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trans-phyla immunity against divergent
bacterial pathogens encoding CDCs.

Highlights
e CD4* T cells recognize a conserved bacterial epitope from
pneumolysin (Plysz7_441)

e Plyso7_441 is presented by the globally abundant HLA
allomorphs DPB1°02 and DPB1°04

e Ply4o7_441 is recognized by architecturally diverse TCRs in the
context of HLA-DPB1°04

e Cross-recognition of related epitopes generates trans-phyla
bacterial immunity
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SUMMARY

CD4* T cell-mediated immunity against Streptococcus pneumoniae (pneumococcus) can protect against
recurrent bacterial colonization and invasive pneumococcal diseases (IPDs). Although such immune re-
sponses are common, the pertinent antigens have remained elusive. We identified an immunodominant
CD4* T cell epitope derived from pneumolysin (Ply), a member of the bacterial cholesterol-dependent cyto-
lysins (CDCs). This epitope was broadly immunogenic as a consequence of presentation by the pervasive hu-
man leukocyte antigen (HLA) allotypes DPB1*02 and DPB1*04 and recognition via architecturally diverse
T cell receptors (TCRs). Moreover, the immunogenicity of Ply,,7_444 was underpinned by core residues in
the conserved undecapeptide region (ECTGLAWEWWR), enabling cross-recognition of heterologous bacte-
rial pathogens expressing CDCs. Molecular studies further showed that HLA-DP4-Ply4,7_441 Was engaged
similarly by private and public TCRs. Collectively, these findings reveal the mechanistic determinants of
near-global immune focusing on a trans-phyla bacterial epitope, which could inform ancillary strategies to

combat various life-threatening infectious diseases, including IPDs.

INTRODUCTION

Streptococcus pneumoniae (pneumococcus) is a bacterial path-
ogen responsible for a high burden of morbidity and mortality
worldwide.” Pneumococcus causes a variety of illnesses,
ranging in severity from acute otitis media and sinusitis to life-
threatening conditions such as meningitis, pneumonia, and
septicemia, which are collectively known as invasive pneumo-
coccal diseases (IPDs).?° Natural colonization of the nasopha-
ryngeal mucosa is often asymptomatic and occurs commonly
during the first year of life, eventually declining with age to car-
riage rates of <65% in children” and <10% in adults.®° Each
strain can persist for weeks to months after acquisition, and
each colonization event typically elicits adaptive cellular and
humoral immunity.'%"® Antibody responses targeting pneumo-
coccal capsular polysaccharides are highly protective and un-
derpin the efficacy of licensed conjugate vaccines against
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IPDs."*'® However, recent lines of evidence have also indicated
an important role for naturally acquired pneumococcal-protein-
specific immunity, which could help prevent successive coloni-
zation events and various disease manifestations in a sero-
type-independent manner.'®

The pneumococcal virulence factor pneumolysin (Ply) has
been tested in detoxified form (dPly) as a potential serotype-in-
dependent vaccine candidate to protect against IPDs.'”""?
This cytotoxin belongs to a large family of bacterial pore-forming
cholesterol-dependent cytolysins (CDCs),”**' which bind
cholesterol-rich eukaryotic cell membranes via a tryptophan-
rich undecapeptide loop (ECTGLAWEWWR)*** and subse-
quently assemble into transmembrane pores to initiate cell
death.?>?>?® Other roles have also been attributed to CDCs.
For example, Ply can interfere with host defense mecha-
nisms?°~*" and elicit antibody responses, which protect against
further episodes of pneumococcal colonization,*%-%%:33
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Immunity

CD4* T cellimmunity against pneumococcus has been charac-
terized previously in mice. Several immunodominant epitopes
have been identified in Ply,>* and pneumococcus-specific re-
sponses with T helper-17 (Th17)-like functionality have been asso-
ciated with protection.>> " Moreover, a key role for CD4* T cells in
the overall immune response against S. pneumoniae has been
demonstrated in murine models, where increased bacterial loads
are observed in the lungs of major histocompatibility complex
(MHC) class-lI-deficient mice, and reduced pneumococcal coloni-
zation is observed in antibody-deficient mice.®*>*%9 |t has none-
theless remained unclear to what extent these paradigms apply in
the context of human immunity, despite the fact that natural colo-
nization events have been shown to induce Ply-specific CD4*
T cells that secrete interleukin-17 (IL-17).8403

Inthis study, we identified a highly immunogenic pneumococcal
CD4* T cell epitope derived from the undecapeptide region of Ply,
which is conserved across many other bacterial CDCs.?" This
epitope was targeted by a vast majority of healthy adults as a
consequence of presentation by the broadly expressed human
leukocyte antigen (HLA) allotypes DPB1*02 and DPB1*04 and im-
mune recognition via a diverse array of public (shared) and private
(unique) o T cell receptors (TCRs). Cross-species immune recog-
nition of this communal epitope was further enabled by the
featured nature of the antigenic complex, which provided common
points of contact for one representative public TCR and three
exemplar private TCRs. As a collective molecular framework,
these findings could inform the development of synergistic ap-
proaches to the prevention and/or treatment of bacterial diseases
associated with the production of CDCs.

RESULTS

CD4* T cells recognize an immunodominant
pneumolysin epitope

Ply is considered a potential candidate antigen for inclusion in a
pneumococcal protein vaccine. We assessed the immunoge-
nicity of a dPly by measuring antigen-specific proliferative re-
sponses in samples of human peripheral blood mononuclear
cells (PBMCs). Using a tritium thymidine (*HTdr) incorporation
assay with a defined stimulation index (SI) cutoff of >2, we found
that 81% of healthy donors (46/57) mounted proliferative re-
sponses against dPly (Figure 1A). We then used a 2D matrix
layout incorporating 18mer peptides overlapping by 12 amino
acids to screen the entire protein sequence of Ply for candidate
CD4* T cell epitopes (Figure S1A). Three immunogenic peptide
pools were identified among healthy donors (n = 10) (Figure S1B).
Further screens using individual peptides from these pools re-
vealed that S083-24 (Ply427-444) €licited proliferative responses
equivalent to those observed with dPly (Figure S1C). Of note,
this immunodominant peptide (ECTGLAWEWWRTVYEKTD)
spans the tryptophan (W)-rich region of Ply, incorporating the
so-called “undecapeptide” sequence (ECTGLAWEWWR), which
is functionally essential and highly conserved among CDCs.

In confirmatory experiments, we found that 72% of healthy do-
nors (34/47) mounted proliferative responses against Plyso7_444
(Figure 1B), and using a flow cytometric dye dilution assay, we
traced these responses to the CD4* T cell lineage (Figures 1C
and 1D). We also found that responsive CD4* T cells produced
IL-2 early after stimulation with Ply457_444 and subsequently pro-
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duced greater amounts of other cytokines, including interferon
(IFN)-vy, IL-5, IL-13, IL-17A, and IL-22 (Figure 1E).

The prevalence of CD4* T cell responses against Plyss7_444
among healthy donors suggested antigen presentation in the
context of multiple and/or very common HLA class Il allomorphs.
To map the relevant restriction element(s), we isolated three
CD4* T cell clones that responded to Plyss7_444 in vitro, namely
198-93 from healthy donor 193, and 226-2E and 226-5F from
healthy donor 226 (Table S1). Clonal proliferation in response
to stimulation with dPly-loaded autologous B-lymphoblastoid
cell lines (B-LCLs) was strongly inhibited by blocking antibodies
directed against HLA-DP but not by blocking antibodies directed
against HLA-DQ or HLA-DR (Figure 2A). The peptide-binding
specificity of HLA-DP is thought to be dictated largely by expres-
sion of the polymorphic HLA-DP B-chain (DPB) allele, given that
the HLA-DP a-chain (DPA) allele DPA1*01:03 is highly prevalent
in the general population.***® Using a panel of dPly-pulsed
B-LCLs genotyped for HLA-DPB1, we found that clone 226-2E
was most responsive to dPly-loaded HLA-DPB1*02:01, whereas
clone 226-5F responded to dPly-loaded HLA-DPB1*02:01 and
dPly-loaded HLA-DPB1*04:01, and clone 193-98 was most
responsive to dPly-loaded HLA-DPB1*04:01 (Figure 2B). The
allelic frequencies of HLA-DPB1*02:01 and HLA-DPB1*04:01 in
the global population range up to 0.3500 and 0.5160, respec-
tively,*® giving rise to highly abundant phenotypic frequencies
of up to 58%-77%.

Collectively, these data identify a highly immunogenic CD4*
T cell epitope spanning the undecapeptide region of dPly, which
elicits functionally diverse responses restricted by HLA-
DPB1*02 and/or HLA-DPB1*04.

Pneumolysin undecapeptide-specific CD4* T cells are
found after pneumococcal disease
To characterize the fine specificity of our CD4* T cell clones, we
synthesized variants of the Ply4»7_444 peptide, incorporating sin-
gle alanine substitutions or various truncations, and performed a
series of proliferation assays to test the impact of each modifica-
tion on immunogenicity. These experiments revealed that the
“core” epitopes were LAWEWWR for clone 226-2E, WEWWR
for clone 226-5F, and GLAWEWWRTV for clone 193-98 (Fig-
ure S2A). Moreover, several alanine substitutions were not toler-
ated within these core epitopes (Figure S2B), indicating that the
W-rich region was essential for CD4™ T cell recognition and/or
presentation by HLA-DPB1*02 and/or HLA-DPB1*04.
Sequence analysis further revealed that clones 226-5F and 193-
98 expressed identical TCR a-chain (TRA) and TCR B-chain (TRB)
gene segments (TRAV17/TRAJ32 and TRBV6-3/TRBJ2-7,
respectively), with similar CDR3a (CATDKKGGATNKLIF and CAT
DARGGATNKLIF, respectively) and CDR3B loops (CASSQ
GGGEQYF and CASSDGGEQYF, respectively), whereas clone
226-2E expressed a distinct TCR, comprising TRAV4/CLVDSD
GYALNF/TRAJ41 paired with TRBV7-2/CASSPPGVSGRLEQFF/
TRBJ2-1. Of note, the alanine substitution at position (p)4 of the
core epitope (LAWEWWR) abolished antigen recognition by clone
226-5F, which tolerated the corresponding substitutions at p3, p5,
p6, and p7. In contrast, the peptide reactivity of clone 193-98 was
highly sensitive to alanine substitution at p1, p3-p7, and p9,
despite expression of a similar TCR (Figure S2B).

Immunity 56, 1082-1097, May 9, 2023 1083




D ]
¢? CelPress Immunity
OPEN ACCESS
Cc PlY 407 444 PY,433.450 dPly
250K 250K 250K
5.60% 0.83%
200K |", - 200K 200K | =
3 5 okt _
E O 1kl S 150k | "}
p (7] B L T
) w o vl
5 100K | * 100K 4 100K
=
g 50K o o " 50K o 50K o
o T L T T ™ T ™y T T T o T il T T ™T
-0 0 10° 10* 10° -10° 0 10° 10* 10° 0% 0 10° 10* 10°
PI CellTrace
Vaz2r-a44 B Stmulated [ Mock
D * IFN- IL-5 IL-13
1007 * 25001 v 400 500
c
£ ]
Z £ 10] ] 2000 He 300 400
2 45 * ‘.
83 € 1500 -i- £ £ 300
e S 11 1 8 o E) S 200 2
B ° ff e 10001 we 200
§804] %5
£ 001 o © soo] *. 100 100
8 . .
0.01 S olat - ’ 0 e 0 -
o> & Q\‘\ A\»@ Daysps.1 4 7 1 4 7 1 4 7 Daysps.1 4 7 1 4 7 1 4 7 Daysps.1 4 7 1 4 7 1 4 7
\
Q\ﬁb'-”« Q\ﬁti’"’ o @06 Py 497440 PWaz3 450 Mock PlY4p744s PlY4z3 450 Mock P27 424 PWaz3 450 Mock
IL-2 IL-17A IL-22
404 200 1501
Y n
30 150
_ _ 1001 "
S £ £ 4
D 204 S 100 >
Q Q. o
4. - . 501 . }'
10 1 ;_ 501 % . .
* [ ]
O-i e ﬁo‘l & 2K ol ¢t e 2 i o K hd
Daysps.1 4 7 1 4 7 1 4 7 Daysps.1 4 7 1 4 7 1 4 7 Daysps.1 4 7 1 4 7 1 47

P57 444 PWaz3 450 Mock PlYy27_aaa P43z 450 Mock P27 a2 PWass 450 Mock

Figure 1. Ply427_444 is an immunodominant epitope that induces CD4* T cell proliferation and cytokine production

(A) Proliferative responses were measured using a ®HTdr incorporation assay after stimulation of healthy donor PBMCs (n = 57) with dPly. Each dot represents one
donor and shows the mean of tests performed in triplicate. Red dots indicate donors selected for ex vivo HLA-DP*04/ECT tetramer-based index sorting and
molecular analysis of expressed TCRs. Data are shown as mean + SEM.

(B) Proliferative responses were measured using a *HTdr incorporation assay after stimulation of healthy donor PBMCs (n = 47) with the Ply,»7_444 peptide. Each
dot represents one donor and shows the mean of tests performed in triplicate. Red dots indicate donors selected for ex vivo HLA-DP*04/ECT tetramer-based
index sorting and molecular analysis of expressed TCRs. Data are shown as mean + SEM.

(C) Representative flow cytometry plots showing the dilution of CellTrace Violet among CD4™" T cells after mock stimulation (blue) or stimulation (red) of healthy
donor PBMCs with Plysp7_444 (Ieft), Plysss 450 (center), or dPly (right). Plots are gated on viable CD3*CD4*CD8™ lymphocytes after aggregate exclusion. Per-
centage values indicate the frequencies of stimulated CD4* T cells with diluted CellTrace Violet.

(D) Pooled percentages from healthy donors (n = 9) derived as in (C). Each symbol represents one donor. Data are shown as mean + SEM. *p < 0.05. Kruskal-
Wallis test with Dunn’s post hoc test.

(E) Cytokines were quantified in culture supernatants after mock stimulation or stimulation of healthy donor PBMCs (n = 5) with Ply27_444 Or Ply 433450 for 1, 4, or
7 days (p.s., post-stimulation). Each symbol represents one donor and shows the mean of tests performed in triplicate. Data are shown as mean + SEM.

See also Figure S1.

All three clones responded to Plyss7_439 (ECTGLAWEWWRTYV),
which encompasses the conserved undecapeptide sequence
characteristic of the CDCs. We used this sequence (ECT) to
generate HLA-DPB1*02:01/DPA1*01:03 and HLA-DPB1*04:01/
DPA1*01:03 tetramers conjugated to phycoerythrin (PE). The
respective HLA-DP*02/ECT and HLA-DP*04/ECT tetramers
were validated against clones 226-2E, 226-5F, and 193-98,
which bound HLA-DP*02/ECT, HLA-DP*02/ECT or HLA-
DP*04/ECT, and HLA-DP*04/ECT, respectively (Figures 2C and
2D). We then used these tetramers in conjunction with the flow
cytometric dye dilution assay to evaluate ECT-specific CD4*
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T cell responses in donors with a confirmed history of symptom-
atic IPDs (Table S1). For this purpose, PBMCs were collected
longitudinally from a cohort of convalescent individuals (n = 6),
all of whom expressed HLA-DPB1*04:01. Strong proliferative re-
sponses against dPly were maintained for up to 3 years from
diagnosis in 5/6 donors, and substantial proportions of the re-
sponding CD4* T cell populations stained with the HLA-DP*04/
ECT tetramer (Figure 2E). Using a direct ex vivo approach, we
also detected HLA-DP*04/ECT-specific CD4" T cells among
PBMCs from healthy genotype-matched donors (n = 5) with
demonstrable responses against dPly (Figure 1A) and
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Figure 2. Memory CD4" T cell responses against Ply,,7_444 are restricted by HLA-DPB1*02:01 and HLA-DPB1*04:01

(A and B) Proliferation of the CD4* T cell clones 226-2E, 226-5F, and 193-98 was measured using a >HTdr incorporation assay after stimulation with dPly-loaded
autologous (A) or HLA-genotyped B-LCLs (B) in the absence (black bars) or presence of blocking antibodies directed against HLA-DR (dark gray bars), HLA-DQ
(light gray bars), or HLA-DP (white bars). Asterisks indicate autologous B-LCLs in (B). Assays were performed in triplicate. Data are shown as mean + SEM.
*p < 0.05, **p < 0.01, and ***p < 0.001. One-way ANOVA with Tukey’s post hoc test.

(legend continued on next page)
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Plyso7_444 (Figure 1B), most of which exhibited a central
memory (CCR7*CD45RA™) or an effector memory phenotype
(CCR7CD45RA") (Figure 2F).

Collectively, these data show that Ply undecapeptide-specific
CD4™" T cells restricted by HLA-DP are present in convalescent
donors after pneumococcal infection and form memory popula-
tions in healthy donors, likely reflecting prior exposure to
S. pneumoniae.

Pneumolysin undecapeptide-specific CD4* T cells
express genetically diverse TCRs

To establish a molecular basis for immune recognition of the
Ply undecapeptide, we index-sorted HLA-DP*04/ECT
tetramer-binding CD4* T cells from the healthy genotype-
matched donors (n = 5) described above (Figure 2F) and
sequenced the expressed TCRs (Table S1). We obtained a
minimum of 13 and a maximum of 69 functional single-cell
sequences per donor (Table S2). Analysis of the unique se-
quences revealed diverse gene use (Figures 3A-3D), a prefer-
ence for CDR3a loops comprising 13 or 14 amino acids (Fig-
ure 3E), and no strong bias in favor of a particular CDR3f
length (Figure 3F). Clonally expanded populations of memory
CD4" T cells were nonetheless observed in 4/5 donors
(Figures 2F and 3G). In contrast, only unique sequences
were detected in donor 251, consistent with a naive-like
phenotype (CCR7*CD45RA*) and a lack of expansion into
memory (Figures 2F and 3G).

Among the paired single-cell sequences, we observed recurrent
use of TRAV19/TRAJ22 in conjunction with TRBV7-3 and a
segment from the TRBJ2 family (Table S2). We also identified a
public TCR a-chain (TRA; TRAV19/CALSGSARQLTF/TRAJ22) in
3/5 donors (216, 226, and 251), which paired with TRBV7-3/
CASSHREGETQYF/TRBJ2-5 in donor 216 (denoted hereafter as
the B1 TCR) (Table S2). A near-identical TCR B-chain (TRB;
TRBV7-3/CASSLREGDTQYF/TRBJ2-3) was present in 3/5 donors
(251, 254, and 256) (Table S2). This sequence has previously been
identified as public among bulk PBMCs.*” For molecular compar-
ison alongside the public B1 TCR, we selected two private
sequences based on common gene use, namely TRAV4/
CLVGDTGFQKLVF/TRAJ8 paired with TRBV20-1/CSARDPGGG
GSSYEQYF/TRBJ2-7 from donor 254 (denoted hereafter as the
B5 TCR) and TRAV8-3/CAVGANTGFQKLVF/TRAJ8 paired with
TRBV20-1/CSARGDGYEQYF/TRBJ2-7 from donor 216 (denoted
hereafter as the B8 TCR), and one private sequence based on
uncommon gene use, namely TRAV17/CATDKKGGATNKLIF/
TRAJ32 paired with TRBV6-3/CASSQGGGEQYF/TRBJ2-7 from
donor 226 (denoted hereafter as the 5F TCR) (Table S2). This latter
sequence was obtained from clone 226-5F.

Immunity

Collectively, these data provide a genetic basis for CD4* T cell
recognition of the Ply undecapeptide epitope, highlighting anti-
gen engagement via a diverse array of TCRs.

Public and private TCRs bind strongly to HLA-DP4-
Plys27-441

To investigate the molecular basis of antigen recognition and
clonal selection, we first used surface plasmon resonance
(SPR) to measure the equilibrium affinity (Kp) and binding kinetics
of the interactions between recombinant HLA-DP4/DP2-
Plys27_441 and soluble versions of each TCR (5F, B1, B5, and
B8). The affinity values of each TCR for HLA-DP4-Ply457_441
varied from ~12 to ~17 uM (Table 1; Figure S3), falling within
the expected range for non-self/pathogen-derived epitope-spe-
cific TCRs.*®*° The public B1 TCR and the private 5F TCR bound
HLA-DP4-Ply4o7_441 with similar kinetics, exhibiting faster on-
rates (kon = 48,400 M~ 's™" for B1 and 42,300 M~'s~" for 5F)
and off-rates (ko = 0.7 s~ for B1 and 5F) compared with the pri-
vate TRBV20-1/TRBJ2-7* B5 and B8 TCRs (kon = 20,800 M~ 's ™"
and ko= 0.2 5" for B5; kon=12,700M~"'s ™' and ko= 0.2 s~ for
B8) (Table 1; Figure S4). In line with the functional data, the 5F
TCR, but not the B1, B5, or B8 TCRs, also bound HLA-DP2-
Ply4o7_441, albeit with low affinity (Kp ~ 95 uM) and kinetics that
were too fast to measure accurately (Figures S3 and S4).

Plys27_441 forms a highly featured epitope in complex
with HLA-DP4

To extend these findings, we solved the crystal structure of HLA-
DP4-Plys57_441 at a resolution of 3.0 A (Table S3). The overall
structure of this binary complex was similar to those of other
reported HLA-DP-peptide complexes.®®°? As anticipated, the
Ply4o7-441 epitope bound HLA-DP4 in a canonical conformation,
with the side chains of p1-Leu, p4-Glu, p6-Trp, and p9-Val
anchored in pockets P1, P4, P6, and P9, respectively. The pep-
tide backbone bound HLA-DP4 via a network of fifteen hydrogen
bonds (H-bonds) and three salt bridges (Figure S5A). The side
chain of p4-Glu lay parallel to the base of the antigen-binding
groove, forming H-bonds with Asn62« and GIn13p and salt
bridges with Lys71B and Arg77p, thereby acting as an anchor
residue. In the adjacent P6 pocket, the buried p6-Trp residue
formed an H-bond with Asn62a and extensive van der Waals
(vdW) contacts with Phe22a, Ala61a, lle650q, Gly11B, Arg12p,
GIn13B, Glu28B, Arg29p, and Tyr30B. The surface-exposed
side chain of p7-Arg formed a salt bridge with Glu708 (Fig-
ure S5A). Accordingly, the solvent-exposed side chains of the
Ply427-441 residues p3-Trp, p5-Trp, p7-Arg, and p8-Thr were
accessible for interactions with the TCR (Figures S5A and S5B).

(C and D) Staining of the CD4* T cell clones 226-2E, 226-5F, and 193-98 with HLA-DP*02/ECT and HLA-DP*04/ECT tetramers conjugated to PE. Plots are gated
on viable CD3*CD4*CD8"~ lymphocytes after aggregate exclusion. Histogram overlays show the fluorescence-minus-one controls (D).

(E) PBMCs from convalescent individuals with a confirmed history of symptomatic IPDs (n = 6) were labeled with CellTrace Violet and then stained with the HLA-
DP*04/ECT tetramer after mock stimulation (circles) or stimulation with dPly (triangles). All donors expressed HLA-DPB1*04:01. Graphs show the frequencies of
CD4* T cells with diluted CellTrace Violet (black symbols) and the frequencies of CD4* T cells with diluted CellTrace Violet that were stained with the HLA-DP*04/
ECT tetramer (red symbols) for each donor at the indicated time points after diagnosis.

(F) Flow cytometry plots showing direct ex vivo staining of healthy donor PBMCs with the HLA-DP*04/ECT tetramer (top) and the phenotype of HLA-DP*04/ECT
tetramer-binding CD4* T cells (bottom). Plots are gated on viable CD3*CD8 CD14 CD19~ cells (top) or viable tetramer*CD3*CD4*CD8 CD14 CD19™ cells
(bottom) after aggregate exclusion. Index-sorted cells are colored to match the TCR sequences displayed in Figure 3G. The turquoise dot in the overlays from

donor 251 indicates the unexpanded public B1 TCR.
See also Figure S2 and Table S1.
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Figure 3. Ply,27-430 is targeted by architecturally diverse TCRs
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O

Unique

Bl TRBV7-3 CASSHREGETQYF TRBJ2-5
Il TRBV19 CASSLTSLGYTF TRBJ1-2

‘

TRBV28 CASSITHEQFF TRBJ2-1

Unique

TRBV5-1 CASSFSTQPNYGYTF TRBJ1-2
TRBV10-3 CAISEPDRGGRNEQFF TRBJ2-1
TRBV10-2 CASNDPGQKETQYF TRBJ2-5
TRBV28 CASSPTRVKFF TRBJ2-1

TRBV3-1 CASSQEGRNAEAFF TRBJ1-1
TRBV10-3 CAISAPDGEANYGYTF TRBJ1-2

Unique

Unique

TRBV20-1 CSARDPGGGGSSYEQYF TRBJ2-7
TRBV3-1 CASRGEGRGGSSYEQFF TRBJ2-1
TRBV6-1 CASRVEGNQPQHF TRBJ1-5
TRBV12-3 CASSSTGGLRRTEAFX TRBJ1-1

‘

Unique

TRBV28 CASSQTFTQYF TRBJ2-3

TRBV14 CASNENPPGVRTEAFF TRBJ1-1
TRBV6-2 CASSDYYEQYF TRBJ2-7
TRBV5-6 CASSFPGGSLREQYF TRBJ2-7
TRBV7-3 CASSLREGDTQYF TRBJ2-3
TRBV5-4 CASSEEEGQGKAGELFF TRBJ2-2

HLA-DP*04/ECT tetramer-binding CD4" T cells from healthy donors (n = 5) were index-sorted directly ex vivo, and a multiplex approach was used to sequence the

expressed TCRs.

(A-D) Use of TRAV (A), TRAJ (B), TRBV (C), and TRBJ gene segments (D). Data were pooled to include all obtained (black bars) or unique sequences (gray bars).
(E and F) CDR3u. (E) and CDR3p lengths (F). Data were pooled to include all obtained (black bars) or unique sequences (gray bars).
(G) Summary of individual donor repertoires detailing clonally expanded TCRs. Red font denotes poor read quality. The number of sequences obtained per

repertoire is shown in each circle. Recurrent sequences are colored to match the index displays in Figure 2F.
See also Table S2.
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Table 1. Affinity and kinetics measurements

TCR-HLA-DP-Ply Kbeq Bmax Kon Kott Kpeal tis

5F-HLA-DP4-Ply 15.54 + 1.22 723.7 42.3 +6.9 0.689 + 0.096 16.33 + 0.56 1.01

B1-HLA-DP4-Ply 14.93 +0.78 747.0 48.4 +6.0 0.722 + 0.065 14.96 + 0.62 0.96

B5-HLA-DP4-Ply 11.48 + 0.68 794.5 208+14 0.244 + 0.013 11.76 + 0.39 2.84

B8-HLA-DP4-Ply 17.34 + 0.65 830.1 12.7+£1.2 0.222 + 0.018 17.52 + 0.36 3.12

5F-HLA-DP2-Ply 95.33 + 4.29 691.0 ND ND ND ND

Kpeq and Kpeg are in pM; kon is in M~ s7" x 10% ko is in s77; ty0 is in s. ND, not determined. Data are shown as the mean of two independent ex-

periments performed in duplicate + SD.

Exemplar private TCRs engage common regions of HLA-
DP4-Plys27-441

To understand immune recognition of this highly featured
epitope, we first solved the crystal structures of the private
TRBV6-3/TRBJ2-7" 5F (resolution = 2.8 /5\) and TRBV20-1/
TRBJ2-7* B5 TCRs (resolution = 3.1 A) in complex with HLA-
DP4-Plyss7_441 (Table S3). The a- and B-chains of each TCR
were positioned above the - and a-chains of HLA-DP4, respec-
tively, adopting a canonical docking polarity (Figures 4A
and 4B).*

The 5F TCR docked at an angle of ~66° across the antigen-
binding cleft of HLA-DP4, with an overall buried surface area
(BSA) of 1,950 A2, Relative contributions to the overall BSA at
the 5F TCR-HLA-DP4-Plyss7_44¢ interface were 18%, 17%,
16%, and 9% for CDR2B, CDR13, CDR38, and the B-framework
(FWB) region, respectively, and 28%, 7%, and 5% for CDR3a«,
CDR2¢, and CDR1«, respectively (Figure 4A). The 5F TCR inter-
acted with the bound peptide and both chains of HLA-DP4
(Figures 5A and 5B; Table S4). Three germline-encoded
residues, namely CDR1a Asn370c and CDR2a Arg57c and
Asn59aq, formed vdW contacts with the HLA-DP4 B-chain resi-
dues Arg77p, Ala73p, and Asp768, respectively. This combina-
tion of TRA residues is unique to TRAV13-1, which was observed
in the antigen-specific repertoire dataset (Figure 3A), and
TRAV17, employed by the 5F TCR. Moreover, CDR1p Asn28p,
Glu37p, and Tyr38B, CDR2B Val578, Gly58B, Glu63p, and
Thré5B, and the FW residues ®®Thr-Ala®”, which in combination
are unique to TRBV6-2 and TRBV6-3, were involved in interac-
tions with the bound peptide and both chains of HLA-DP4
(Figures 5A and 5B; Table S4). Specifically, the CDR1p loop inter-
acted with the B-chain of HLA-DP4, where Asn28p bound Tyr603
and Glu37p bound lle67p. The CDR1p loop also interacted with
the solvent-exposed side chains of the bound peptide at p5-
Trp, p7-Arg, and p8-Thr, where Glu37p formed polar contacts
with p7-Arg and p8-Thr, and Tyr38p formed vdW contacts with
p5-Trp and an H-bond with p7-Arg. In addition, the CDR2f loop
residue Val57 bound p5-Trp and the HLA-DP4 a-chain residues
Ala61a and lle65a, whereas Glu63p was H-bonded to Asn68a,
Thr65p contacted Ala61a and Ala64a., and the neighboring FWR
86Thr-Ala®” residues interacted with GIn57« (Figures 5A and 5B;
Table S4).

The interface with the bound peptide was formed by the
CDRB3a, CDR1B, CDR2B, and CDR3p loops of the 5F TCR. The
CDR3a motif '1°Gly-Gly-Ala-Thr-Asn'™, which is exclusive to
TRAJ32, interacted with the bound peptide and HLA-DP4
(Figures 5A and 5B; Table S4). Here, the CDR3a residues
Gly110a. and Gly111a contacted p3-Trp and the HLA-DP4

1088 Immunity 56, 1082-1097, May 9, 2023

a-chain residue Glu55a, Ala112« interacted with p3-Trp and
p5-Trp, and Asn114a formed an H-bond with p5-Trp. In addition,
the CDR3a residue Thr113a interacted with p3-Trp, p5-Trp,
and the HLA-DP B-chain residue Arg77p. The CDR3 loop inter-
acted minimally with the bound peptide via an H-bond between
the non-templated residue GIn108p and p7-Arg. The non-germ-
line-encoded CDR3p residue Gly113p formed a H-bond with
Glu70B, and the side chains of GIn1083 and the TRBJ2-7
segment residue Tyr117f interacted with Asp66p (Figures 5A
and 5B; Table S4).

The B5 TCR docked at an angle of ~86° across the antigen-
binding cleft of HLA-DP4, with an overall BSA of 2,310 A2 Rela-
tive contributions to the overall BSA at the B5 TCR-HLA-DP4-
Ply4o7_441 interface were 29%, 7%, and 11% for CDR3B,
CDR2B, and CDR1, respectively, and 20%, 18%, and 9%
for CDR1a, CDR3a, and CDR2q, respectively (Figure 4B).
Akin to the 5F TCR, the B5 TCR interacted with the bound pep-
tide and both chains of HLA-DP4 (Figures 5C and 5D;
Table S5). The structural determinants of TRAV4 bias were
attributable to a unique set of germline-encoded residues,
namely CDR1a Thr30a, Asn36a, and Tyr38a, CDR2a Tyr57a.
and Lys58a, and FWa GIn55a. Here, Thr30a contacted the
HLA-DP4 B-chain residues Asp76B, Arg77f, and His81p,
whereas Asn36o formed vdW contacts with p2-Ala and
His81pB, and Tyr38a« interacted with Glu70B. The CDR2a resi-
dues Tyr57q« and Lys58a were both H-bonded to Asp76p,
whereas Thr64q. interacted with Glu69p, and the FWa residue
GIn550. formed an H-bond with Glu70p (Figures 5C and 5D;
Table S5). TRBV20-1 use was similarly attributable to unique
germline-encoded residues, namely CDR1B GIn298 and
Thr378 and CDR2B Asn578 and Glu58f, which interacted
exclusively with the a-chain of HLA-DP. Here, GIn298 and
Thr378 were H-bonded to Asn68a and GIn57a, respectively,
and also contacted Ala64a and Ala61q, respectively, whereas
Asn57p formed vdW contacts with GIn57q, and Glu588 was
H-bonded to Lys39a (Figure 5D).

The ternary structure of the B5 TCR in complex with HLA-DP4-
Ply.27_441 also revealed a requirement for the CDR3a motif 1" Thr-
Gly-Phe-GIn'" (Figures 5C and 5D; Table S5), which is unique to
TRAJS. In particular, Thr111a interacted with p3-Trp, p5-Trp, and
the HLA-DP4 B-chain residue Arg77p, whereas Gly112« and
GIn114a mediated vdW contacts with the HLA-DP4 «-chain resi-
due Glu55a, and Phe113a formed an H-bond and vdW contacts
with the HLA-DP4 o-chain residues Glu55« and GIn57a., respec-
tively. Moreover, Asp108a and Gly112a contacted p3-Trp, and
Phe113a contacted p5-Trp. Of note, the CDR3p loop of the B5
TCR incorporated a string of four non-germline-encoded glycine
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TCR-HLA-DP4-Ply TCR-HLA-DP4-Ply TCR-HLA-DP4-Ply
5% 4% 3%
5% / 1%

o 1%
TCR-Ply TCR-Ply TCR-Ply

Figure 4. Structural overview of public and private TCRs in complex with HLA-DP4-Ply57_441

Top: the a- and B-chains of the 5F (A), B5 (B), and B1 TCRs (C) are shown in light pink and light blue, respectively, Ply is shown in black, and the a- and p-chains of
HLA-DP4 are shown in light gray and light orange, respectively. The corresponding CDR1a, CDR2a, CDR3a, CDR18, CDR2p, and CDR3p loops are shown in teal,
green, purple, red, orange, and yellow, respectively. Middle: footprints of the 5F (A), B5 (B), and B1 TCRs (C) on the surface of HLA-DP4-Ply. Each docking angle is
shown as a black dashed line connecting the center of mass of Va (dark pink sphere) with the center of mass of V3 (dark blue sphere). HLA-DP4 is colored light
gray, and Ply is colored dark gray. TCR segment colors as in (A). Bottom: pie charts depicting the relative contribution of each segment of the 5F (A), B5 (B), and B1
TCRs (C) to the buried surface area (BSA) directed against HLA-DP4-Ply (left) or Ply alone (right). TCR segment colors as in (A).

See also Figures S3-S5 and Tables S3-S6.
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W coria [cpR2a CDR3« [[1FWa
[ cDpRrip [CJCDR2g [JCDR3p [JFWp

A

Figure 5. Interface comparison of public and private TCRs in complex with HLA-DP4-Ply57_441

(A, C, and E) Interactions between Ply and the 5F (A), B5 (C), and B1 TCRs (E). Ply is shown in black. The corresponding CDR1a, CDR2a, CDR3a, CDR1pB, CDR2p,
and CDR3p loops are shown in teal, green, purple, red, orange, and yellow, respectively, and the corresponding framework (FW) residues of the - and B-chains
are shown in light pink and light blue, respectively.

(B, D, and F) Interactions between HLA-DP4 and the 5F (B), B5 (D), and B1 TCRs (F). The a- and B-chains of HLA-DP4 are shown in light gray and light orange,
respectively. TCR segment colors as in (A, C, and E). Interacting residues are shown as sticks, hydrogen bonds are shown as black dashes, and van der Waals
(vdW) contacts are shown as brown dashed lines.

See also Figures S3-S5 and Tables S3-S6.

residues, which formed a series of H-bonds with the side-chain H-bonded to p7-Arg. The TRBJ2-7 segment contributed
polar group of p7-Arg and vdW interactions with the HLA-DP4  Ser113p, which formed vdW contacts with p5-Trp and H-bonds
a-chain residue lle65« and the HLA-DP4 B-chain residues  withthe HLA-DP4 B-chain residue Glu708, and Tyr114p, whichin-
GIn64B, Asp66B, and lle67p. The CDR3p residues Arg107f3 and  teracted with the HLA-DP4 B-chain residues Glu708 and Arg77f3
Pro109B interacted with p5-Trp, and Pro1098 was also (Figures 5C and 5D; Table S5).

1090 Immunity 56, 1082-1097, May 9, 2023
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Figure 6. Cross-recognition profiles of undecapeptide-specific CD4* T cell clones

(A) Proliferation of the CD4™ T cell clones 226-2E, 226-5F, and 193-98 was measured using a 3HTdr incorporation assay after stimulation with heat-inactivated
wild-type (WT) Ply-loaded or dPly-loaded autologous B-LCLs. Assays were performed in triplicate. Data are shown as mean + SEM.

(B) Proliferation of the CD4™ T cell clones 226-2E, 226-5F, and 193-98 was measured using a 3HTdr incorporation assay after stimulation with peptide-loaded
autologous B-LCLs. Red font indicates amino acid residues in the undecapeptide region that differ from Ply, and orange font indicates amino acid residues in the
epitope-flanking region that differ from Ply. Assays were performed in duplicate. Data are shown as mean + SEM.

(legend continued on next page)
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Collectively, these data show that private TCRs can engage all
solvent-exposed residues of the bound peptide, namely p3-Trp,
p5-Trp, p7-Arg, and p8-Thr, as well as common HLA-DP4
a-chain (Glu55a, GIn57a, lle65q, Alab1a, Ala64a, and Asn68q)
and B-chain residues (Asp66p, lle67, Glu708, and Arg778). In
addition, structural requirements for unique germline-encoded
residues explain the selection of particular TRAV/TRBV gene
segments, which constitute the CDR1/2 loops, as well as
TRAJ8/TRAJ32 via the positionally equivalent residues Thr113a
(5F) and Thr111a (B5) and TRBJ2-7 via residues Tyr117p (5F)
and Ser113p/Tyr1148 (B5).

A public TCR uses recurrent gene segments to engage
HLA-DP4-Ply427-441
To extend these findings, we solved the crystal structure of the
public TRAV19/TRBV7-3* B1 TCR in complex with HLA-DP4-
Ply427-441 at a resolution of 3.4 A (Table S3). The B1 TCR docked
at an angle of ~78° across the antigen-binding cleft of HLA-DP4,
with an overall BSA of 1,800 A2. Relative contributions to the
overall BSA at the B1 TCR-HLA-DP4-Ply4o7_441 interface were
25%, 13%, 4%, and 14% for CDR3p, CDR2B, CDR1B, and
FWB, respectively, and 17%, 15%, 10%, and 1% for CDR1a,
CDR3a, CDR2a, and FWa, respectively (Figure 4C). The overall
structure of HLA-DP4-Ply4»7_44¢ was largely unaltered in the li-
ganded state, with a root mean square deviation of ~0.3 A for
HLA-DP4 a-chain residues across 1-180 atoms for all protomers
compared with the binary structure (Figures S5A and S5B).
Akin to the private 5F and B5 TCRs, the public B1 TCR inter-
acted with the bound peptide and both chains of HLA-DP4
(Figures 5E and 5F; Table S6). The CDR1a and CDR2a. loops
contacted the B-chain of HLA-DP4, the CDR3a and CDR3p
loops contacted the bound peptide, and the CDR28 loop con-
tacted the o-chain of HLA-DP4. A combination of residues
unique to TRAV19, namely CDR1oa Thr30«, Thr36e, and
Tyr38a, CDR2a. Phe59a, and FWa Arg550, mediated contacts
with the B-chain of HLA-DP4. Two of these key residues, namely
Thr30a and Tyr38a., occur otherwise only in TRAV4, employed by
the B5 TCR. The CDR1a residues Thr30a. and Thr36a bound
Arg773 and Glu70B, respectively, whereas Tyr38a bound
Asp66p and contacted Glu70p within H-bond distance. In addi-
tion, the side chain of the CDR2a residue Phe59a bound Glu69p,
and the FWa residue Arg55a contacted Asp66f within H-bond
distance. Use of the TRBV7-3 segment was driven by a unique
combination of residues, namely GIn578 and the FWB motif
86Ala-Asp-Asp®®, which contacted the a-chain of HLA-DP4. Of
note, the CDR2p residue GIn57p3 formed vdW contacts with
lle65a and Asn68a. and also contacted p8-Thr within H-bond dis-
tance, whereas the FWB motif residues bound GIn57« and
Alab4o (Figures 5E and 5F; Table S6).

Immunity

Specific interactions between the B1 TCR and the bound pep-
tide were mediated by the CDR3a, CDR2f, and CDR3 loops via
the TRAJ22-exclusive CDR3a. residues Ser112qa and Arg114a,
the CDR28 residue GIn578, and the non-templated CDR38 res-
idues Arg111p and Glu112p. The CDR30a. motif '2Ser-Ala-Arg''*
motif formed a bridge between p5-Trp and Glu708, whereas the
CDR3B motif ""'Arg-Glu''? contacted p7-Arg and p8-Thr. In
addition, Arg111p contacted the HLA-DP4 B-chain residues
GIn64, Asp66p, and lle67p (Figures 5E and 5F; Table S6). The
non-templated CDR3B residue His1088 bound the HLA-DP4
B-chain residue Tyr60p, which was also contacted by the private
5F TCR CDR1 residue Asn28p (Figure 5F).

The public B1 TCR docked closer to the peptide C terminus of
HLA-DP4-Ply427-441 than the private 5F and B5 TCRs, limiting
contacts with the bound peptide to the solvent-exposed resi-
dues p5-Trp, p7-Arg, and p8-Thr. As a consequence, the
CDR3a loop interacted with HLA-DP4 B-chain residue Glu70p,
which was otherwise contacted by the CDR3p loops of the pri-
vate 5F and B5 TCRs. The public B1 TCR nonetheless interacted
with the HLA-DP4 residues GIn57a, Ala64a, lle65a, Asn68a,
Asp66, 1le67B, Glu70B, and Arg778, all of which were also con-
tacted by the private 5F and B5 TCRs.

Collectively, these observations provide a rationale for the
recurrent selection of particular gene segments in the HLA-
DP4-Ply,o7_441 epitope-specific repertoire dataset and identify
key structural differences and similarities between the public
B1 TCR and the private 5F and B5 TCRs.

Pneumolysin-specific CD4* T cells cross-recognize
other bacterial CDCs

To explore the broader implications of our findings, we tested the
ability of the CD4* T cell clones 198-93, 226-2E, and 226-5F to
cross-recognize the undecapeptide region of wild-type Ply,
which lacks the detoxifying mutation Cys428Gly. All three clones
were functionally reactive against synthetic peptides containing
the wild-type Cys428 residue (Figure S2A) and naturally pro-
cessed forms of heat-inactivated Ply, although clone 193-98 ex-
hibited a marked preference for dPly (Figure 6A).

At least 28 bacterial species from divergent phyla are known
to produce CDCs,”"** of which 22, including Ply and other promi-
nent examples, such as listeriolysin O (LLO) from Listeria monocy-
togenes, perfringolysin O (PFO) from Clostridium perfringens,
and streptolysin O (SLO) from Streptococcus pyogenes, have an
identical undecapeptide region. In contrast, the undecapeptide
region varies across the other known CDCs, namely pyolysin
(PLO) from Actinomyces pyogenes (Cys428Ala, Glu434Asp,
Glu434/Trp435insPro, Arg437del), intermedilysin (ILY) from
Streptococcus intermedius (Glu427Gly, Cys428Ala, Trp435Pro),
vaginolysin (VLY) from Gardenella vaginalis and lectinolysin (LLY)

(C) Proliferation of the CD4* T cell clones 226-2E, 226-5F, and 193-98 was measured using a 3HTdr incorporation assay after stimulation with heat-inactivated
S. pneumoniae-loaded, L. monocytogenes-loaded, or S. parasanguines-loaded autologous moDCs. Assays were performed in quadruplicate. Data are shown as

mean + SEM.

(D) Intracellular cytokine production by the CD4* T cell clones 226-2E, 226-5F, and 193-98 was measured via flow cytometry in the absence of moDCs or after
stimulation with mock-loaded, Ply4»7_444-lcaded, dPly-loaded, heat-inactivated S. pneumoniae-loaded, or heat-inactivated L. monocytogenes-loaded autolo-

gous moDCs.

(E) PBMCs from healthy donors (n = 10) were labeled with CellTrace Violet and then stained with the HLA-DP*04/ECT tetramer after mock stimulation (circles) or
stimulation with Ply, LLO, PFO, or SLO. All donors expressed HLA-DPB1*04:01. Graphs show the frequencies of CD4* T cells with diluted CellTrace Violet (left)
and the frequencies of CD4" T cells that stained with the HLA-DP*04/ECT tetramer (right). Each symbol represents one donor. Horizontal bars indicate mean
values. *p < 0.05, *p < 0.01, **p < 0.001. Kruskal-Wallis test with Dunn’s post hoc test comparing each condition versus mock.
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from Streptococcus mitis (Cys428Lys, Ala432Val, Trp435Pro), bu-
tyriculysin (BRY) from Clostridium butyricum (Ala432Ser), and see-
ligeriolysin (LSO) from Listeria seeligeri (Ala432Phe).”">® Using
autologous B-LCLs to present synthetic peptides mimicking these
non-conserved epitopes with natural flanking residues, we found
that all three clones responded strongly to the BRY variant and
moderately to the ILY and VLY variants, whereas only clone 226-
5F cross-recognized the LSO variant, and none of the clones
cross-recognized the PLO variant (Figure 6B).

In further experiments designed to assess the efficacy of natural
antigen processing and presentation, we found that all three clones
proliferated strongly in response to autologous monocyte-derived
DCs (moDCs) loaded with heat-inactivated whole-cell preparations
of S. pneumoniae or L. monocytogenes but not with a heat-inacti-
vated whole-cell preparation of S. parasanguines, which lacks a
CDC (Figure 6C). Moreover, clones 226-2E and 226-5F produced
tumor necrosis factor (TNF), IFN-y, and IL-4, whereas clone 193-
98 produced TNF, IFN-y, IL-17A, and low amounts of IL-4,
in response to moDCs loaded with the Plyss7 444 peptide,
dPly, heat-inactivated S. pneumoniae, or heat-inactivated
L. monocytogenes, indicating consistent response patterns across
each condition (Figure 6D). To link these findings with epitope
specificity, we stimulated PBMCs from healthy donors (n = 10)
with heat-inactivated Ply, LLO, PFO, or SLO. After 7 days, strong
proliferative responses were observed among CD4" T cells
exposed to each of these CDCs, and importantly, HLA-DP*04/
ECT tetramer-binding CD4" T cells were clearly identifiable in
6/10, 4/10, 4/10, and 7/10 cases following stimulation with Ply,
LLO, PFO, or SLO, respectively (Figure 6E).

Collectively, these data show that Ply-specific CD4* T cells
focused on a single immunodominant epitope restricted by
HLA-DP efficiently cross-recognize bacterial species expressing
undecapeptide-identical CDCs and, to some extent, bacterial
species expressing variant CDCs.

DISCUSSION

CD8" T cell-mediated antigen recognition has been studied
extensively inthe context of viral infections, and the ternary struc-
tures of various public o TCRs have been elucidated in complex
with epitopes derived from influenza virus,*>° Epstein-Barr virus
(EBV),**7° human cytomegalovirus (HCMV),*® and human immu-
nodeficiency virus type 1 (HIV-1).%° These studies have provided
key insights into the molecular rules that govern the biased selec-
tion of a3 TCRs, which occurs to a variable extent across all CD8*
T cell repertoires with defined antigen specificity.®':°? In contrast,
relatively little is known about CD4* T cell-mediated antigen
recognition in the context of bacterial infections, and it has re-
mained unclear to what extent such principles guide the selection
of HLA-class-lI-restricted o3 TCRs.

In this study, we identified public and private CD4" T cell clo-
notypes specific for the highly immunodominant pneumococcal
epitope Ply427_444, Which is presented by the globally abundant
allomorphs HLA-DPB1*02:01 and HLA-DPB1*04:01.°® Among
healthy HLA-DP4* adults, public and near-public «f TCRs
commonly incorporated the TRAV19/TRAJ22 and TRBV7-3/
TRBJ2-3/5/7 gene segments, whereas private o TCRs
commonly incorporated the TRBV20-1 and/or TRBJ2-7 gene
segments, all of which contributed non-redundant contact resi-
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dues that engaged the cognate antigen in structural analyses
of one representative public TCR (B1) and three exemplar private
TCRs (5F, B5, and B8). It was also notable that the public CDR3
motif (CASSXREGXTQYF) matched recurrent sequences de-
tected in previous studies of bulk PBMCs.*":54:6°

Each of the four recombinant TCRs studied here bound HLA-
DP4-Ply with a similar equilibrium affinity. In addition, the 5F
TCR bound HLA-DP2-Ply, consistent with the functional data
obtained using clone 226-5F. Cross-allomorph recognition has
been examined previously in the context of TCRs specific for im-
munodominant epitopes derived from the p24 capsid protein of
HIV-1.56%7 In these instances, cross-recognition was attributable
to a peptide-centric mode of engagement, alongside key con-
tacts with the HLA-DR a-chain.®” We used proliferation assays
to assess the extent to which the Ply-specific CD4* T cell clones
226-2E, 226-5F, and 193-98 cross-reacted against synthetic un-
decapeptide variants representing naturally occurring se-
quences and heterologous bacterial pathogens from divergent
phyla expressing whole CDCs. As expected, all three clones re-
sponded equally well to L. monocytogenes and S. pneumoniae,
which express undecapeptide-identical CDCs. In a similar vein,
heat-inactivated preparations of other undecapeptide-identical
CDCs, namely LLO, PFO, and SLO, rapidly mobilized HLA-
DP*04/ECT tetramer-binding CD4* T cell populations directly
ex vivo, indicating cross-species immune convergence on a
single epitope specificity. The private 226-5F clone proliferated
only when the core undecapeptide epitope p3-Trp-
Glu-Trp-Trp-Arg-p7 was intact, as in BRY (ECTGLSWEWWR)
and LSO (ECTGLFWEWWR), or nearly intact, as in ILY
(GATGLAWEPWR) and VLY (EKTGLVWEPWR). Moreover, struc-
tural analysis revealed that the public B1 TCR and the private 5F
and B5 TCRs were focused on residues p3 and/or p5, p7, and p8,
whereas the buried p4 residue was anchored to HLA-DP4. The
conserved p3-WEWWR-p7 motif was therefore critical for im-
mune cross-recognition of bacterial CDCs.

The undecapeptide sequence plays a critical role in the func-
tionality of CDCs, facilitating membrane insertion, refolding, olig-
omerization, and pore formation, which ultimately trigger cell
death.?>7?® |t is tempting to propose a link between these roles
and the pervasive antigenicity of this particular region, which eli-
cited response rates in our cohort that exceeded 70%. One
possible explanation here is that cells permeabilized by bacterial
toxins can employ membrane-resealing mechanisms to evade
cytotoxicity, such as the internalization of transmembrane pores
into vacuolar vesicles that traffic to lysosomes for degradation,
as demonstrated previously for SLO.® Such a mechanism could
funnel degraded CDCs into the antigen processing pathway for
presentation via MHC class Il, enabled by a highly favorable
motif for binding to the prevalent allomorphs HLA-DPB1*02:01
and HLA-DPB1*04:01.%°

CD4" T cell-mediated immunity against Ply has been impli-
cated in immune surveillance and pathogen elimination.**"° In
this study, we found that the HLA-DP-restricted undecapeptide
specificity was a prominent component of the Ply-directed CD4"*
T cell response, enabling widespread immunity against phyloge-
netically diverse bacterial pathogens linked by the expression of
CDCs as a consequence of allomorph prevalence, antigen con-
servation, and epitope recognition via architecturally diverse
public and private TCRs. A single and near-universal specificity
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that “(almost) fits all” has not been documented previously in the
context of the vast heterogeneity that characterizes adaptive
CD4™* T cell immunity. It should be noted that we did not address
the biological relevance of undecapeptide-specific CD4* T cells
beyond a simple analysis of the corresponding cytokine profiles
in response to antigen stimulation, which suggested beneficial
functions but did not exclude the possibility of a detrimental
role, such as might be imparted by decoy activity or immune
regulation. Other questions were also unresolved by the present
work, including the possibility of coevolution between the HLA-
DPB1 locus and bacterial pathobionts expressing CDCs, which
could potentially explain the widespread prevalence of HLA-
DPB1*02:01 and HLA-DPB1*04:01. Although further studies
are warranted to clarify these issues and define the tissue distri-
bution and protective capabilities of undecapeptide-specific
CD4™* T cells, our collective functional and molecular data have
nonetheless provided key mechanistic insights that could accel-
erate the development of effective immunotherapeutics and/or
vaccines to combat a broad range of bacterial diseases,
including IPDs.

Limitations of the study

It is important to emphasize that our study provides no evidence
that CD4* T cell-mediated recognition of Ply,z7_444 confers im-
mune protection against IPDs. Animal models and/or human
challenge studies will likely be required to resolve this issue.
Moreover, our study was confined to an examination of CD4*
T cell responses in the vascular circulation, which might not
reflect the immune landscape in tissues susceptible to coloniza-
tion. Additional work profiling mucosal immunity at these sites
across a range of clinical outcomes could provide more detailed
insights into the factors that prevent invasion and clarify the role
of tissue-localized CD4* T cells that recognize Plyss7_444 and
related epitopes as sentinels of defense against bacterial dis-
eases associated with the production of CDCs.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-CD3-Alexa Fluor 700 BioLegend Cat# 317340;
RRID: AB_2563408

Anti-CD4-BV711 BioLegend Cat# 317440;
RRID: AB_2562912

Anti-CD8-BV785 BioLegend Cati# 344740;
RRID: AB_2566202

Anti-CD14-APC-Cy7 BioLegend Cat# 325620;
RRID: AB_830693

Anti-CD19-APC-Cy7 BioLegend Cat# 363010;

Anti-CD25-BUV737

Anti-HLA-DP (clone B7/21)

Anti-HLA-DQ (clone SPV-L3)

Anti-HLA-DR (clone B8.11-2)
Anti-CCR7-BV421

Anti-CD3-APC-Fire750

Anti-CD4-FITC

Anti-CD8-BV711

Anti-CD14-V500

Anti-CD19-V500

Anti-CD45RA-ECD

BD Biosciences

Leinco Technologies

Thermo Fisher Scientific

In-house (RIVM)
BioLegend

BioLegend

Thermo Fisher Scientific

BioLegend

BD Horizon

BD Horizon

Beckman Coulter

RRID: AB_2564193

Cat# 612807;
RRID: AB_2916878

Cat# H266;
RRID: AB_2892891

Cat# NBP24504101;
RRID: N/A

N/A

Cat# 353208;

RRID: AB_11203894
Cat# 344840;

RRID: AB_2572114
Cat# MHCDO0401;
RRID: AB_10392546
Cat# 301044;

RRID: AB_2562906
Cat# 561391;

RRID: AB_10611856
Cat# 561121;

RRID: AB_10562391
Cat# IM2711U;
RRID: AB_10640553

Bacterial and virus strains

Streptococcus pneumoniae
TIGR4 ACPS
Listeria monocytogenes

Streptococcus parasanguines

Escherichia coli BL21-DE3

Radboud University Medical Center

RIVM Reference Laboratory
Strain Collection F

RIVM Reference Laboratory
Strain Collection F

Thermo Fisher Scientific

N/A

N/A

N/A

Cat# EC0114

Biological samples

Human PBMCs This study N/A

FCS Greiner Bio-One Cat# 758093
Human AB serum Sigma-Aldrich Cat# H6914
HLA-genotyped EBV-transformed B-LCLs This study N/A
Chemicals, peptides, and recombinant proteins

LymphoPrep Sanbio Cat# 1858-6
DMSO Sigma-Aldrich Cat# 276855
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REAGENT or RESOURCE SOURCE IDENTIFIER

Detoxified pneumolysin Sanofi Pasteur N/A

Pneumolysin Sanofi Pasteur N/A

Brain-Heart-Infusion Broth

AIM-V Medium

CellTrace Violet
Penicillin/streptomycin

IMDM

Zombie NIR

Tetramer-PE HLA-DP*02/ECT
Tetramer-PE HLA-DP*04/ECT
Phytohemagglutinin

Human IL-4

Human GM-CSF

LIVE/DEAD Fixable Aqua
SuperScript Il Reverse Transcriptase
Q5 High-Fidelity DNA Polymerase
Paraformaldehyde

Superscript Vilo cDNA Synthesis Kit
DEAE-cellulose

HiTrap Phenyl Sepharose HP
HiTrap Q HP

Ni Sepharose 6 Fast-Flow
Enterokinase

Tritium Microbiologie
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
BioLegend

NIH Tetramer Core Facility
NIH Tetramer Core Facility
Sigma-Aldrich
PeproTech

PeproTech

Thermo Fisher Scientific
Thermo Fisher Scientific
New England Biolabs
Sigma-Aldrich

Thermo Fisher Scientific
Sigma-Aldrich

Cytiva

GE Healthcare

GE Healthcare

New England Biolabs

Cat# B455.24.0005
Cat# 12055091
Cat# C34557
Cat# 15140122
Cat# 12440053
Cat# 423106
N/A

N/A

Cat# 11249738001
Cat# 200-04
Cat# 300-23
Cat# L34957
Cat# 18064014
Cat# M0491L
Cat# 8.18715
Cat# 11754050
Cat# 30477
Cat# 17519501
Cat# 17115401
Cat# 17531802
Cat# P8070L

PEG 3350 Sigma-Aldrich Cat# PHR2362
Recombinant listeriolysin (LLO) protein Abcam Cat# ab83345
Recombinant perfringolysin (PFO) protein Cusabio Cat# CSB-EP314820CMB
Recombinant streptolysin O (SLO) protein Abcam Cat# ab63978
Synthetic peptides representing Ply Table S7 N/A

Critical commercial assays

LEGENDplex Human T Helper BioLegend Cat# 741028
Cytokine Panels V2

Deposited data

HLA-DP4-Ply457-441 Protein Data Bank PDB: 7T2A
5F-HLA-DP4-Ply 407441 Protein Data Bank PDB: 7T2B
B5-HLA-DP4-Ply57_441 Protein Data Bank PDB: 7T2C
B1-HLA-DP4-Ply,57_441 Protein Data Bank PDB: 7T2D

Experimental models: Cell lines

BTI-TN-5B1-4 (Hi Five)
IPLB-Sf21-AE (Sf9)

Thermo Fisher Scientific
Thermo Fisher Scientific

Cat# B85502
Cat# B82501

Oligonucleotides

Primers used to sequence clonal TCRs Table S8 N/A
Software and algorithms

FlowJo software version 10 FlowJo LLC N/A
BlAevaluation version 3.1 Biacore AB N/A
GraphPad Prism version 8.0 GraphPad N/A
XDS Kabsch”" N/A
SCALA or AIMLESS in the CCP4 suite Winn et al.”? N/A
Phaser in the PHENIX suite Adams et al.”® N/A
Coot Emsley et al.”* N/A

(Continued on next page)
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Other

Anti-PE UltraPure MicroBeads
RNeasy Micro Kit
PCR Clean Up Kit

Miltenyi Biotec
Qiagen
Macherey-Nagel

Cat# 130-105-639

Cat# 74004

Cat# 740609.50

HiSeq 2500 System lllumina N/A
Cogent M1 TFF System Merck Millipore N/A
BlAcore T200 instrument GE Healthcare N/A
ADSC Quantum 210r detector Cowieson et al.”® N/A
EIGER X 16M pixel detectors at 100 K Aragéo et al.”® N/A

Superdex S200 16/600
Superdex S200 10/300
MicroBeta Counter

GE Healthcare
GE Healthcare
Perkin Elmer

Cat# GE28-9893-35
Cat# GE17-5175-01

N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Cécile van
Els (cecile.van.els@rivm.nl).

Materials availability
Plasmids generated during this study are available upon reasonable request subject to institutional legislation.

Data and code availability
The published article includes all data generated during this study and does not describe new code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Donors and ethics

Healthy adult donors were recruited from the Dutch Blood Bank via a Not-For-Transfusion Study (NVT0201.01, Sanquin). Donors with
clinically symptomatic and laboratory-confirmed S. pneumoniae infection were recruited via the IMMfact Study (NL46795.094.13),
initially approved and managed by the METC Noord-Holland (Alkmaar, The Netherlands) and subsequently approved and managed
by the METC MEC-U (Utrecht, The Netherlands). Data were generated from a total of 59 healthy adult donors (28 female, 30 male, 1
unknown) with a median age of 44 years (range, 22-64 years). Six donors with available material were selected from the IMMfact
Study (Table S1). All donors and parents/guardians of minor participants provided written informed consent in accordance with
the principles of the Declaration of Helsinki.

Samples

Venous blood samples from healthy adult donors were collected into citrate-anti-coagulated blood bags (500 mL). Serial venous
blood samples from IMMfact donors were collected into sodium heparin tubes (9 mL) during house visits within 3 months and at
9+ 1,18+ 2, and/or 36 + 3 months after symptomatic infection with S. pneumoniae. PBMCs were isolated via density gradient centri-
fugation over LymphoPrep (Sanbio) and cryopreserved in fetal calf serum (FCS, Greiner Bio-One) containing 10% dimethyl sulfoxide
(DMSO, Sigma-Aldrich).

Synthetic peptides, proteins, and bacterial strains

Peptides with a maximum length of 18 amino acids were purchased commercially (Pepscan) and dissolved in DMSO at a stock con-
centration of 1 mM (Table S7). Purified wildtype Ply and dPly, genetically mutated at T65C, G293C, and C428A, were kindly provided
by M. Ochs (Sanofi Pasteur). All purified CDCs, including LLO (Abcam), PFO (Cusabio), and SLO (Abcam), were heat-inactivated
before use for 15 min at 80°C. TIGR4,cps Was kindly provided by M. de Jonge (Radboud University Medical Center) and subse-
quently cultured up to an optical density of 0.6. Clinical isolates of L. monocytogenes and S. parasanguines were kindly provided
by Frans Reubsaet from the RIVM Reference Laboratory Strain Collection and subsequently cultured overnight in Brain-Heart-
Infusion Broth (Tritium Microbiologie). Whole cell preparations were generated by heat-inactivating the biomass for 1 h at 56°C
(S. pneumoniae and S. parasanguines) or 80°C (L. monocytogenes).
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METHOD DETAILS

HLA genotyping
DNA was isolated from PBMCs at the Laboratory of Translational Immunology, University Medical Center Utrecht. Four-digit geno-
typing for HLA class Il DPA1 and DPB1 was performed using sequence-specific oligonucleotide PCRs in conjunction with Luminex.

Cell proliferation assays

For the ®HTdr incorporation assay, PBMCs were resuspended in AIM-V medium (Thermo Fisher Scientific) containing 2% human AB
serum (Sigma-Aldrich) and dispensed into 96-well U-bottom plates at 1.5 x 10° cells/well in the presence of medium alone (negative
control), individual or pooled peptides (1 uM), or protein (1 pg/mL). Stimulations were performed in triplicate or quadruplicate for
5 days at 37°C with 5% CO,. Proliferation was determined by adding ®HTdr (18 kBg/well) and incubating the cells overnight at
37°C with 5% CO.. Cells were harvested onto a filter, and incorporated label was determined as counts per minute (cpm) using a
MicroBeta Counter (Perkin Elmer). The mean cpm from stimulated wells was divided by the mean cpm from negative control wells
to determine the Sl. Positive responses were assigned at S| values >2. For the flow cytometric dye dilution assay, PBMCs were
labeled with CellTrace Violet according to the manufacturer’s instructions (Thermo Fisher Scientific). Cells were stimulated as
described above for 7 days at 37°C with 5% CO,. After incubation, cells were pooled from duplicate wells and stained with Zombie
NIR (BioLegend), tetramer—PE (NIH Tetramer Core Facility), and the following directly conjugated monoclonal antibodies: (i) anti-
CD3-Alexa Fluor 700 (clone SK7), anti-CD4-BV711 (clone OKT4), anti-CD8-BV785 (clone SK1), anti-CD14-APC-Cy7 (clone
63D3), and anti-CD19-APC-Cy7 (clone HIB19) from BioLegend; and (ii) anti-CD25-BUV737 (clone 2A3) from BD Biosciences. Cells
were acquired using an LSRFortessa (BD Biosciences), and data were analyzed using FlowdJo software version 10 (FlowdJo LLC).

Cytokine secretion

Cytokines were measured in culture supernatants using a multiplex bead-based assay (LEGENDplex Human Th Panel) that quantifies
IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-13, IL-17A, IL-17F, IL-21, IL-22, IFN-y, and TNF-« (BioLegend). Data were acquired using a
FACSCanto (BD Biosciences).

Generation of CD4* T cell clones

PBMCs were stimulated with dPly (1 ng/mL) in AIM-V medium (Thermo Fisher Scientific) containing 2% human AB serum (Sigma-
Aldrich) for 7 days at 37°C with 5% CO.. Cells were then subjected to limiting dilution, dispensed into 96-well U-bottom plates con-
taining 1.5 x 10° y-irradiated feeder PBMCs/well, and stimulated with phytohemagglutinin (1 pg/mL) for 2-3 weeks at 37°C with 5%
CO.,. Expanding cultures from plates with <36% cell outgrowth were evaluated for reactivity to whole protein stimulation in the pres-
ence of autologous moDCs. Responsive clones were stimulated with peptides to assess epitope specificity.

Restriction analysis of CD4* T cell clones

HLA restriction was assessed by measuring proliferation in response to stimulation with dPly-loaded autologous or HLA-genotyped
EBV-transformed B-LCLs. Briefly, B-LCLs were mock pulsed or pulsed with dPly (1 pg/mL) overnight at 37°C with 5% CO,, washed
in phosphate-buffered saline (PBS), fixed with 0.25% paraformaldehyde for 10 min at room temperature, and washed again in 0.2 M
glycine. The restriction element was confirmed using anti-HLA-DP (clone B7/21, Leinco Technologies), anti-HLA-DQ (clone SPV-L3,
Thermo Fisher Scientific), or anti-HLA-DR (clone B8.11-2, RIVM).

Generation of monocyte-derived dendritic cells

PBMCs were resuspended in IMDM (Thermo Fisher Scientific) containing 1% FCS and 1% penicillin/streptomycin (Thermo Fisher
Scientific), dispensed into T75 flasks at 40 x 10° cells/flask, and incubated for 2 h at 37°C with 5% CO,. Monocytes were isolated
via plastic adherence. Adherent cells were washed once in prewarmed PBS and differentiated in IMDM containing 1% FCS, 1% peni-
cillin/streptomycin, 50 U/mL IL-4 (PeproTech), and 500 U/mL GM-CSF (PeproTech) for 5 days at 37°C with 5% CO..

Tetramer staining

PE-labeled DPB1*02:01/DPA1*01:03 S. pneumoniae Plyo7-439 ECTGLAWEWWRTV (HLA-DP*02/ECT) and DPB1*04:01/
DPA1*01:03 S. pneumoniae Plyso7_439 ECTGLAWEWWRTV (HLA-DP*04/ECT) tetramers were provided by the NIH Tetramer Core
Facility. Cells were stained for 45 min at room temperature in the dark with each tetramer prediluted 1:200 in FACS buffer (PBS con-
taining 0.5% bovine serum albumin).

Cell sorting

PBMCs were stained with the PE-labeled DP*04/ECT tetramer and magnetically enriched using anti-PE UltraPure MicroBeads (Mil-
tenyi Biotec). Cells were then stained with LIVE/DEAD Fixable Aqua (Thermo Fisher Scientific) and the following directly conjugated
monoclonal antibodies: () anti-CD3-APC-Fire750 (clone SK7), anti-CD8-BV711 (clone RPA-T8), and anti-CCR7-BV421 (clone
GO43H7) from BiolLegend; (ii) anti-CD14-V500 (clone H5E2) and anti-CD19-V500 (clone HIB19) from BD Biosciences; (iii) anti-
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CD4-FITC (clone S3.5) from Thermo Fisher Scientific; and (iv) anti-CD45RA-ECD (clone 2H4LDH11LDB9) from Beckman Coulter.
Viable tetramer*CD3*CD4*CD8 CD14 CD19™ cells were index-sorted directly into 96-well V-bottom plates at 1 cell/well using a
custom-modified FACSAria Il (BD Biosciences).

TCR sequencing of T cell clones

T cell clones were sequenced essentially as described previously.”” Briefly, RNA was isolated using an RNeasy Micro Kit (Qiagen), and
cDNA was synthesized via template-switch using SuperScript Il Reverse Transcriptase (Thermo Fisher Scientific) with 5’ switch adaptors
incorporating unique molecular identifiers and primers AC1R (ACACATCAGAATCCTTACTTTG) and BC1R (CAGTATCT
GGAGTCATTGA). Products were purified using a PCR Clean Up Kit (Macherey-Nagel). cDNA was amplified using Q5 High-Fidelity
DNA Polymerase (New England Biolabs) with primers AC2R (TACACGGCAGGGTCAGGGT) and BC2R (TGCTTCTGATG
GCTCAAACAC). Thermocycling parameters were 5 min at 95°C, followed by 25 cycles of 20 s at 95°C, 20 s at 65°C, and 1 min at
72°C, with a final extension for 5 min at 72°C. Amplicons were purified using a PCR Clean Up Kit (Macherey-Nagel). A second amplifi-
cation over 20 cycles under otherwise identical conditions was then performed separately for TRA and TRB using primers Hum_ACJ ((N)
2-4(XXXXX)ACACSTTKTTCAGGTCCTC) and Hum_BCJ ((N)2—-4(XXXXX)GGGTCAGGGTTCTGGATAT). Amplicons were visualized on a
1% agarose gel and purified using a Nucleospin Gel and PCR Clean Up Kit (Macherey-Nagel). TCR sequencing was performed using a
paired-end (2 x 250 bp) strategy with a HiSeq 2500 System (lllumina).

TCR sequencing of single T cells

T cells sorted directly ex vivo were sequenced essentially as described previously.’® Briefly, cDNA was synthesized from single-cell
RNA templates using a Superscript Vilo cDNA Synthesis Kit (Thermo Fisher Scientific), and products were amplified separately using
a multiplex PCR with nested primers for TRA or TRB. Primer sequences are listed in the original publication.”® Amplicons were
visualized on a 2% agarose gel and purified using a Nucleospin Gel and PCR Clean Up Kit (Macherey-Nagel). TCR sequencing
was performed using reverse primers for TRAC or TRBC (Genewiz).

Protein expression and purification

The extracellular domains of the TCR a- and B-chains were engineered with an interchain disulfide bond and expressed in E. coli
BL21-DES cells (Thermo Fisher Scientific). Heterodimers were refolded at an equimolar «:f ratio for 3 days at 4°C and dialyzed in
10 mM Tris-HCI pH 8. TCRs were purified using immobilized DEAE-cellulose (Sigma-Aldrich), size exclusion (Superdex S200
16/600, GE Healthcare), hydrophobic interaction (HiTrap Phenyl Sepharose HP, Cytiva), and anion exchange (HiTrap Q HP, GE
Healthcare) chromatography.”®:?° The extracellular domains of HLA-DP were produced in Trichoplusia ni BTI-TN-5B1-4 (Hi Five) cells
(Thermo Fisher Scientific) using a baculovirus expression system as described previously.®'#° Briefly, the baculovirus HLA-DP
expression construct contained a C-terminal enterokinase-cleavable Fos/Jun leucine zipper to allow for correct dimerization, and
the C-terminus of the B-chain was further engineered to encode a BirA ligase recognition sequence for biotinylation and a polyhis-
tidine tag for purification. The extracellular domains of the HLA-DP2/DP4 (DPA1*01:03 and DPB1*02:01/DPB1*04:01) a- and
B-chains with the pneumolysin epitope (Plysz7-441 With mutations E427G and C428A) or the control oxytocinase peptide
EKKYFAATQFAPLAAR (Oxy»71_2g6 With mutation E281A) attached covalently were concentrated and diafiltrated from supernatants
in 10 mM Tris-HCI pH 8, 500 mM NaCl using a Cogent M1 TFF System (Merck Millipore) and then purified via immobilized metal ion
affinity (Ni Sepharose 6 Fast-Flow, GE Healthcare) and size exclusion (Superdex S200 16/600, GE Healthcare) chromatography. The
leucine zipper and associated tags were cleaved using enterokinase (New England Biolabs). All complexes were then purified again
using anion exchange (HiTrap Q HP, GE Healthcare) chromatography. For crystallization trials, HLA-DP4-Ply4»7_441 was mixed at a
1:1 ratio with each TCR, and the resulting complexes were purified via gel filtration (Superdex S200 10/300, GE Healthcare).

Surface plasmon resonance

SPR experiments were conducted at 25°C on a BlAcore T200 instrument (GE Healthcare) with TBS-P buffer (10 mM Tris-HCI pH 8,
150 mM NaCl, 0.005% surfactant P20). Biotinylated HLA-DP4-Ply457_441, HLA-DP2-Ply 457_441, and HLA-DP4-Oxy571_5g¢ Were immo-
bilized on a research-grade streptavidin chip at an average of ~2,000-4,000 response units per complex. A mouse H,D° complex
was immobilized for reference. Experiments were conducted with serial dilutions of each TCR starting at a concentration of
200 puM. The flow rate was 30 pl/min. Two independent experiments with two replicates were performed for each TCR. Data
were plotted using the 1:1 Langmuir binding model in BlAevaluation version 3.1 and Prism version 8.0.0 (GraphPad) (Table 1;
Figures S3 and S4).

Crystallization and data collection

Crystals were grown using the hanging-drop vapor-diffusion method at 20°C by mixing equal volumes of protein in 10 mM Tris-HCI
pH 8, 150 mM NaCl with mother liquor solution at a ratio of 1:1. Crystals of the HLA-DP4-Ply457_44¢ binary complex formed at a
concentration of ~8 mg/mL in 0.15-0.2 M NaCl, 20-23% PEG 3350. Crystals of the public B1-HLA-DP4-Ply,57_44¢ ternary complex
formed at a concentration of ~15-18 mg/mL in 1.5-1.65 M K Na tartrate, 0.05-0.2 M Tris-HCI pH 8. Crystals of the private 5F-HLA-
DP4-Ply457_441 ternary complex formed at a concentration of ~10-12 mg/mL in 8-12% Tacsimate pH 8, 20-25% PEG 3350. Crystals
of the private B5-HLA-DP4-Ply,,7_441 ternary complex formed at a concentration of ~15-18 mg/mL in mother liquor solution
comprising 0.1-0.2 M Ca acetate, 0.1 M Tris-HCI pH 8.5, 10-20% PEG 3350. Crystals were cryoprotected before flash freezing in
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liquid nitrogen via gradual transfer into mother liquor solution supplemented with 20% glycerol for the HLA-DP4-Ply 407441 binary
complex, 20% Tacsimate pH 8 for the B1-HLA-DP4-Ply 457441 ternary complex, and 20% ethylene glycol for the 5F-HLA-DP4-
Ply407-441 and B5-HLA-DP4-Ply 457441 ternary complexes. Data were collected on the MX1 and MX2 beamlines at the Australian Syn-
chrotron using the ADSC Quantum 210r detector’® or EIGER X 16M pixel detectors at 100 K.”® Data were integrated using XDS'" and
scaled using SCALA or AIMLESS in the CCP4 suite.”?

Structure determination, refinement, and validation

Crystal structures were solved by molecular replacement using Phaser in the PHENIX suite.”® The search model for HLA-DP4-
Ply4o7_441 was HLA-DP2 (PDB ID, 4P5K). The refined HLA-DP4-Ply457_441 Structure was then used to model each ternary complex,
together with the BC8B TCR (PDB ID, 6CUH) for the 5F TCR, the S2 TCR (PDB ID, 40ZI) for the B5 TCR, and the HY.1B11 TCR (PDB
ID, 4MAY) for the B1 TCR. The structures were refined by iterative rounds of manual adjustment in Coot’“ and restrained refinement in
PHENIX.”® The TCR variable domains were numbered according to the IMGT unique numbering system,®* with the exception of two
residues in the CDR3 loop of the B5 TCR, which were labeled as 112A and 113A. Data processing and refinement statistics for all
complexes are summarized in Table S3.

Accession numbers

The coordinates and structure factors for HLA-DP4-Ply457_441, 5SF-HLA-DP4-Ply457_441, B5-HLA-DP4-Ply457_441, and B1-HLA-DP4-
Ply4o7_441 have been deposited in the Protein Data Bank under entry codes PDB: 7T2A, PDB: 7T2B, PDB: 7T2C, and PDB: 7T2D,
respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistics

Differences among groups were compared using one-way analysis of variance (ANOVA) with Tukey’s post-hoc test or the Kruskal-
Wallis test with Dunn’s post-hoc test in Prism version 9.3.1 (GraphPad). Significance was assigned at p values below 0.05.
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