this might allow us to use the QLPRLFPLL-con-
taining crystals as seeds for growing crystals of the much weaker
4C6-HLA A*24:02-LWMRLLPLL interaction. Seeds expedite
the formation of a crystal lattice from a supersaturated solution
by providing a preformed lattice to precipitate upon, removing
reliance on random diffusion for nucleation. Seeding allowed
us to generate 4C6-HLA A*24:02-LWMRLLPLL cocrystals that
diffracted at 2.48 A. This technique — in which TCRs in complex
with strong superagonist ligands, binding at a K, range of 0.1-10
uM (25, 40) are used to seed crystals with weaker ligands — might
provide a way to generate structures of TCRs with other autoim-
mune antigens that tend to bind weakly (K, >100 uM) (25), mak-
ing them notoriously difficult to crystallize.

The 4C6-HLA A*24:02-LWMRLLPLL structure showed that
residues Arg4 and Leu5 of PPI,, protruded toward the TCR to
form a peg-in-hole network of bonding interactions that account-
ed for 72% of contacts between the TCR and peptide, including all
the hydrogen bonds. The greater than 20-fold-higher affinity with
the QLPRLFPLL superagonist peptide was likely due to a com-
bination of factors, including greater stabilization of the Arg4/
Leu5 peg because of the optimal Leu2 peptide anchor; increased
intrapeptide bonds between Pro3 and Phe6 compared with Met3
and Leu6 in the index peptide; as well as enthalpically favorable
thermodynamics, promoting a net increase in electrostatic bond
formation during binding. It is also possible that the structurally
silent peptide anchor differences allosterically modulated TCR
binding, as described for position 2 variants of an HLA A*02:01-
restricted epitope from gpl00 (41). Overall, the Arg4/Leu5 peg
served as a TCR binding “hot spot” in a manner analogous to the
GPD motif in 10-mer peptides recognized by the HLA A*02:01-
restricted 1E6 TCR (31, 42) and suggested that T cells expressing
the 4C6 TCR might be capable of responding to a large number of
9-mer peptides in the context of HLA A*24:02.

Biased sampling of the 9-mer peptide universe estimated
that more than 1,000,000 peptides might act as agonists of the
4C6 T cell clone with a potency equivalent to or better than that
of the PPI_, index sequence. This estimate is a similar to that we
produced for the recognition of 10-mer peptides in the context of
HLA A*02:01 by the 1E6 TCR (20) and in line with theoretical pre-
dictions made more than 25 years ago by Mason (39). Our biased
sampling of our proteome database of bacteria that are known
human pathogens suggested that it contains more than 100,000
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peptide sequences that would act as more potent agonists for the
4C6 T cell than the insulin index sequence. Searching of pathogen
proteomics databases with the algorithm developed by Szomolay
and colleagues (23) and recently accelerated and refined to run on
graphics processing units (22) revealed several pathogen-derived
amino acid sequences that acted as very strong agonists of the
4C6 T cell. One peptide, derived from the proteome of K. oxytoca,
was almost 30,000 times more potent than the index PPI-derived
sequence. The two strongest agonists of the 4C6 TCR tested con-
tained an optimal leucine at position 2 and a PRLF motif at posi-
tions 3-6. Bayesian refinement of epitope searching algorithms to
include these findings could result in discovery of further strong
pathogen-derived agonists for 4C6 TCR-expressing T cells.

We next examined whether cross-reactivity between bacterial
and PPIpeptides might be a common feature in HLA A*24* healthy
donors using the K. oxytoca-derived sequence SLPRLFPLL as
an example. We were able to prime PPI-reactive T cells from the
PBMCs of an HLA A*24* healthy donor using the Klebsiella-derived
sequence SLPRLFPLL. Additionally, HLA A*24:02-SLPRLFPLL
tetramers were used to isolate T cells from 7 of 8 donors whose
PBMCs stained with antibody clone 4i94 (specific for HLA A*24
and A*23). In all cases the SLPRLFPLL-specific T cell lines also
stained with tetramers made with the PPI,  sequence, which sug-
gested that such cross-reactivity can occur commonly. We had
enough cells from two donors to show that the SLPRLFPLL-gen-
erated T cell lines, but not those generated with the CMV-derived
epitope AYAQKIFKIL, reacted toward and killed HLA A*24:02*
targets expressing PPIL.

In summary, we demonstrate the molecular mechanism by
which a T1D patient-derived TCR engages the PPI,  epitope to
kill human B cells and show how focused binding with residues 4
and 5 of the LWMRLLPLL epitope allowed this TCR to strongly
interact with some pathogen-derived peptide sequences. These
results provide a mechanism by which T cells with such TCRs
might become “armed and dangerous” and trigger autoimmune
attack via molecular mimicry (Supplemental Figure 11).

Methods
All procedures are described in detail in Supplemental Methods.

Sex as a biological variable. Sex was not considered as a biological
variable, and we report similar results for 7 of 8 nondiabetic donors
and all 3 participants with T1D.

Study approval. Donors recruited via the Welsh Blood Service
gave written informed consent as part of the donation procedure,
and samples were used under local ethical approval granted by the
Cardiff University School of Medicine Research Ethics Committee
(reference 18/56). Participants with T1D were recruited to the clini-
cal study Characterisation of the Immune Response to SARS-CoV-2
Infection and Other Common Human Pathogens in Type 1 Diabetes
following receipt of written informed consent (IRAS ID 253888; Clin-
icalTrials.gov NCT04729452). Ethical permissions were granted by
Wales REC5 (Bangor University, Bangor, United Kingdom), and the
study sponsor was the Cwm Taf Morgannwg University Health Board,
Mountain Ash, United Kingdom.

Data availability. Structural data are available via the Protein Data
Bank (https://www.rcsb.org; PDB entries 7NMD, 7NME, 7MNF and
7MNG as listed in Supplemental Table 1. Biological data sets are pre-
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sented in the Supporting data values file. Other data are available from
the corresponding author upon reasonable request.

Author contributions

AKS and GD conceived the study. GD, AB, AW, HT, JRH, CR,
SAEG, AF, LRT, TM, NO, KT, MSH, B Szomolay, OBS, and DKC
designed research studies, conducted experiments and acquired
data. GD, AB, AW, TW, B. Szomolay, HT, HAVDB, MP, DKC, PJR,
and AKS analyzed the data. DKV and MP provided critical reagents.
AKS, GD, AW, B Szomolay, HAVDB, and PJR wrote the manuscript.
LCJ was the chief clinical investigator; designed and the clinical
protocol, paperwork and ethical application for the work involving
patients with type I diabetes; recruited patients, and carried out
the clinical protocol. Clinicians SJ, NDS, and THH were involved in
recruiting patients from clinics. More than 80% of the data herein
were generated by GD, AB, and AW, who were assigned equal con-
tribution. GD performed or supervised all the cellular experiments
shown. AB undertook the SPR data and generated crystals and x-ray
data of the 4C6 TCR with PPI and superagonist peptide. AW solved
the 4C6 TCR complex structures, set crystals, solved the structures
for the superagonist monomer, and made the structural figures.

RESEARCH ARTICLE

Acknowledgments

AKS is a Wellcome Investigator (220295/Z/20/Z). Equipment
for this work was provided by the UK Biotechnology and Biolog-
ical Sciences Research Council (grant BB/H001085/1). AW was
partly supported by the Life Sciences Research Network Wales.
PJR was supported by a Research Councils UK (RCUK) fellow-
ship. LCJ was funded by Health and Care Research Wales. We
acknowledge Diamond Light Source for time on Beamlines 103
and I04 under proposals MX-10462 and MX-18812. We would like
to thank participants with T1D and their guardians for taking part
in the study; and Aimee Grimwood, Rachel Morris, and all staff at
the Children and Young People Outpatient Department, Princess
of Wales Hospital and Ashgrove Surgery. We are also grateful to
the Cwm Taf Morgannwg University Health Board, Research and
Development Department. See Supplemental Acknowledgments
for details on the TIRID Consortium.

Address correspondence to: Andrew K. Sewell, Cardiff University
School of Medicine, Henry Wellcome Building, University Hospi-
tal Wales, Heath Park Campus, Cardiff CF14 4XN, Wales, United
Kingdom. Phone: 44.2920.687055; Email: sewellak@cardiff.ac.uk.

1. Daar AS, et al. The detailed distribution of HLA-
A, B, C antigens in normal human organs. Trans-
plantation. 1984;38(3):287-292.

2. Bottazzo GF, et al. In situ characterization of
autoimmune phenomena and expression of HLA
molecules in the pancreas in diabetic insulitis.

N Engl ] Med. 1985;313(6):353-360.

3. Foulis AK, et al. Aberrant expression of class I
major histocompatibility complex molecules by B
cells and hyperexpression of class I major histo-
compatibility complex molecules by insulin con-
taining islets in type 1 (insulin-dependent) diabe-
tes mellitus. Diabetologia. 1987;30(5):333-343.

4.Ttoh N, et al. Mononuclear cell infiltration and
its relation to the expression of major histocom-
patibility complex antigens and adhesion mole-
cules in pancreas biopsy specimens from newly
diagnosed insulin-dependent diabetes mellitus
patients. J Clin Invest. 1993;92(5):2313-2322.

5. Serreze DV, et al. Major histocompatibility
complex class I-deficient NOD-B2mnull mice
are diabetes and insulitis resistant. Diabetes.
1994;43(3):505-509.

6. Wicker LS, et al. Beta 2-microglobulin-deficient
NOD mice do not develop insulitis or diabetes.
Diabetes. 1994;43(3):500-504.

7. Nejentsev S, et al. Localization of type 1 diabetes
susceptibility to the MHC class I genes HLA-B
and HLA-A. Nature. 2007;450(7171):887-892.

8. Noble JA, Valdes AM. Genetics of the HLA region
in the prediction of type 1 diabetes. Curr Diab
Rep. 2011;11(6):533-542.

9. Marron MP, et al. Functional evidence for the
mediation of diabetogenic T cell responses by
HLA-A2.1 MHC class I molecules through trans-
genic expression in NOD mice. Proc Natl Acad Sci
USA.2002;99(21):13753-13758.

10. Schloss J, et al. HLA-B*39:06 efficiently mediates
type 1 diabetes in a mouse model incorporating
reduced thymic insulin expression. J Immunol.
2018;200(10):3353-3363.

J Clin Invest. 2024;134(18):e164535 https://doi.org/10.1172/)C1164535

11. Willcox A, et al. Analysis of islet inflammation
in human type 1 diabetes. Clin Exp Immunol.
2009;155(2):173-181.

12. Coppieters KT, et al. Demonstration of islet-
autoreactive CD8 T cells in insulitic lesions
from recent onset and long-term type 1 diabetes
patients. ] Exp Med. 2012;209(1):51-60.

13. Rodriguez-Calvo T, et al. One in Ten CD8"
cells in the pancreas of living individuals
with recent-onset type 1 diabetes recognizes
the preproinsulin epitope PPI_ .. Diabetes.
2021;70(3):752-758.

14. Kronenberg D, et al. Circulating preproinsulin

15-24°

signal peptide-specific CD8 T cells restricted by
the susceptibility molecule HLA-A24 are expand-
ed at onset of type 1 diabetes and kill p-cells.
Diabetes. 2012;61(7):1752-1759.

15. Skowera A, et al. CTLs are targeted to kill beta
cells in patients with type 1 diabetes through
recognition of a glucose-regulated preproinsulin
epitope. J Clin Invest. 2008;118(10):3390-3402.

16. Moriyama H, et al. Evidence for a primary islet
autoantigen (preproinsulin 1) for insulitis and
diabetes in the nonobese diabetic mouse. Proc
Natl Acad Sci U S A.2003;100(18):10376-10381.

17. Zhang L, et al. Insulin as an autoantigen in
NOD/human diabetes. Curr Opin Immunol.
2008;20(1):111-118.

18. Elso CM, et al. Replacing murine insulin 1 with
human insulin protects NOD mice from diabetes.
PL0S One. 2019;14(12):¢0225021.

19. Sewell AK. Why must T cells be cross-reactive?
Nat Rev Immunol. 2012;12(9):669-677.

20. Wooldridge L, et al. A single autoimmune T cell
receptor recognizes more than a million different
peptides. ] Biol Chem. 2012;287(2):1168-1177.

21. Ekeruche-Makinde J, et al. Peptide length deter-
mines the outcome of TCR/peptide-MHCI
engagement. Blood. 2013;121(7):1112-1123.

22. Whalley T, et al. GPU-accelerated discovery of
pathogen-derived molecular mimics of a T cell

2

24.

2

26.

27.

28.

29.

30.

3

32.

3

w

5.

—_

w

insulin epitope. Front Immunol. 2020;11:296.

. Szomolay B, et al. Identification of human viral

protein-derived ligands recognized by individ-
ual major histocompatibility complex class I
(MHCI)-restricted T cell receptors. Immunol Cell
Biol. 2016;94(6):573-582.

Dolton G, et al. More tricks with tetramers: a prac-
tical guide to staining T cells with peptide-MHC
multimers. Immunology. 2015;146(1):11-22.
Dolton G, et al. Optimized peptide-MHC multi-
mer protocols for detection and isolation of auto-
immune T cells. Front Immunol. 2018;9:1378.
Lissina A, et al. Protein kinase inhibitors substan-
tially improve the physical detection of T cells
with peptide-MHC tetramers. ] Immunol Meth-
0ds.2009;340(1):11-24.

Rius C, et al. Peptide-MHC class I tetramers can
fail to detect relevant functional T cell clonotypes
and underestimate antigen-reactive T cell popu-
lations. ] Immunol. 2018;200(7):2263-2279.
Laugel B, et al. Design of soluble recombinant

T cell receptors for antigen targeting and T cell
inhibition. ] Biol Chem. 2005;280(3):1882-1892.
Bulek AM, et al. TCR/pMHC optimized pro-

tein crystallization screen. ] Immunol Methods.
2012;382(1-2):203-210.

Cole DK, et al. Modification of MHC anchor
residues generates heteroclitic peptides that alter
TCR binding and T cell recognition. J Immunol.
2010;185(4):2600-2610.

. Cole DK, et al. Hotspot autoimmune T cell

receptor binding underlies pathogen and
insulin peptide cross-reactivity. J Clin Invest.
2016;126(6):2191-2204.

Dyson J. T cell receptors: tugging on the anchor
for a tighter hold on the tumor-associated pep-
tide. Eur ] Immunol. 2015;45(2):380-382.

. Madura F, et al. Structural basis for ineffective

T cell responses to MHC anchor residue-
improved “heteroclitic” peptides. Eur J Immunol.

2015;45(2):584-591.
"



RESEARCH ARTICLE The Journal of Clinical Investigation

34. Madura F, et al. TCR-induced alteration of prima- 37. Arstila TP, et al. A direct estimate of the human 40. Cole DK, et al. Dual molecular mechanisms gov-
ry MHC peptide anchor residue. Eur ] Immunol. alphabeta T cell receptor diversity. Science. ern escape at immunodominant HLA A2-restrict-
2019;49(7):1052-1066. 1999;286(5441):958-961. ed HIV epitope. Front Immunol. 2017;8:1503.

35. Laugel B, et al. CD8 exerts differential effects on 38. Jenkins MK, et al. On the composition of the 41. Smith AR, et al. Structurally silent peptide anchor
the deployment of cytotoxic T lymphocyte effec- preimmune repertoire of T cells specific for pep- modifications allosterically modulate T cell rec-
tor functions. Eur J Immunol. 2007;37(4):905-913. tide-major histocompatibility complex ligands. ognition in a receptor-dependent manner. Proc

36. Tan MP, et al. T cell receptor binding affinity Annu Rev Immunol. 2010;28:275-294. Natl Acad Sci US A.2021;118(4):¢2018125118.
governs the functional profile of cancer- 39. Mason D. A very high level of crossreactivity is an 42. Bulek AM, et al. Structural basis for the killing of
specific CD8+ T cells. Clin Exp Immunol. essential feature of the T cell receptor. Immunol human beta cells by CD8(+) T cells in type 1 dia-
2015;180(2):255-270. Today.1998;19(9):395-404. betes. Nat Immunol. 2012;13(3):283-289.

12 J Clin Invest. 2024;134(18):e164535 https://doi.org/10.1172/)C1164535



	Graphical abstract

