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INTRODUCTION: A fundamental feature of the
adaptive immune system is its ability to gen-
erate immunity to foreign pathogens while re-
stricting collateral damage to self-tissues, a
property referred to as self-nonself discrimi-
nation. In the T cell compartment, this effect is
conferred in part by the purging or inactiva-
tion of conventional T (T,,,y) cells exhibiting
strong reactivity to self-peptides complexed
with host major histocompatibility complex
(MHC) molecules (self-pMHC). However, de-
spite these mechanisms, self-pMHC-reactive
Teony cells with pathogenic potential persist,
requiring continuous control by Foxp3-expressing
regulatory T (Tye) cells to prevent autoimmunity.

RATIONALE: This observation highlights a fun-
damental unanswered question that sits at the
nexus of protective immunity and autoimmu-
nity: During infection, in which both self- and
pathogen-derived peptides are presented in an
inflammatory environment permissive for T cell
activation, how do T, cells selectively control

Teony cells reactive to self-peptides while simul-
taneously enabling robust T cell responses to
pathogen-derived peptides? Conventional modes
of Tyeg cell suppression—such as sequestration
of costimulatory ligands, local hoarding of
secreted factors, and production of suppressive
cytokines—function broadly without regard to
the peptide specificity of responding T cells.
Therefore, these mechanisms lack the selec-
tivity needed to distinguish between self- and
nonself-reactive T, cells. To address this gap,
we examined the hypothesis that T, cells re-
active to self-peptides selectively constrain T,
cells of matched specificity during infection,
thereby enforcing self-nonself discrimination.

RESULTS: Through the study of CD4" T cell
responses to a natural prostate-specific self-
peptide, we identified two tiers of Ty, cell-
mediated regulation. T,.. cells of matched
specificity were not required for the control of
self-peptide-reactive T,y cells at steady state
or after innate immune activation. However,
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T, cells enforce self-nonself discrimination during infection by selectively constraining Tcoq, cells of
shared self-specificity. Upon infection with a pathogen expressing a self-peptide—a model of pathogen-associated
epitope mimicry or elevated self-antigen elicited by tissue damage—self-peptide—specific Treg cells selectively
control CD4" Teony cells reactive to the same peptide by attenuating TCR stimulation, IL-2 signaling, and
proliferation. This selective suppression simultaneously prevents autoimmunity and enables robust T, responses
against foreign pathogen—derived peptides to protect the host.
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such T, cells became crucial in a setting of
pathogen-associated epitope mimicry, in which
levels of both innate activation and self-peptide
presentation rise concurrently. When self-
peptide-specific T, cells were present, mice
were protected from autoimmunity after in-
fection with a bacterium expressing the self-
peptide. In the absence of such T, cells,
infection induced extensive autoimmunity of
the prostate. T, cells reactive to the self-
peptide did not prevent the priming of Ty
cells of shared specificity but instead stifled
their subsequent proliferation and differen-
tiation. The expansion of self-peptide-reactive
T cells occurred earlier than that of Teopy cell
counterparts, suggesting that antigen-activated
Treg cells were intrinsically poised to accumu-
late more rapidly, thereby providing a nu-
merical advantage in the early stages of the
response. Quantitative imaging revealed het-
erogeneous patterns of T, cell-mediated con-
trol; some self-pMHC-specific T, cells were
restrained by locally enriched polyclonal Tyeg
cells, whereas others required the local enrich-
ment of T cells of shared specificity to at-
tenuate T cell receptor (TCR) and interleukin-2
(IL-2) signaling, thereby stifling proliferation
and effector differentiation. Notably, T, cell-
mediated control of self-peptide-reactive T.q,y
cells had no impact on the T, cell response
to pathogen-derived nonself peptides, demon-
strating self-peptide specificity of the observed
suppression.

CONCLUSION: The selective control of self-
peptide-reactive Tcopny cells by T,g cells of
matched specificity may be especially relevant
for immunological insults that are proposed
drivers of autoimmunity, including pathogen-
associated epitope mimicry or the release of
self-antigens and inflammatory signals trig-
gered by infection-induced cell death. These
findings support a Ty, cell-centric model of
self-nonself discrimination in which the im-
mune system generates T, cells reactive to
highly antigenic self-peptide ligands, selective-
ly focusing immunosuppression on Ty, cells
of matched specificity during strong immu-
nological challenges. This model complements
and advances classical paradigms of self-nonself
discrimination, illustrating how the adaptive
immune system operates on a Kknife’s edge be-
tween effective pathogen control and the risk
of autoimmunity during infection.
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During infections, CD4* Foxp3" regulatory T (T.eg) cells must control autoreactive CD4* conventional
T (Teonv) cell responses against self-peptide antigens while permitting those against pathogen-
derived “nonself” peptides. We defined the basis of this selectivity using mice in which T, cells
reactive to a single prostate-specific self-peptide were selectively depleted. We found that self-
peptide-specific T,.g cells were dispensable for the control of Tc,y,, cells of matched specificity at
homeostasis. However, they were required to control such T, cells and prevent autoimmunity
toward the prostate after exposure to elevated self-peptide during infection. Notably, the T, cell
response to self-peptide did not affect protective T.,,, cell responses to a pathogen-derived peptide.
Thus, self-peptide-specific T,.g cells promoted self-nonself discrimination during infection by
selectively controlling T, cells of shared self-specificity.

ost conventional of T cells recognize

short peptide antigens bound to host

major histocompatibility complex mol-

ecules (pMHCs) displayed on the sur-

face of antigen-presenting cells (APCs).
Such recognition is mediated by a heterodi-
meric off T cell receptor (TCR), which is gen-
erated by a quasi-random gene recombination
process during T cell development in the thymus
(D). This process establishes a diverse periph-
eral pool of T cell clones, each expressing a dis-
tinct TCR. Protective host defense requires the
elicitation of rare T cell clones exhibiting strong
reactivity to pathogen-derived peptides, which
undergo activation, proliferation, and effector
T cell differentiation. However, the establish-
ment of a diverse T cell repertoire introduces
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immunological risk, as some generated TCRs
may react strongly to MHC molecules com-
plexed with peptides derived from self-expressed
proteins (self-peptides; self-pMHCs), poten-
tially promoting host autoimmunity (2). This
necessitates a range of control mechanisms that
limit T cell responses against self-constituents,
innocuous substances, and commensal microbes
while enabling those against nonself threats.

The earliest form of control operates in the
thymus to delete some developing T cells ex-
hibiting strong TCR reactivity toward self-
PMHCs, including those derived from peripheral
tissue-restricted antigens (3, 4). However, some
highly self-reactive T cell clones have been
demonstrated to seed the peripheral reper-
toire, including self-reactive CD4" Ty, cells
with the potential to differentiate into ef-
fector cells capable of triggering or potentiat-
ing autoimmunity (5-10). These escapees are
controlled by Foxp3* T, cells—a specialized
CD4" T cell subset whose differentiation is also
triggered in part by strong reactivity to self-
PMHCs in the thymus (1I) and which are
required throughout life to control highly self-
reactive T,y cells in the periphery, thereby
preventing autoimmunity (12).

Theg cells use multiple mechanisms to achieve
this outcome, including masking or removal of
costimulatory ligands on the surface of APCs,
absorption of T cell growth factors such as
interleukin-2 (IL-2), and production of sup-
pressive cytokines that restrict the differenti-
ation of T,y cells or modulate their priming
by APCs (13-18). These mechanisms can op-
erate at one or more stages of T cell activation
and effector differentiation, functioning to raise
Teonv Cell activation thresholds and/or limit
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the progression of ongoing T, cell responses
through negative feedback. In this regard, re-
cent work suggests that at steady state, Tyeg
cells do not prevent the activation and cyto-
kine production of many self-reactive T.qny
cells (19) but instead coordinate local feedback
control to dampen nascent self-reactive T.q,y
cell responses in the secondary lymphoid or-
gans (SLOs) (20).

The ongoing activation of rare T, cells by
self-pMHCs in SLOs raises a conceptual co-
nundrum related to T cell function during
inflammatory conditions such as infection.
Infection-associated tissue damage may in-
crease TCR signaling and costimulation in
self-reactive T,y cells owing to the release of
self-antigens and inflammatory signals from
dying cells. Furthermore, pathogen-derived
peptides can exhibit topological similarities
to self-peptides, potentially increasing TCR
signaling in some self-pMHC-reactive T¢y,y
clones during infection. This phenomenon,
referred to as epitope mimicry (21, 22), has
been proposed as a driver of some autoim-
mune diseases. Consistent with this idea, a
recent report identified T cell clones expanded
in human autoimmune lesions that cross-
react with both self-peptides and microbial
peptides (23).

Infection thus presents a singular challenge:
Treg cells must permit useful Teony cell re-
sponses against pathogen-derived peptides
while simultaneously constraining self-reactive
Teonv cells, which may receive both heightened
TCR signals and increased costimulation from
activated APCs. If unchecked, this potential for
enhanced signaling could saturate the capacity
of Theg cells to coordinate immunosuppression
(16, 24, 25). Yet overt autoimmune disease is
rarely observed in the context of infection,
suggesting that T, cells can selectively con-
trol T,y cell responses against self-peptides
while simultaneously permitting those directed
against nonself-peptides. One mechanism that
could account for this type of discrimination
relates to shared self-pMHC specificities of
some Ty, cells and Teony cells. Several studies
have documented the coexistence of mature
Tyeg and Teopny cells that recognize the same
self-pMHCs within the endogenous repertoires
of healthy mice (26-31) and humans (32), rais-
ing the possibility that self-pMHC-specific Tyeg
cells may preferentially regulate T,y cells of
matched specificity. Previous studies have dem-
onstrated that the infusion of large numbers
of in vitro-generated pMHC-specific T, cells
can selectively regulate T, cell responses of
shared specificity to foreign (33), self (34), and
microbial peptides (35), but it remains un-
known whether such principles are operative
for naturally occurring T, cell populations
reactive to endogenous self-peptides. On the
basis of these collective observations, we ex-
amined the hypothesis that T, cells reactive
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to self-pMHCs selectively constrain T,y cells
of matched specificity while permitting T,
cell responses to pathogen-derived peptides,
thereby promoting self-nonself discrimina-
tion during infection.

Results

C4-specific MJ23 T, cells are activated by
self-peptide at steady state and trigger the local
enrichment of polyclonal T, cells

We set up a mouse model system to analyze
CD4" T cell responses to a natural self-peptide
called C4, which is derived from the prostate-
specific protein Tcaf3 and displayed by the
MHC class II molecule I-A®. The Tcaf3 protein
and its derivative peptides are recurrently tar-
geted by autoantibodies and T, cells, respec-
tively, in settings of immune dysregulation
(26, 36, 37). C4/ I-A° complexes are presented in
the thymus, through Aire-dependent mecha-
nisms, thereby directing a fraction of develop-
ing C4-specific T cells into the T, cell lineage
(88, 39) without inducing measurable clonal
deletion (40) (fig. S1A). In contrast, C4 is not
required in the thymus for the positive selec-
tion of C4-reactive T, cells, consistent with
the known degeneracy of TCR recognition of
PMHCs and the need for only low levels of TCR
signaling for effective T,y cell positive selection.
The net result is a mixture of C4-specific T,eg
and T,y cells in the mature peripheral T cell
repertoire (fig. S1A). The C4-specific T cell re-
sponse can be studied using fluorescent CAL/I-Ab
tetramers (39) and monoclonal T cells from TCR
transgenic mice expressing the C4-specific MJ23
TCR (MJ23tg mice) (38). Tcaf3 also yields a
second nonoverlapping I-AP-restricted pep-
tide called F1, which, like C4, facilitates Aire-
dependent T, cell differentiation in the thymus
(26, 39) and is recognized by antigen-specific
Treg cells in the prostate-draining lymph nodes
(pLNs) (fig. S1A). Thus, the Tcaf3 system en-
ables the study of naturally occurring T, cell
populations reactive to two distinct self-peptides
derived from a single source protein.

To determine whether the control of C4-
specific Teony cells requires T, cells of matched
specificity at homeostasis, we adoptively trans-
ferred naive MJ23 T, cells from female
MJ23tg Ragl”’~ CD45Y* mice into healthy male
recipients (Fig. 1A), which harbor endogenous
C4/T-AP-specific Ty cells (39). Twenty-four
hours after transfer, donor MJ23 T, cells in
the pLNs up-regulated Egr2, a marker of TCR
signaling (41), and the cell cycle-related pro-
tein Ki67 (42) (fig. S1, B to D). In line with
recent findings (20), at this same time point,
multiplexed confocal imaging of the pLNs re-
vealed local enrichment of T, cells around
MJ23 T.ony cells expressing programmed cell
death protein 1 (PD-1) (Fig. 1, B and C), an
inhibitory receptor whose expression scales
as a function of TCR signaling intensity (20).
Cotransferred polyclonal T,y cells, by con-
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trast, did not trigger this local enrichment of
Treg cells (Fig. 1C). At later time points, MJ23
Teony Cells exhibited increased Ki67 expression
(fig. S1D) and modestly elevated frequencies in
the pLNs at day 3 after transfer, before re-
turning to or falling below baseline frequen-
cies at day 14 (Fig. 1D and fig. S1E). At all
measured time points, most MJ23 T, cells
in the pLNs failed to adopt an anergic phe-
notype, a dysfunctional state that limits the
activity of self-specific T, cells and is charac-
terized by elevated expression of the surface
markers FR4 and CD73 (FR4™ CD73™) (fig. S1,
F and G) (10). These findings demonstrate that
T\ cells within the endogenous repertoire do
not prevent MJ23 T, cells from sensing C4/
I-AP ligand, becoming activated, and entering
the cell cycle. Instead, these results suggest that
Tree cells might exert local feedback control,
surrounding the activated T, cells to form
microdomains that stifle nascent effector re-
sponses, a phenomenon that has been reported
previously (20, 43).

The formation of microdomains requires
Teg cell TCR engagement of pMHCs on APCs
(19, 20), consistent with the need for TCR sig-
naling by T cells to prevent autoimmunity
(44, 45). We generated MJ23tg bone marrow
chimeric (BMC) male mice (Fig. 1E), which
harbor a mixture of MJ23 T,¢, and Tony cells
at low frequencies within a polyclonal T cell
repertoire (38), and quantified the activation
status of MJ23 T\, cells compared with Teony
cells and assessed the spatial localization of
MJ23 Ty cells with respect to MJ23 Teony
cells. We used MJ23 T cells expressing the
Foap3P™ECEP gllele (12) to ablate Foxp3* MJ23
Tyeg cells through administration of diphtheria
toxin (DT) (Fig. 1F and fig. S1H). In unmani-
pulated MJ23 BMC males, a fraction of both
MJ23 Tyee and Teony cells actively sensed lig-
and in the pLNs, as measured by Erg2 ex-
pression (Fig. 1, G and H), but not the spleen
(fig. S1, I and J) at steady state. These findings
confirmed that CAL/I-Ab ligand was accessible
for T cell recognition at homeostasis in this
system and indicated that most peripheral
MJ23 T,y cells were not irreversibly inacti-
vated by prior residence in male mice. Tyeg
cells selectively accumulated around activated
MJ23 Teony cells compared with nonactivated
CD4" Teony cells sampled at random within the
same pLN paracortex (Fig. 1I). However, the
resulting microdomains were devoid of MJ23
Treg cells (Fig. 1J). Ablation of MJ23 T, cells
through DT administration did not alter the
percentage of MJ23 T, cells expressing Egr2
(Fig. 1H). These analyses indicate that CZL/I-Ab
is readily accessible for recognition by both
MJ23 Teony cells and Ty cells at steady state
and that MJ23 T, cells do not measurably
colocalize with MJ23 T,y cells nor play a de-
tectable role in limiting their recognition of
C4/I-AP ligand in this setting.
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C4-specific T.on, cells are controlled by polyclonal
Treg cells in settings of innate activation
To further assess the role of T, cells in con-
trolling T,y cells of matched self-pMHC spe-
cificity in a natural polyclonal repertoire, we
engineered mice in which exon 5 of the Tcaf3
gene, which encodes the region containing the
C4 epitope, was flanked by loxP sites (fig. S2A).
Crossing these mice to Foxnl-Cre™ mice (46)
yielded offspring in which Tcaf3 exon 5 was
selectively deleted in thymic epithelial cells
(TECs), leaving Tcaf3 and C4 peptide expres-
sion in the prostate unaltered [FoxnI-Cre*
Teaf3(exs) ™% mice, hereafter referred to as
C4#2™C mice] (Fig. 2A). This alteration was de-
signed to impair the selection of C4/I-AP—specific
Treg cells in the thymus without altering the
selection of Ty, cells reactive to other self-
PMHCs. In this setting, mature C4-specific
T cells were heavily skewed toward the T,y
fate in the periphery (fig. S2, B to E).
In the absence of immune challenge,
mice did not develop spontaneous T cell in-
filtration of the prostate at 4, 6, and 12 months
of age (fig. S2, F and G). Treatment of C4ATEC
mice with C4 peptide alone (fig. S2, H to M) or
agonists of innate signaling pathways known
to activate APCs, including anti-CD40 agonist
antibody, lipopolysaccharide (LPS), or poly-
inosinic:polycytidylic acid (poly I:C) (fig. S2,
N to R), also failed to induce prostatic Teony
cell infiltration. We also examined control of
self-specific Tony cells during bacterial infection
by challenging C4#*™# males with an attenuated
parental strain of Listeria monocytogenes
(Lm[parent]), a common bacterial pathogen
that triggers multiple innate signaling pathways
(47-52). Although Lm propagates predomi-
nantly in the spleen and liver when injected
intravenously (53), we observed activation of
polyclonal CD4" Ty cells in distal SLOs, in-
cluding the pLNs (fig. S3, A to D), consistent
with systemic inflammation. However, despite
such distal APC activation, infection of C4*7%¢
males with a virulent strain of Lm/parent] did
not cause C4-specific T,y cells to break toler-
ance and infiltrate the prostate (fig. S3, E to G).
This result was not explained by loss of C4
presentation in the pLNs, as newly transferred
MJ23 T,y cells were activated to the same
extent compared with homeostatic conditions
(fig. S3D) (54). Collectively, these results sug-
gested that CéL/I-Ab-speciﬁc Teony cells did not
break tolerance in the absence of matched Tyeg
cells, even after APC activation by a variety of
inflammatory signals or after provision of anti-
genic peptide alone.

C 4A7EC

Thymic presentation of C4/I-A® is required

to prevent prostatitis after Lm[C4] infection
and does not affect the T cell response to the
Lm-derived LLO peptide

Proposed drivers of autoimmunity include sce-
narios in which self-specific T, cells perceive
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Fig. 1. C4-specific MJ23 T, cells are activated by self-ligand at steady state
and trigger the local enrichment of polyclonal T, cells. (A) Experimental
schematic for (B) to (D). (B) Summary of PD-1 mean fluorescence intensity (MFI)
on transferred MJ23 or polyclonal Teon, cells 24 hours after transfer, as determined
by confocal microscopy. n = 18, polyclonal Teony: 1 = 23, MJ23 Teon,. (C) Local
scaled density of polyclonal Treg cells within a 30-um radius of MJ23 T, cells

or transferred polyclonal Teo,y cells 24 hours after transfer, as determined by
confocal imaging. n = 34, polyclonal Teony: 1 = 107, MJ23 Teon. (D) Frequency of
MJ23* CD4" Teony cells among polyclonal CD4* T cells in the pLNs at the indicated
time point after transfer, identified by flow cytometry. n =12, dl; n =12, d3; n =
12, d14. (E and F) Wild-type male mice were irradiated and reconstituted with a
low frequency of congenically disparate MJ23tg* Ragl™~ Foxp3®™ bone marrow
(LF MJ23 chimeric mice). More than six weeks after engraftment the fate of MJ23
T cells was assessed in the pLNs by flow cytometry or confocal microscopy.

LF MJ23 chimeras were depleted of MJ23 T, cells by diphtheria toxin injection (DT)
3 days before analysis or left untreated. (G) Representative flow cytometric analysis
of Egr2 versus Foxp3 expression by MJ23 CD4* T cells isolated from the pLNs.

The frequency of cells within gates is denoted. (H) Frequency of Egr2* cells among
MJ23 CD4" Tyeg and Teony Cells isolated from the pLNs of host mice, measured

by flow cytometry. n = 20, no depletion; n =10, MJ23 Ty, depletion. (I and J) pLNs
were harvested from untreated LF MJ23 chimeric mice as in (F) and analyzed by
confocal microscopy. The observed local scaled density of polyclonal (I) or MJ23 (J)
Treg Cells within a 30-um radius of each MJ23 Te, cell was determined and was compared
with the density after the positions of MJ23 Ty and MJ23 Ty cells were randomly
shuffled with polyclonal Teon, and Tyeg cells, respectively. For (1), n =13, shuffled, and n =
13, observed; for (J), n = 13, shuffled, and n = 13, observed. Flow cytometric gating strategy
is described in fig. S13. The n values and individual data points shown in graphs represent
the number of cells [(B), (C), (1), and (J)] or the number of mice [(D) and (H)]. Data

are pooled from multiple independent experiments: n =2 [(B) and (C)],n=3 (D), n=4o0r5
[(G)and (H)], n=2[(l) and (J)]. Graphs show mean and quartiles [(B), (C), (I), and (J)] or
mean + SEM [(D) and (H)]. P values were calculated by two-tailed nonparametric
Mann-Whitney test [(B) and (C)], ordinary one-way analysis of variance (ANOVA) [(D) and
(H)], or as described in the Materials and methods [(1) and (J)] [*P < 0.05; **P < 0.01;
**¥P < 0.001; not significant (n.s.) = P > 0.05].

both innate activation and elevated TCR sig-
nals, including pathogen-associated epitope
mimicry and settings in which the quantity of
self-pMHC ligands is increased by infection-
associated cell death. To model these settings,
we engineered the attenuated Lm/parent] strain
to express recombinant C4 peptide (Lm/C4J). In
wild-type males that received CellTrace Violet-
labeled MJ23 T,y cells, challenge with Lm/C4]
drove the robust proliferation and expansion
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of MJ23 T,y cells at the major site of Lm
propagation (fig. S4A). Thus, infection with
the Lm/[C4] strain enabled the study of tem-
porally synchronized C4-specific T.qny cell
responses in an inflammatory environment as-
sociated with elevated presentation of the C4
self-peptide. Of note, peptide/I-A” tetramers
can be used to track the CD4" T cell responses
to both the C4 self-peptide and the natural
I-AP-restricted Lm-derived peptide LLO1g0.001

21 March 2025

(LLO, listeriolysin O) (Fig. 2B), which serves as
a pathogen-derived foreign epitope with no
known self-peptide analog.

To define whether T, cells reactive to C4
played arole in controlling T, cells of matched
specificity and maintaining tolerance in this
setting, we infected C4"7" and C4#*"C males
with Lm/[C4] and analyzed T cell responses
(Fig. 2C). In C4"" mice, infection with Lm/C4]
failed to induce prostatic T cell infiltration
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Fig. 2. Thymic presentation of C4/I-A” is required to prevent prostatitis
after Lm[C4] infection and does not affect the T cell response to the
Lm-derived LLO peptide. (A) Schematic depicting the anatomical location of
C4 peptide expression and the approximate frequencies of endogenous C4/I-A°-
specific Treg and Teony cells in C4"7 and C4*75¢ male mice. (B) Schematic
depicting peptide expression in the genetically engineered Lm[C4] pathogen
strain. (C) Experimental design for (D), (E), and (H) to (M). Lm[C4]: n =6
C4"T d4; n =7, C4*TEC dd; n = 6, C4"T d7, n = 7, C4*TEC d7; n = 8, C4"7 d14;
n =10, C42™C d14. (D) Representative analysis of C4/I-A° tetramer-APC
versus —PE expression by polyclonal CD4" T cells after infection with Lm[C4].
The frequency of cells within gates is denoted. (E) Summary plot of the number
of CD4" T cells and CD8B* T cells recovered from the prostates of mice.
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(F and G) C4"T and C4“TE€ mice were challenged intravenously with 10’ CFU Lm
[F1], as in fig. S4F, and T cells isolated from the prostate were analyzed. Aire™~
male mice lacking tolerance to the F1 peptide were infected as a control. n = 4,
C4"T: n = 4, C4°T and n = 2, Aire™". (F) Representative analysis of F1/I-A”
tetramer—APC versus —PE expression by polyclonal CD4" T cells. The frequency
of cells within the gates are denoted. (G) Pooled data showing the number

of CD4™ T cells recovered from the prostates of Lm[F1]-challenged mice.

(H to M) Analysis of T cells in the spleen in Lm[C4]-challenged mice treated as in
(C). (H) Representative analysis of C4/I-A® tetramer—APC versus -PE expression
in polyclonal CD4* T cells (top) and Ki67 versus Foxp3 expression by C4/I-A°
tetramer® T cells (bottom). The frequency of cells within gates is denoted.

(1) Data pooled from (H) showing the frequency of dual C4/1-A® tetramer* CD4*
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T cells expressing Foxp3. (J) Pooled data from (H) showing the number of
dual C4/1-A® tetramer® CD4" T cells. (K) Representative analysis of LLO/I-AP
tetramer—APC versus —PE expression by polyclonal CD4" T cells (top) and
Ki67 versus Foxp3 expression by LLO/I-A® tetramer® T cells (bottom). The
frequency of cells within gates is denoted. (L) Pooled data from (K) showing
the frequency of dual LLO/I-A® tetramer* CD4* T cells expressing Foxp3.

(M) Pooled data from (K) showing the number of dual LLO/I-A® tetramer* CD4*
T cells. Flow cytometric gating strategy is described in fig. S13. The n values

(Fig. 2, D and E, and fig. S4, B to E). In con-
trast, Lm/C4] challenge of C42™C mice induced
extensive T cell infiltration of the prostate by
day 14, characterized by a substantial fraction
of C4~specific Ty cells (Fig. 2, D and E, and
fig. S4, D and E). After challenge with atten-
uated Lm expressing the F1 peptide (Lm/FI]),
the T cell response to F1 was indistinguishable
between C4#""" and C#*7E€ mice (fig. S4, F to
0), and C#*7E€ mice were resistant to prosta-
titis (Fig. 2, F and G). This demonstrated that
tolerance to F1 was intact in C4*™% mice and
that C4-specific Ty, cells were not required to
control the T, cell response to the linked F1
peptide. In addition, transient T, depletion
of all Ty, cells in C4"" Foap3P™*CFF male
mice at the time of Lm/C4] challenge triggered
prostatitis characterized by infiltration of C4-
specific T,y cells (fig. S5). This finding dem-
onstrated that C4-specific T,y cells with
pathogenic potential were not specific to
C4TEC males lacking C4 peptide in the thy-
mus; the endogenous repertoire of C4""” males
also harbored such cells.

Thus, our findings demonstrate that in a
setting of elevated C4 peptide presentation in
the context of infection, C4-specific T,y cells
induce organ-specific autoimmunity in the ab-
sence of T,g cells with matched specificity. In
this setting, all other T cells, including Tyeg
cells reactive to related self-peptides such as the
Tcaf3-derived F1 peptide, are unable to suffi-
ciently control C4-specific T,y cells.

Given the divergent outcomes in C4""7 and
C4°TC mice after Lm/C4] infection, we sought
to characterize the arc of the C4-specific T cell
response. The response in C4#"” mice, which
were protected from prostatitis (Fig. 2D), was
characterized by a T, cell-skewed response
that peaked at day 4 in the spleen and waned
progressively at days 7 and 14 (Fig. 2, Hto J). A
major fraction of both C4-specific (C4~/I-Ab
tetramer™) T, cells and T,y cells were Ki67"
at day 4 (fig. S4P), indicating that C4-specific
Teony cells were primed in C4#"7 mice in the
early days of Lm/C4] infection but were ulti-
mately controlled (Fig. 2H). In C4*"%° mice,
the C4-specific response was characterized by
a Teony cell-skewed response at day 4 (Fig. 2, H
and I). Later time points saw the continued
expansion of C4/I-A® tetramer” T cells in the
spleen at day 7 (Fig. 2J) and elevated frequen-
cies of C4~specific T cells in the pLNs (fig. S6, A

Klawon et al., Science 387, eadk3248 (2025)

P > 0.05).

to D) and prostate (fig. S4E) at days 7 and 14.
In parallel, we assessed the response of CD4*
T cells reactive to LLO;g¢.007 (Fig. 2B) and
found that the frequency (Fig. 2, K to M) and
phenotype (figs. S4Q and S6, E to G) of LLO-
specific T cells was indistinguishable between
C4"T and C4#*E€ mice. Thus, the divergent T cell
response to C4 in C#"7 compared with C4*™¢
mice did not affect the T cell response to a
second Lm-expressed peptide. These results
demonstrate that in C4"7 mice, C4-specific
Treg cells effectively discriminate between Teony
cell responses to self-peptide and those reac-
tive to nonself peptide.

C4-specific T,eg cells restrict the emergence

of C4-specific T,y cells exhibiting proliferative
and stemlike central-memory states during
Lm[C4] infection

To understand how C4-specific T, cells were
controlled in C4"” mice during Lm/C4] infec-
tion, we performed single-cell RNA sequenc-
ing (scRNA-seq) of C4/I-A® tetramer™ T cells
purified from the spleens of C4"7 and C427%¢
mice 4 days after Lm/C4] challenge, an early
time point at which the C4-specific T cell re-
sponses are poised to diverge (Fig. 2J). Uni-
form manifold approximation and projection
(UMAP) with unsupervised clustering revealed
14 distinct T cell clusters (Fig. 3A), none of
which were exclusive to the C4"7 or C4AT5¢
settings (Fig. 3B) but instead differed in their
proportional representation (fig. S7, A and B).
Three clusters (clusters 1 and 9, plus cluster
10 in ¢4 only) exhibited expression of Foxp3
and other T, cell-defining signature genes
(Fig. 3C and fig. S7B). These T,z cells ac-
counted for 61.7% (+5.00% SEM) of C4/I-A”
tetramer” T cells from C4""7 mice but only 5.92%
(£1.46% SEM) of cells from C4#"E€ mice.

We proceeded to define differences in the
transcriptional states adopted by C4-specific
Teony cells elicited in Lm/C4J-challenged C4""
and C#*™C mice. Our analysis coalesced around
select genes identified as cluster-defining genes
for one or more clusters on the basis of dif-
ferential expression statistics (Fig. 3, D and E).
These genes included the Mki67 gene encod-
ing Ki67; the chemokine receptor-encoding
Cer2, Czer6, and Cer7 genes; and the T¢f7 gene
encoding the transcription factor TCF1. High
CCR2 and CXCR6 expression are hallmarks of
inflammatory effector cells capable of migrat-
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represent the number of mice. Data are pooled from multiple independent
experiments: n = 3 or 4 [(D) and (E)], n = 2 [(F) and (G)], n = 3 or 4 [(H) to
(M)]. In all graphs, each symbol represents the mean + SEM of pooled mice.
Asterisk symbols denote comparison of CD4" T cells, and hashtag symbols
denote comparison of CD8B" T cells. P values were calculated by two-tailed
nonparametric Mann-Whitney test [(E), (1), (J), (L), and (M)] or ordinary two-
way ANOVA (G) (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; n.s. =

ing into peripheral tissues, whereas high CCR7
expression is associated with T cell retention in
lymphoid tissues (55). High expression of TCF1
is a hallmark of “stemlike” central-memory
T cells (56, 57), which have been implicated as
key reservoirs supporting sustained effector
T cell responses in multiple contexts (58-63).

The most abundant T, cell cluster en-
riched in C4"7 mice was cluster 5 (Fig. 3E).
This cluster was characterized by elevated ex-
pression of Cer2 and Cacr6, low expression of
Tef7 and Cer7, and low expression of Mki67
and other cell cycle-related genes (Fig. 3D and
fig. S7B), indicative of short-lived effector cells
that had lost proliferative potential. In con-
trast, T.onyv cell clusters 4 and 6 were over-
represented in C4#*7% mice relative to C4"7
mice (Fig. 3E). T.ony cells in cluster 4 were
characterized by high expression of Cxcr6 and
Cer2, low expression of T¢f7 and Cer7, and
adoption of a proliferative profile including
expression of Mki67 (Fig. 3D and fig. S7B),
indicative of proliferating T, cells that had
initiated effector cell programs. T,y cells in
cluster 6 were also proliferative on the basis
of Mki67 expression but exhibited an inverse
expression pattern of other signature genes,
including low expression of Cxcr6 and Cer2
and high expression of 7¢f7 and Cer7 (Fig. 3D
and fig. S7B), and exhibited hallmarks of cy-
cling stemlike central-memory T cells.

C4-specific Teony cells elicited in €47 and
C42TEC mice expressed comparable amounts
of transcripts encoding T helper (Ty;) subset—
defining transcription factors, including high
amounts of the Tyl-associated genes 7bx21
and Czcr3 and low amounts of Gata3, Rore,
and Bcl6 (fig. S7C). However, analysis of pro-
tein expression by flow cytometry revealed that
a larger fraction of MJ23 T,y cells elicited in
C4°TEC hosts expressed the Tyl-associated
T-bet protein (encoded by 7bx2I) relative to
those elicited in C4""7 hosts (fig. S7, D and E).
Collectively, these findings suggest that in
4" mice, C4-specific Teg cells prevent auto-
immunity during Lm/C4] infection by stifling
the proliferative potential and Tyl skewing of
Teonv Of shared specificity and by restricting
the emergence of at least two T,y cell states—
those of proliferative effector cells and stem-
like central-memory T cells.

We also examined the C4-specific T cell re-
sponse to Lm/C4] challenge using monoclonal
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Fig. 3. C4-specific T,y cells restrict the emergence of C4-specific Tcony
cells exhibiting proliferative and stemlike central-memory states during
Lm[C4] infection. (A to E) C4"" and 47 male mice were challenged
intravenously with 107 CFU Lm[C4] as in Fig. 2C. At 4 days after infection,
C4/1-AP tetramer* CD4" T cells were purified by cell sorting from the spleen, and
cells from individual mice were tagged, pooled, and subjected to scRNA-seq
(10X platform). n = 9, C4"": n = 10, C4°TEC. (A) Unsupervised clustering and
UMAP embedding of scRNA-seq 5' gene expression data. Clusters O to 13 are
indicated. (B) UMAP embedding of cells derived from either genotype. A total
of 1593 C4""-derived cells and 5246 C4°TC-derived cells are depicted.

(C) Z-score normalized expression of Foxp3. Clusters 1, 9, and C4""-derived cells
in cluster 10 were designated as Teg cells, while all other cells were Teony
cells. (D) Violin plots depicting z-score normalized expression of select genes in
each cluster. (E) For the C4"T and C4°TEC settings, fraction of total T cells (left)

Klawon et al., Science 387, eadk3248 (2025) 21 March 2025

or Teony-assigned cells (right) in each cluster, relative to the total number of
cells from each mouse. (F) Experimental schematic for (G) to (J). LF MJ23
chimeric mice were generated in C4"" and C4“T5C male hosts using MJ23tg*
Ragl™~ marrow and challenged with Lm[C4]. n = 16, C4"T; n = 20, C4~TEC,
(G) Representative analysis of Ki67 versus Foxp3 expression by MJ23* or
polyclonal CD4" T cells isolated from the spleen after Lm[C4] infection.
Frequency of cells within the gates is denoted. (H to J) Pooled data from (G)
showing the number of MJ23" CD4" T, cells (H), the frequency of Ki67*
cells among MJ23* CD4" T cells (1), and the normalized MFI of Ki67 expressed
among MJ23* CD4" T cells (J). (K) Experimental schematic for (L) to (O).

LF MJ23 chimeric mice were generated in wild-type male hosts using

MJ23tg* Ragl™~ Foxp3®™ marrow and challenged with Lm[C4]. In the experimental
group, host mice were depleted of MJ23 T, cells 2 days before infection by a
single dose of DT. n =17, no depletion (- DT); n = 17, MJ23 T, depletion
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(+ DT). (L) Representative analysis of Ki67 versus Foxp3 expression by MJ23* or
polyclonal CD4* T cells. The frequency of cells within the gates is denoted.

(M to 0) Pooled data from (L) showing the number of MJ23* CD4" T, cells
(M), the frequency of Ki67" cells among MJ23" CD4" T¢ony cells (N), and
the mean fluorescence intensity (MFI) of Ki67 on MJ23* CD4" T.,n, cells (O).
Flow cytometric gating strategy is described in fig. S13. The n values
represent the number of mice. Data are pooled from multiple independent

MJ23 T cells. Given previous work showing
that clonal deletion does not affect the thymic
selection of MJ23 T cells (40), analysis of Tycg
and Ty cells expressing the fixed MJ23 TCR
eliminated the variables of clonal deletion and
TCR-pMHC binding properties. We established
two distinct scenarios in which the response
of MJ23 Teony cells to Lm/C4] infection was
assessed in the presence or absence of MJ23
Tieg cells. In the first setting (Fig. 3, F to J),
we analyzed the response in MJ23 BMCs gen-
erated in C4"7 hosts, which harbored a mix-
ture of MJ23 T, cells and MJ23 Ty cells at
baseline (fig. S1G), and compared this with the
response in BMCs generated in C4*™"C hosts,
which harbored MJ23 T,y cells but lacked
MJ23 Ty cells (fig. S7F). In the second setting
(Fig. 3, Kto O, and fig. S7, G to J), we generated
MJ23 BMCs in C4"7 hosts using MJ23tg bone
marrow harboring the Foxp3"™ECT gllele,
subjected half of these BMCs to selective MJ23
Treg cell depletion through DT administration
(fig. S7, G and I), and subsequently challenged
with Lm/C4]. In both scenarios, the presence
of MJ23 T, cells stifled the proliferative com-
petency of clonally matched MJ23 T, cells
during Lm/C4] infection (Fig. 3, F to O), con-
sistent with our above reported findings for
polyclonal C4/I-AP-specific T cells (Fig. 3, D
and E).

C4-specific MJ23 T, cells colocalize with a
fraction of MJ23 T, cells in the lymph
node to limit TCR signaling and IL-2 sensing
during Lm[C4] infection

We hypothesized that C4-specific T, cells might
selectively dampen the proliferative and effec-
tor cell states adopted by C4-specific T,y cells
by competing for access to self-pMHC and/or
IL-2 cytokine in the local environment, thereby
restricting sustained T,y cell signal integra-
tion (64, 65). We performed quantitative multi-
plexed imaging of Lm/C4J-challenged MJ23
BMCs generated in C#"7 and C4*7 mice
(Fig. 4A) to generate high-resolution snapshots
of MJ23 T.ony cells and locally positioned Tyeg
cells (Fig. 4B). We used PD-1 as a readout of
TCR signaling intensity, Ki67 as a measure of
proliferative competency, and phospho-STAT5
(pSTATS5) as a readout of IL-2 cytokine signaling
and examined the local densities of polyclonal or
MJ23 T, cells within 30 pm of each MJ23 Teony
cell. We analyzed the response in the liver-

Klawon et al., Science 387, eadk3248 (2025)

0.0001; n.s. = P > 0.05).

draining portal lymph nodes (Fig. 4, A and
B), which drain a major site of Lm propagation,
and focused on day 3 after Lm/C4] challenge,
reasoning that the mechanisms orchestrating
the divergent outcomes in C4"7 and C4°7E¢
mice would manifest during this early stage of
Teony cell priming (Fig. 2, H to J).

We then trained a support vector machine
(SVM) to objectively assess how MJ23 Ty,
cell phenotypes might diverge between C4""7
and C4F¢ settings in situ (Fig. 4E). This clas-
sification model revealed a decision boundary
that accurately separated the two groups on
the basis of PD-1 and Ki67 expression, with
PSTATS5 expression overlaid for further inter-
pretation. Specifically, 84% of the MJ23 T.opny
cells in the C4"7 setting expressed reduced
levels of PD-1, pSTATS5, and Ki67, indicating
low-grade signaling and proliferation (Fig. 4E).
By contrast, 74% of the MJ23 T,y cells in the
C4°TEC setting exceeded this boundary and
were classified into one of three distinct sub-
populations: D1, D2, or D3 (Fig. 4F). D1 cells
exhibited elevated TCR signaling alone; D2
cells displayed enhanced TCR signaling, IL-2
signaling, and Ki67 expression; and D3 cells
displayed increased Ki67 expression alone.
Notably, 26% of MJ23 Teony cells in C4°7EC
hosts fell within the boundary established for
C4"7T hosts (Fig. 4F), suggesting that these
cells were effectively constrained by polyclonal
Treg cells of unmatched specificity. These data
suggest that in the absence of clonally matched
Treg cells, there is a heterogeneous MJ23 T.ony
cell response to Lm/C4] infection, with a frac-
tion of MJ23 T.ony cells (D2) exhibiting ele-
vated TCR and IL-2 signal integration.

To assess how this fraction is normally con-
trolled by C4-specific Tyg cells, we quantified
the spatial relationship between MJ23 T.opny
and MJ23 T, cells within the liver-draining
LNs of C4" " hosts during Lm/C4] infection. In
contrast to our observations in the pLNs dur-
ing homeostatic conditions (Fig. 1J), we ob-
served a nonrandom enrichment of MJ23 T,
cells within microdomains surrounding 37%
of MJ23 Teony cells (Fig. 4G). MJ23 T cells
constituted ~5 to 15% of T cells within these
microdomains despite representing only ~1%
of the global T, cell pool. These proximal
MJ23 T, cells exhibited elevated expression
of PD-1 and pSTAT5 compared with distal
MJ23 T, cells that were not positioned near

21 March 2025

experiments: n = 3 [(G) to (J)], n = 4 [(L) to (O)]. In (A) to (C), each symbol
represents one cell. In (E), (H) to (J), and (M) to (0), each symbol represents
one mouse. Violin plots in (D) and (E) represent data from pooled mice.
Graphs show mean and quartiles (E) or mean + SEM [(H) to (J) and (M) to
(0)]. P values were calculated by two-way ANOVA (E) or Welch's t test

[(H) to (J) and (M) to (0)] (*P < 0.05; **P < 0.0L; ***P < 0.001; ****P <

MJ23 T,y cells, as well as to proximally or
distally positioned polyclonal T, cells (Fig. 4,
H and I). These data demonstrate that during
Lm[C4] infection, MJ23 T, cells colocalize
with a fraction of MJ23 T, cells and become
activated to levels beyond that of other Tyeg
cells in the LN, likely owing to engagement
with C4-bearing dendritic cells (DCs).

In the absence of MJ23 T, cells, a fraction of
MJ23 T, cells escape constraint by polyclonal
Treg cells during Lm[C4] infection

‘We performed a holistic, fine-grained analysis
on the entire landscape of Ty, cells proximally
positioned within 30 um of each MJ23 T,
cell in C#""" and C4°7E€ hosts. We linked these
Treg cells to their nearest MJ23 Ty cell and
performed unsupervised hierarchical cluster-
ing on the resulting pairings using eight pa-
rameters, including the fluorescence intensity
of PD-1, pSTATS5, and Ki67 in both cell types,
plus the local densities of polyclonal and MJ23
T cells (Fig. 5A). This analysis identified five
clusters of Tyeg-Teony cell pairings (Fig. 5B) that
differed in their proportional representations
between C4"7 and C427FC settings (Fig. 5C
and fig. S8A) and exhibited clear demarcation
when visualized in a low-dimensional embed-
ding of all features using UMAP (fig. S8, B to
D). Comparable clusters were also obtained by
initially averaging the proximal T, cell pheno-
types and applying the same computational
methods outlined above (fig. S9, A to D). Over-
all, our holistic analysis revealed a range of
local T cell microenvironments associated
with distinct MJ23 T,y cell phenotypes (fig.
S8, E to H).

Three of the five clusters exhibited over- or
underenrichment in C£#”7 or C4*™ hosts with
effect sizes greater than twofold that could not
be explained by chance (Fig. 5C and tables S1
and S2). Cluster P5 appeared almost exclusive-
ly in C4"7 conditions (Fig. 5C) and comprised
highly activated MJ23 T, cells and their poly-
clonal T, cell neighbors, which were posi-
tioned near weakly activated MJ23 T,y cells
with low PD-1 and Ki67 (Fig. 5, B to D). Nota-
bly, many MJ23 T, cells expressed elevated
amounts of Ki67 when not colocalized with
MJ23 Teony cells (fig. SOE). Cluster P1, by con-
trast, was enriched in C#*7%C mice, comprising
~34% of the Tyeg-Teony Pairings in this setting
(Fig. 5C). The MJ23 T,y cells associated with
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Fig. 4. C4-specific MJ23 T, cells colocalize with a fraction of MJ23 Tcon,
cells in the lymph node to limit TCR signaling and IL-2 sensing during
Lm[C4] infection. LF MJ23 chimeric mice were generated in C4"T and C42™6¢
male hosts using bone marrow from MJ23 Ragl™~ mice. More than six weeks
after engraftment, host mice were infected with 10’ CFU Lm[C4]. Three days
after Lm[C4] challenge, the liver-draining portal LNs were fixed, sectioned, and
immunostained, and CD4" T cells were analyzed by multiplexed confocal
microscopy. n = 6, C4"7; n = 4, C4*TEC where n denotes number of mice.

(A) Representative confocal micrographs depicting 20-um LN sections. Images

depict CD45.1, Ki67, Foxp3, CD4, and PD-1 immunostaining. Scale bars: 250 pum.

(B) Spatial kernel density function of polyclonal T,eg cells in the paracortical
region of the LNs, depicted as shown in the color scale. The dots depict

MJ23 Treg and MJ23 Teony cells. Scale bars: 250 um. (C and D) Representative
confocal micrographs depicting individual MJ23 Tyeg and Tcoqy cells and
surrounding microenvironments in LNs of C4"7 (C) and C42™ (D) mice.
Dotted yellow circles highlight cells of interest, including MJ23 T, cells
(yellow arrows). MJ23 cells are masked on CD45.1. Scale bars: 15 um.

(E and F) Pooled data depicting the normalized Ki67, PD-1, and pSTATS
summed fluorescence intensity (SFI) of MJ23 T, cells from mice

of the two genotypes, with pSTATS denoted in the color scale. n = 123, C4";

Klawon et al., Science 387, eadk3248 (2025) 21 March 2025

c4WT portal LN

Treg cells in C4WT mice
*kkk

e *kkk
2 *k*k
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23 .
: ° : P .
2 8 2 ~H RH .
=1 i o i
s ° | i
S £ ; - R
Proximal Distal Proximal Distal § Proximal Distal Proximal Distal
MJ23 Tregs Polyclonal Tregs MJ23 Tregs Polyclonal Tregs

n = 147, C4*™C. The dashed bold line represents the SVM decision boundary trained
to distinguish between C4"7 and C42T5¢ MJ23 T,on, cells on the basis of PD-1

and Ki67 expression [(E), right]. The percentage of MJ23 Tcon cells that fall within
the C4"T SVM boundary is indicated. KDEs based on MJ23 T, cell PD-1 and Ki67
expression are depicted (shading). The dashed vertical and horizontal lines depict
high and low thresholds for Ki67 and PD-1, respectively. (G) Pooled data depicting
the observed proximal density of MJ23 Tyeg cells surrounding MJ23 Teqp, cells in
LNs of C4"" hosts, compared with the density after the positions of MJ23 Treg cells
were randomly shuffled across the positions of all polyclonal Tyeg cells. n =100,
shuffled; n = 100, observed. The percentage of observed data that falls outside
the 95% confidence interval of the null model (shuffled condition) is indicated.

(H and I) Pooled data depicting normalized PD-1 (H) and pSTAT5 (I) SFI on MJ23
Treg and polyclonal Ty cells in LNs of C4"T hosts. Proximal cells are those observed
within 30 um of an MJ23 Ty cell. n = 89, proximal MJ23; n = 581, distal MJ23;
n = 670, proximal polyclonal; n = 670, distal polyclonal. The n values indicate the
number of cells [(E) to (I)]. Data are pooled from two or three independent
experiments. Each symbol represents one MJ23 T, cell [(E) to (G)] or one Tyeg cell
[(H) and (1)]. Mean and quartiles are indicated [(G) to (I)]. P values were calculated
by Mann-Whitney test with Bonferroni correction [(H) and (1)] or as described in
the Materials and methods (G) (**P < 0.01; ***P < 0.00L ****P < 0.0001).
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Fig. 5. In the absence of MJ23 T, cells, a fraction of MJ23 Ty, cells Plots are shown for either proximal T.eg cells or their paired MJ23 Teon, cells. Y

escape constraint by polyclonal T, cells during Lm[C4] infection. See Fig.

4 for experimental setup of multiplexed confocal microscopy analysis. n = 6,
C4"T: n = 4, C4°TEC: where n denotes number of mice. (A) Schematic for
analysis of proximal Teg-Tcony Cell pairings. Scale bars: 15 um. (B) Heatmap

of unsupervised clustering of proximal Tyeg-Teony Cell pairings. n = 75, proximal
MJ23 Treg cells; n = 3066, proximal polyclonal Tyeg cells. Treg-Teony Cell pairings
were classified into five distinct clusters (P1 to P5). The genotype (C4"" or
C4ATE) and Tyeq cell identity (MJ23 or polyclonal) are indicated. (C) Plots
showing the proportion of proximal Tyeg-Tcony Cell pairings in each cluster as a
fraction of the total pairings in mice of either genotype. The rightmost bar plot
depicts the frequency of each cluster expected by chance under a random
permutation null model (*P < 0.05; **P < 0.05 with an effect size of at

least 25% difference from the null model). (D) Pooled data showing the log,-
transformed normalized SFI of each parameter for the indicated clusters.

this cluster exhibited elevated amounts of PD-1,
Ki67, and pSTAT5 compared with MJ23 T,y
cells across all other clusters (Fig. 5, B and D).
This activation phenotype was associated with

Klawon et al., Science 387, eadk3248 (2025) 21 March 2025

weakly activated polyclonal T, cells, with low
and high local densities (Fig. 5, B and D). Thus,
a fraction of MJ23 T,y cells received enhanced
TCR signaling in the absence of proximal C4-

The indicated parameter was compared with the average for all other

clusters (***P < 8.3 x 107°). Plots depicting parameters for MJ23 Treg cells are
included (white). Red and blue asterisks indicate parameters that were
significantly increased or decreased, respectively. (E and F) Pooled data
depicting the expression of Ki67 versus PD-1 on MJ23 T,y cells from

C4"T (E) and C42™E° (F) mice, as in Fig. 4, E and F. Each symbol

represents one MJ23 T, cell, with the color denoting the most abundant
cluster assigned by the proximal Treg-Tcony Cell pairings in (B). The dashed
bold lines represent the SVM decision boundary. The dashed vertical and
horizontal lines depict high versus low thresholds for Ki67 and PD-1,
respectively. Data are pooled from two or three independent experiments.
Mean and quartiles are indicated (D). P values were calculated by

Welch's t test with Bonferroni correction (D) or as described in the Materials
and methods (C).

specific Ty cells, likely increasing their ability
to sense IL-2 in the local environment and
sustain their proliferative burst (20, 66). Cluster
P4 was also highly enriched in C4*™C mice,
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comprising ~26% of the Tieg-Teony Pairings
in such mice (Fig. 5C). MJ23 T,y cells asso-
ciated with this cluster expressed interme-
diate levels of Ki67 but low amounts of PD-1
and pSTATS5, potentially representing prolif-
erative cells that have terminated TCR and
IL-2 signal integration after disengagement
from antigen-bearing DCs (67-69). This Teony
cell proliferative phenotype was associated with
moderate local densities of polyclonal T cells
exhibiting negligible TCR and IL-2 signaling
(Fig. 5, B and D). Notably, many of the MJ23
Teony cells associated with clusters P1 and P4
mapped to either the D2 or D3 MJ23 T, cell
phenotypes, respectively (Fig. 5F), demonstrat-
ing strong concordance between these two
orthogonal analyses.

The remaining two clusters of Tyeg-Teony Pair-
ings exhibited statistically significant over- or
underenrichment in C4"7 or C4*7% hosts, but
with smaller effect sizes. Collectively, our find-
ings suggest that in a setting of elevated self-
antigen presentation during bacterial infection,
Teg cells form specific microenvironments
around individual self-specific T, cells and
attenuate TCR signaling, IL-2 signaling, and
proliferative potential to varying degrees. How-
ever, although some self-specific Ty cells are
constrained sufficiently by polyclonal T, cells,
a subpopulation requires T, cells of matched
specificity to prevent escape. These findings re-
veal a second tier of Ty cell-mediated control
based on local specificity matching that is cru-
cial for preventing autoimmunity in distinct
immunological settings.

To understand how C4-specific T, cells se-
lectively constrain T, cells of matched spe-
cificity without affecting pathogen-specific Teopny

cells, we engineered attenuated Lm express-
ing the C4 self-peptide linked to a foreign
ovalbumin-derived peptide (OVAss3 339, OVAD)
by protease-sensitive cleavage sites (Lm/C4+
OVAp]). Expressing C4 and OVAp within the
same source protein promotes presentation of
the two peptides by the same APC after cleav-
age in MHC-II-associated processing compart-
ments. Using this system, the activation and
positioning of MJ23 Tez and Teoyy cells can be
directly compared to that of TCR transgenic
T cells expressing the OVAp-reactive OT-II
TCR (OT-II) (70) To this end, we generated
MJ23 BMCs in C4"7 and C#*™C male hosts,
seeded in naive OT-II T, cells, challenged
mice with Lm/C4+0OVAp], and analyzed the
response (fig. SI0A). The expansion and acti-
vation status of OT-II T, cells was comparable
in the C4#"7 and C4°7C settings when mea-
sured by flow cytometry (fig. S10, B and C) and
quantitative imaging (fig. S10, D to H), further
demonstrating that MJ23 T, cells selectively
affected the MJ23 T,y cell response without
affecting the T, response to a linked, foreign
peptide. Whereas 21% of MJ23 T, cells were
marked by proximally positioned MJ23 Tyc
cells (fig. S10, I and J), only 9% of OT-II T¢opny
cells were similarly marked (fig. S10K), sug-
gesting that OT-II and MJ23 T, cells were
asymmetrically dispersed within the lymph
nodes. Consistent with this, only a small frac-
tion of OT-II T, cells exhibited nonrandom
colocalization with MJ23 T,y cells (7 or 8%)
(fig. S10, J and K). Additionally, we found that
MJ23 Ty cells elicited after Lm/C4+OVAp]
challenge displayed elevated amounts of the
I-A® MHC-II molecule relative to polyclonal
T,eg cells within the same samples (fig. S11, A

to C), suggesting either elevated expression of
MHCII by MJ23 T, cells and/or acquisition
of cognate C4/I-AP complexes from antigen-
bearing APCs through trogocytosis, which has
been proposed as a potential mechanism by
which T cells can selectively regulate Teony
cells of shared nonself pMHC-II specificity
(83). Thus, OT-II T,y cells and MJ23 T cells
were differentially distributed within the lymph
node paracortex and were likely engaging dis-
tinct antigen-bearing APCs at this early time
point. This spatial separation might explain
why the presence of MJ23 T, cells had no
impact on the OT-II T, cell response to the
linked foreign peptide.

C4-specific MJ23 T cells are intrinsically poised
to accumulate earlier than clonally matched T,
cells during Lm[C4] infection

Our imaging data suggest that during Lm/C4J
infection, MJ23 T, cells compete with MJ23
Teony cells for self-pMHC and IL-2-dependent
signals. Consistent with this enhanced signal-
ing, the majority of MJ23 T, cells expressed
Ki67 at day 3 after Lm/C4] challenge (fig. SOE),
indicating active division. We therefore hypothe-
sized that MJ23 T, cells might proliferate
earlier or more extensively than MJ23 T, cells
in the early stages of the response, endowing
MJ23 Ty cells with an intrinsic competitive
advantage over their T, counterparts. To test
this idea, we generated MJ23 BMCs in o
and C#°™%¢ male hosts, challenged mice with
Lm[C4], and analyzed the MJ23 T cell response
in this early period (Fig. 6A and fig. S12A). In
' hosts, a major fraction of both MJ23 Ty
cells and T,y cells expressed high densities of
Ki67 by day 2 after Lm/C4] challenge (fig. S12,

A L7m{C4J B Day: 0 (uninfected) 2.5 (60hr) 3 (72hr) 3.5 (84hr)
(107 CFU)
l caWT C4ATEC caWT C4ATEC caWT C4ATEC caWT C4ATEC
MJ23 LF chimeras in Analysis: ! 105 0.043% 0.019% 0.18% 0.003% 0.19% -. 0.056% 0.59% 2.98%
ysis: spleen T = 1 ;
C4WT or c4ATEC 1 : ; i E‘: o 2 ¥ )
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~ |10 . .
|0 q e
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Day post-infection

Fig. 6. C4-specific MJ23 T, cells are intrinsically poised to accumulate
earlier than clonally matched T,y cells during Lm[C4] infection.

(A) Experimental schematic. LF MJ23 chimeric mice were generated in C
and C4°™¢ male hosts using MJ23tg" Ragl™~ marrow and challenged with
Lm[C4]. n=7,C4"T d0; n = 8, C42EC d0; n = 6, C4"7 d2.5: n = 6, C4*TEC d2.5;
n =11, C4"7 d3; n = 12, C4*™¢ d3; n = 6, C4"" d3.5; n = 6, C4*™C d3.5;

n =6, C4"" d4; n = 8, C4*™C d4. (B) Representative flow cytometric analysis
of CD4" T cells (top) and Ki67 versus Foxp3 expression by MJ23* CD4*

T cells isolated from the spleen (bottom). In the top row, MJ23 T cells fall within

4WT

Klawon et al., Science 387, eadk3248 (2025) 21 March 2025

the CD45.1*CD45.2™# gate. The frequency of cells within the gates is denoted.
(C) Pooled data from (B) showing the number of MJ23" CD4" Teg and Tcony cells
recovered at the indicated time points. Asterisk symbols denote comparison

of C4"T T g to C4°TEC T, and hashtag symbols denote comparison of

CAMT Tyeq to C4"T Teon,. Flow cytometric gating strategy is described in fig. S13.
The n values represent the number of mice. Data are pooled from three to

five independent experiments. Each symbol represents the mean + SEM of
pooled mice (C). P values were calculated by two-tailed nonparametric Mann-
Whitney test (*P < 0.05; **P < 0.01; ****P < 0.0001).
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B to E). Despite this, MJ23 T, cell expansion
occurred earlier than that of MJ23 T, cells
in C4"7 hosts, preceding MJ23 T, €Xpan-
sion by 12 hours or more (Fig. 6B). As a result,
MJ23 Tieg cells outnumbered MJ23 T,y cells by
>15-fold from days 2.5 to 4 (Fig. 6C). Notably,
the pro-proliferative high-affinity IL-2 recep-
tor alpha chain, CD25, was uniformly expressed
by MJ23 T, cells but not T,y cells at day 2
(fig. S12F). A similar delay in MJ23 Tcony
cell expansion was also observed in Lm/C4]-
challenged C4*™ hosts lacking MJ23 Ty
cells (Fig. 6, B and C), suggesting that this
proliferation lag was an intrinsic feature of the
MJ23 T.ony cell response, irrespective of the
presence or absence of MJ23 T, cells. Despite
this delay, MJ23 T,y cells expanded marked-
ly in C4#2™C hosts by later time points (day 3.5
and beyond) (Fig. 6C and fig. S12G), consistent
with previous studies of T, cells reactive to
pathogen-expressed nonself peptides (71, 72).
No differences were observed in the number
of polyclonal Tyeg Or Teony cells between c4'r
and C#2™C hosts (fig. S12H). Thus, these data
indicate that C4-specific MJ23 T, cells are
intrinsically poised to accumulate more rap-
idly after Lm/C4] challenge relative to T¢ony
cells expressing the same TCR.

Discussion

Through the study of CD4" T cells reactive to a
natural self-pMHC antigen, our work revealed
that T, cells of matched specificity were not
required for the control of self-pMHC-specific
Teonv cells at steady state but were crucial for
the control of such T, cells activated by ele-
vated self-peptide presentation during infec-
tion. When elevated self-peptide was available,
nonspecific bystander tolerance mechanisms
and T, cells reactive to other self-pMHCs were
unable to prevent autoimmunity. This second
tier of regulation by antigen-matched T, cells
may be especially relevant for immunological
insults that are proposed drivers of autoim-
munity, including pathogen-associated epitope
mimicry or the release of self-antigens and
inflammatory signals triggered by infection-
induced cell death. Importantly, T, cell-
mediated control of T, cells of shared self-
specificity had no impact on the T,y cell re-
sponse to pathogen-derived nonself peptides.
These findings support a Ty cell-centric mod-
el of self-nonself discrimination in which the
immune system generates T cells reactive to
highly antigenic self-pMHC ligands, selectively
focusing immunosuppression on T, cells
of matched specificity during strong immuno-
logical challenges. This model differs from,
and complements, classical paradigms of self-
nonself discrimination based on clonal inac-
tivation or deletion of self-reactive T cells.
Our work also revealed cellular mechanisms
underpinning the nature of pMHC-specific Ty,
mediated suppression. First, the finding that

Klawon et al., Science 387, eadk3248 (2025)

C4-specific T, cells were intrinsically poised
to expand earlier than T, cells expressing
the same TCR reveals a feature of T, cells
that may boost T, cell numbers at sites of
antigen presentation (20). Second, C4-specific
Treg cells did not prevent antigen recognition
and initial activation of C4-specific T,y cells
elicited by Lm/C4] challenge but instead sti-
fled the proliferative competency and differ-
entiation of these cells, thereby preventing
their infiltration into the target organ. Third,
the MJ23 T,y cell response elicited by Lm/C4]
infection in the absence of MJ23 T, cells
exhibited considerable heterogeneity; many
MJ23 T,y cells adopted an attenuated pheno-
type indicative of constraint, whereas others
displayed hallmarks of strong activation. These
findings suggest that T, cells of matched self-
specificity are required to control a minor
fraction of C4-specific T,y cells that would
otherwise escape control by polyclonal T, cells
and other modes of tolerance. On the basis of
previously defined principles of T,z cell mo-
tility and function, we hypothesize that self-
specific Ty cells make serial short-term liaisons
with antigen-bearing DCs (73, 74), thereby
transiently disrupting sustained TCR signal-
ing by T.ony cells of matched self-specificity
through direct competition for access to cog-
nate self-pMHCs or selective removal of self-
pMHC ligands from APCs through trogocytosis
(83). Lastly, our data demonstrated that with-
in a setting associated with widespread innate
activation and elevated self-antigen presenta-
tion, C4-specific Ty cells controlled Teony cell
responses to C4 without affecting T, cell re-
sponses to a pathogen-derived peptide, thereby
enforcing self-nonself discrimination. Given
these divergent outcomes, future studies will be
needed to understand how pathogen-specific
Teony cells avoid constraint by T, cells of shared
specificity during infection. We hypothesize
that this effect may be driven in part by the
relative Treg/Tcony cell ratios of the antigen-
specific T cell pool; CD4" T cells reactive to
foreign peptides are generally characterized by
a low percentage of Ty cells (27, 32), whereas
T cells reactive to defined T,e.-selecting self-
peptides are marked by a predominant frac-
tion of Ty cells (27, 28, 39).

Materials and methods

Mice

The following mice were purchased from the
Jackson Laboratory and bred and maintained
at the University of Chicago: C57BL/6J (B6)
mice, CD45""! B6.SJL-Ptprc® Pepc®/BoyJ mice,
Ragl™”~ B6.129S7-Ragl™™°™/J mice, Aire”~
B6.129S2-Aire™1P°!/ 1 mice, Foapd° TR ee?
B6.129(Cg)-Foxps™ PTGy 7 mice, Foanl™
B6(Cg)-FoaxnI™>©N™ 1 mice, and OT-IItg
B6.Cg-Tg(TeraTerby ™ /J mice. MJ23tg Ragl ™~
CD45""! mice were generated as described
previously (38). All mice were generated on a
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pure B6 background or were fully backcrossed
to the B6 background. All mice were initially
bred and maintained under specific pathogen-
free conditions in accordance with the animal
care and use regulations of the University of
Chicago, Association for Assessment and Ac-
creditation of Laboratory Animal Care Unit
#001020, Public Health Service Policy on Hu-
mane Care and Use of Laboratory Animals
policy assurance #D16-00322 (A3523-01), and
United States Department of Agriculture re-
gistration #33-R0151. All experimental pro-
cedures were approved by the Institutional
Animal Care and Use Committee at the Univ-
ersity of Chicago. OT-IItg GFP" mice were
bred from Tg(CAG-EGFP)D4Nagy/J mice and
B6.120S6-Rag2™™ " Tg(TcraTcrb)425Chn mice,
which were purchased from the Jackson Lab-
oratory and obtained from the NTAID-Taconic
exchange program, respectively, and main-
tained at the NIAID in accordance with the
procedures outlined in the NIH Guide for the
Care and Use of Laboratory Animals. Prior to
infection with L. monocytogenes, experimental
mice were transferred to an isolated ABSL-2
facility. Where applicable, infected mice were
housed in separate cages from uninfected lit-
termates. Mice were housed in sterile and
ventilated microisolation cages, up to five mice
per cage, and fed irradiated standard pellet
chow and reverse osmosis water ad libitum in
a 12-hour light/dark cycle, with room temper-
ature at 22° + 1°C. All cages contained sterile
quarter-inch corncob bedding and a nestlet for
environmental enrichment. Mice were eutha-
nized by 5 min of CO, asphyxiation followed
by cervical dislocation, following approved
guidelines. Mice for experiments were age-
matched, littermates when possible and where
indicated, and assigned to experimental groups
based on genotype. All BMC mice used in this
study were 6 to 10 weeks old at the time of
irradiation and reconstitution and 12 to 16 weeks
old at the time of experimental treatment or
analysis. All non-BMC mice were 8 to 12 weeks
old at the time of experimental treatment.

Generation of low-frequency MJ23tg chimeric mice

Bone marrow cells from MJ23tg" Ragl™/~
D45 Foxp3®™Y mice were T cell-depleted
using CD90.2 MACS MicroBeads (Miltenyi
Biotec) and following the manufacturer’s protocol.
A mixture consisting of 20% MJ23tg" bone
marrow and 80% B6 filler bone marrow was
prepared, and 5 x 10° cells were retro-orbitally
injected into sublethally (500 rads) irradiated
host mice. Mice were used for experiments
>6 weeks after engraftment.

Diphtheria-toxin mediated depletion of MJ23tg
and polyclonal T, cells

Diphtheria toxin (Sigma) was reconstituted at
5 pg/ml in sterile molecular grade water fol-
lowing manufacturer’s protocol and stored at
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—80°C before use. Diphtheria toxin aliquots
were frozen and thawed once. A single injec-
tion of 1 ug of diphtheria toxin was admin-
istered intraperitoneally to deplete MJ23tg
T cells, either 3 days before analysis of un-
infected chimeric mice or 2 days before Lm
challenge of chimeric mice. To transiently de-
plete polyclonal Ty, cells in Foap3P G mice,
a total of three 1-ug injections of diphtheria
toxin were administered on days -1, 0, and 2 of
infection, where day O is the day of infection.

Immunofluorescence confocal microscopy of
lymph node sections
Sample preparation

Mice were sacrificed, and lymph nodes were
immediately and carefully isolated and placed
in RPMI 1640 medium supplemented with
10% fetal bovine serum (FBS) and 1X penicillin-
streptomycin [pen/strep (R10)] on ice. Lymph
nodes (LNs) were trimmed of fat using a
stereo dissection microscope and fine forceps
and fixed for 16 to 20 hours at 4°C with agi-
tation in BD Cytoperm/Cytofix (BD Bioscience)
diluted to 1% paraformaldehyde in phosphate-
buffered saline (PBS). LNs were subsequently
washed three times in PBS for 10 min per wash
with agitation at 4°C and stored overnight on
ice. The next day, LNs were further trimmed
of remaining fat and dehydrated for 24 hours
in a 30% sucrose solution made in 0.1 M phos-
phate buffer. LNs were then embedded in op-
timal cutting temperature (O.C.T.) compound
(Sakura Finetek), frozen on dry ice, and stored at
—80°C. Sagittal LN sections measuring 18 to
50 um were prepared using a cryostat (Leica)
equipped with a Surgipath DBSOLX blade
(Leica). Cryochamber and specimen cooling
was set to —17°C.

Immunofluorescence staining and

image acquisition

Tissue sections were adhered to Superfrost
Plus microscopy slides (VWR), permeabilized
using 0.1% Triton X-100 for 10 min at 22°C,
blocked in 5% mouse serum for 1 hour at 22°C,
and washed in PBS. Tissue sections were next
incubated with directly conjugated primary
antibodies diluted in PBS for 15 hours at 4°C.
After washing three times in PBS for 10 min
per wash at 22°C, samples were mounted in
Fluoromount-G (SouthernBiotech), which was
allowed to cure for a minimum of 14 hours at
22°C. All imaging was performed using No. 1.5
coverglass (VWR). For pStat5 immunostain-
ing, fixed tissue sections were permeabilized in
prechilled 100% methanol for 18 min at —20°C,
washed extensively in PBS, blocked in 5% don-
key serum for 1 hour at 22°C, and washed fur-
ther in PBS. Tissue sections were next incubated
with unconjugated anti-pSTAT5 (C11C5) diluted
in PBS for 15 hours at 4°C. Following washing in
PBS at 22°C, tissue sections were incubated with
fluor-conjugated donkey anti-rabbit F(ab'), frag-
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ments (Jackson ImmunoResearch Laboratories)
for 2 hours at 22°C. Sections were then washed
four times in PBS for 10 min per wash at 22°C
before mounting in Fluoromount-G as de-
scribed above. Digital images were acquired
using the following systems: (i) an upright or
inverted Leica TCS SP8 X (Leica) equipped
with a pulsed white light laser, four Gallium-
Arsenide Phosphide Hybrid Detectors, one
photomultiplier tube, and a 40x [numerical
aperture (NA) = 1.3] oil immersion objective
lens; or (ii) an inverted Leica Stellaris 8 equip-
ped with a pulsed white light laser, Power HyD
S, X, and R detectors set to analog mode, and a
40x (NA = 1.25) glycerol objective lens. For tissue
sections, images were acquired with a lateral pixel
size of 0.271 to 0.286 um, an axial step size of 1 um,
and detector bit-depth of 12. Image acquisition
was controlled using LAS X software.

For experiments using Lm/C4-OVAp] (figs.
S10 and S11), the Brilliant Stain Buffer polymer
block was added into the blocking solution
to reduce background. Spectrally overlapping
fluorophores were simultaneously used for
staining sections to achieve more extensive
multiplexing. Spectral spillover was corrected
through linear unmixing as previously de-
scribed (75), with some modifications. To re-
duce the number of required staining controls,
subsets of fluorophores with negligible spec-
tral overlap were used to stain each control
sample. To obtain compensation matrices for
unmixing, average pixel intensities inside re-
gions of interest with specific signal were first
measured using the Channel Dye Separation
module of LAS X. Then, spillover coefficients
were calculated for channels where spectral
spillover was expected. Unmixing was per-
formed on raw images using a custom-built
Imaris XTension, linked in the GitHub (76).

Image processing and segmentation

Image files generated in LAS X software were
converted into “.ims” files in Imaris software
(Bitplane) and subjected to a 1 pixel Gaussian
filter on all channels to reduce noise. Owing
to high background after infection, the PD-1
channel was subjected to an additional base-
line subtraction and 2x2x2 median filter. Im-
age segmentation was performed in Imaris
using the “Surface Object Creation” module,
which employs a seeded region growing, k-
means, and watershed algorithm to define
individual cells of interest. To create surfaces
on nuclear molecules, the following parame-
ters were used: surface detail = 0.3, back-
ground subtraction = 7 um, seed points = 3.2 um,
voxel filter > 100. To create surfaces on mem-
brane molecules, the following parameters
were used: surface detail = 0.3, background
subtraction = 14 um, seed points = 6.8 um,
voxel filter > 100. Polyclonal T, cells were
segmented using Foxp3. MJ23 T, cells were
initially segmented using Foxp3 and refined
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using Foxp3 and CD4 filters. MJ23 T, cells
were initially segmented using CD45.1 and
refined using Foxp3 and CD4 filters. PD-1*
polyclonal T, cells were identified by creat-
ing artificial nuclei using the CD4 channel
and Fiji (20) and using PD-1 and Foxpa3 filters.
In all cases, segmentation artifacts were ex-
cluded using volume and nonspecific staining
thresholds. Each MJ23 Tiee, MJ23 Teony, and
PD-1" polyclonal T.qny cell was manually re-
viewed and corrected when necessary. For
images depicting MJ23 T,z and Teony cells,
the CD45.1 fluorescence was masked in Imaris
to improve visual clarity.

Quantitative image and spatial analysis
Processing and normalization

Surface objects for MJ23 Tcopy cells, MJ23 Tq
cells, polyclonal Ty cells, and polyclonal Tyeg
cells were exported as .csv files from Imaris
with spatial coordinates and fluorescence in-
tensity (FI) values of each target protein. These
files were then imported into Python for down-
stream analysis. To enable accurate compar-
isons across samples, the FI values of each
target protein on each cell per imaging day
were normalized to the average FI value of
the target protein across all MJ23 T, cells in
C4"7 settings acquired on the same day. Cells
with artificially high FI values due to segmen-
tation errors or noise, here designated as 100
times the average FI of a given target protein,
were removed. Additionally, duplicated MJ23
Treg and Teony cells were removed from the
segmented polyclonal Tyee and Teony cell ob-
jects, respectively. Lastly, batch effects for FI
values were corrected across samples using
the Harmony algorithm (77, 78).

Density computation and statistics

To further account for technical variation across
different tissue sections, experiments, and mice,
we developed a standardized metric for quan-
tifying and comparing T, cell densities. Aver-
age T, cell density of a given lymph node
tissue section was determined by (i) enumer-
ating T, cells within the entire tissue section,
(ii) finding the semiminor and semimajor axes
in the @y plane and the height of the tissue
section in the  plane, (iii) computing the vol-
ume of the elliptic cylinder, (iv) performing a
two-dimensional kernel density estimate (KDE)
on the entire tissue section to remove regions
with artificially low cell densities, thereby yield-
ing the effective tissue volume, and (v) dividing
the total number of T, cells by this effective
volume to calculate a standardized average
Treg cell density. The local polyclonal T,eg cell
densities around specific T.o,, cells were
then found by (i) enumerating T cells within
30 um of the specific T,y cell, (ii) computing
the volume of the local 30-um cylinder, and
(iii) dividing the number of local T, cells by
this volume.
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To quantitatively assess the enrichment of
these standardized local T, cell densities around
MJ23 T.ony cells, we generated spatial per-
mutation null models by randomly shuffling
the labels of each cell type across their fixed
positional coordinates. The densities around
each MJ23 T, cell were averaged over 499
permutations and plotted for visual aid. An
empirical P value was then determined by
calculating the proportion of permutations
in which the averaged local T, cell densities
around the MJ23 T, cells were greater than
or equal to the observed distribution and then
dividing these selected permutations by the
total number of permutations.

Clustering and statistics

Unless otherwise stated, statistical comparisons
between target protein FI values on cells were
conducted using the Mann-Whitney U test with
the Bonferroni correction. The SVM to classify
MJ23 Teony cells from C4”77 and C#47E€ mice
was trained on all MJ23 T, cell Ki67 and
PD-1 expression data. Various train-test splits
and regularization schemes did not affect the
decision boundary learned from the data (not
shown). The final SVM boundary used in the
manuscript was implemented with sklearn’s
SVC function with the radial basis function
kernel and gamma=0.7. Hierarchical cluster-
ing of the proximal Tyee-Tcony Cell pairs was im-
plemented in R with the pheatmap function
using the UPGMA (unweighted pair group meth-
od with arithmetic mean) linkage method on
the correlation metric. The normalized FI val-
ue of each target protein on both the Tyeg-Teony
cell pairs were log, transformed and then fur-
ther transformed into z-scores on the basis of
the target protein’s range for all Teopy-Treg cell
pairs (i.e., across the rows) before hierarchical
clustering. The “local MJ23 T, number” was
set to —0.5 for all Ty cells from the C4°™*C
genotype to account for the near-global loss
of MJ23 T, cells throughout the host. Im-
portantly, our hierarchical clustering results
exhibited only modest differences without
this global bias, with a small subset of the
activated MJ23 Ty, cells now mapping to
cluster P3 instead of cluster P5 (data not
shown). To identity the most dominant cluster
identity of MJ23 T,y cells, we calculated the
majority vote of the local Tiee-Teony Pair
cluster identities, resulting in a single cluster
identity for the local environment. Welch’s ¢
test with the Bonferroni correction was used
to statistically compare the FI values of iden-
tified clusters for a given cell type against the
average respective FI value of all other clus-
ters. A permutation test was used to deter-
mine statistical significance of the observed
cluster proportions within 4”7 or C#*"%¢
hosts compared with the null model where
the genotype labels were randomly distrib-
uted across samples.
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MJ23 and OT-ll T,op, cell transfers

Splenocytes derived from MJ23tg* Rag]'/ -
CD45"! mice were isolated into a single-cell
suspension in RPMI 1640 medium supple-
mented with 10% FBS and 1X pen/strep (R10)
using a 70-um filter and enriched for CD4"
T cells using MACS (Miltenyi Biotec) following
the manufacturer’s protocol. MJ23* CD4" T
cells do not develop into Foxp3™ T, cells in
MJ23tg* Ragl™”~ mice owing to niche overload
(38) and are therefore T, cells. The indicated
number of enriched MJ23 T, cells were in-
jected retro-orbitally into male hosts and iden-
tified at the indicated time point as CD45.1"
CD4" T cells. In some experiments, splenocytes
were isolated and transferred from MJ23tg"
RagI”~ CD45"2 mice and identified as CD45.1*
CD45.2" CD4" T cells. For OT-II Ty, transfers,
splenocytes were similarly isolated from OT-
IItg" Ragl”~ CD45"" mice (for experiments ana-
lyzed by flow cytometry) or OT-ITtg" Rag2™”~
Ubc-GFP** mice (for experiments analyzed by
quantitative imaging). The indicated number
of enriched OT-II T.,,, cells were injected
retro-orbitally into male hosts and identified
at the indicated time point as CD45.1" CD4* T
cells (by flow cytometry) or GFP* CD4" T cells
(by quantitative imaging).

Generation of C4°TEC mice

Teaf3(exons)”™™ mice were generated by CRISPR-
Cas9-mediated insertion following the Easi-
CRISPR method described in (79). Guide sites
targeting the introns immediately upstream
and downstream of exon 5 of the Tcaf3 locus
were designed using the IDT design tool and
were templated from the antisense strand. A
595-base pair (bp) single-stranded ODN Mega-
mer (IDT) templated from the sense strand was
used to replace the region between the guide cut
sites; it was designed to span the entire exon 5
region and included two unidirectional loxP
sites at each guide cut site with 68 bp and 80 bp
homology arms upstream and downstream of
the respective loaP inserts: 5-AAATATGAA-
TACTCTTCTGGGAGGTCTGAAAGGAGACAG-
GGAAAGACAACGGAGATTTATTACCAAGCA-
TAACTTCGTATAATGTATGCTATACGAAGTTA-
TTATCTTTTCATGTGGTCTACAGTTGAAGGT-
CTACAATTGAAATCTAGAAAAAAAAAATGTTG-
TGGGCCAAGCTAGGTAACTTTTATTTCCAG-

GTAAGACGACCCAGGAGGAATGGAAGAAT-

CTTATCACACACAGCAAAGCTCCGTGGGGAG-
AACTAGCCACAGACAATATCATCCTGACAATT-
CCAACGGTAAACCTCAAGGAGCTTCAGGACCC-
CTATCCACTGCTCCAACTCTGGGACAAGATGG-

TAAGGGCTGTAGCCAAGCTGGCAGCCCGGCC-
CTTCCCTTTTCAGAGAGCTGAGAGGGTCGTAC-
TTGACAAGCAGATTTCATTCGGTAGGTACTTC-
GTGGGAATGTTCTGAGAGTTGACTTTCCATCC-
ACCTATAACTTCGTATAATGTATGCTATACGA-

AGTTATGACATAATTTGATGGAGATCAGCTG-
GGGAAGCCACATCTTTTAAATCTCAAATAT-

ACAAAGAGTTACAGGATAGTAAGAC-3'. Alt-R
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CRISPR-Cas9 crRNA, tracrRNA, and Cas9 nu-
clease were purchased from IDT. The following
sequences were used for crRNA: 5'- GACCACAT-
GAAAAGATAGCT-3' (upstream) and 5’-CTCC-
ATCAAATTATGTCAGG-3' (downstream). For
microinjections, gRNA was assembled with
crRNA and tracrRNA at a 1:2 molar ratio by
annealing rampdown from 95°C to 25°C at
5°C/min. gRNAs were subsequently complexed
with Cas9 in separate reactions at 250 ng/ul gRNA
and Cas9 for 15 min at room temperature. Final
injection mix was created at 50 ng/ul each gRNA/
Cas9 complex and 10 ng/ul ssODN Megamer and
spun at 21,000g for 5 min before injection.
Mixes were injected into the nuclei of C57BL/6J
embryos. Successful integrations were deter-
mined by PCR using three primer sets designed
to generate products that span the upstream loxP
site only (5-CCACTTAACTTCATCCCAGACA-3'
and 5-CAGAGTTGGAGCAGTGGATAG-3'), the
downstream loxP site only (5-CGACCCAGGAG-
GAATGGA-3' and 5-GGAAACTAGCTGGGATA-
GAGAA-3'), and the entire inserted region out
beyond the homology arms (5'-GATCTGGCT-
TGAGAGAAAGCA-3' and 5-GGCAGACTTT-
GCTTTTCAGT-3"), and was verified by Sanger
sequencing. Tcaf3(exons)”™? founder mice
were crossed with C57BL/6J mice for two gen-
erations, and progeny were subsequently in-
tercrossed with mice of the same founder line
and FoanI® mice to generate C4°7%C [Tcaf3
(exon5)” 7% Foxnl-Cre*] mice and C4"7
[Teaf3(exons) ™% Foxnl-Cre™®] littermate
controls. Because Foanl is expressed in the
male gametes (80), only FoaxnI-Cre* females
were used for breeding. Proper genotype and
Cre-mediated excision were confirmed for each
mouse using both a generic Cre primer set
(5'-TTACCGGTCGATGCAACGAGT-3' and 5'-
TTCCATGAGTGAACGAACCTGG-3') and the
primer set spanning the entire inserted region
of Tcaf3(exon5) beyond the homology arms.

CFA immunization

Mice were given a single subcutaneous injec-
tion in the flank of 100 ug peptide (GenScript)
in 100 ul complete Freund’s adjuvant (CFA) emul-
sion (InvivoGen). CFA emulsion consisted of
a 1:1 ratio peptide:CFA. Mice were analyzed
14 days later.

I-A® tetramer acquisition and production

Tetramers were obtained from the NIH Tetramer
Core Facility or produced in-house as previously
described (8I). For tetramers made in-house,
C4/1-AP monomers bearing the Tcaf3g,4_655(648Y)
peptide (THYKAPWGELATD) and F1/ I-AP mo-
nomers bearing the Tcaf3gg 17 peptide (CPGA-
PIAVHSSLASLVNILG) were produced as in (40)
using Drosophila S2 cells and linking the peptide
sequence to the N terminus of the -chain. For
tetramers obtained from the NIH Tetramer
Core Facility, C4/ I-A® monomers bearing the
Tcaf3446-655(648Y) peptide (THYKAPWGELATD),
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F1/I-A® monomers bearing the truncated Tcaf3gy106
core peptide (GAPIAVHSSLASLVNIL), and LLO/
I-A® monomers bearing the Listeriolysin Oyg0.001
peptide (NEKYAQAYPNVS) were received from
the core facility. Tetramers were formed from
biotinylated monomers in-house by mixing
peptide/I—Ab monomers with streptavidin-APC
(PJ27S; Agilent) or streptavidin-phycoerythrin
(PE) (PJRS34; Agilent) at a 10% molar excess
to biotin-binding sites on the monomers.

I-A® tetramer staining and enrichment

Tetramer staining was adapted from (82). After
cell isolation from SLOs or tissue, cells were
treated with dasatinib (Sigma) at a final con-
centration of 50 nM for 30 min at 37°C in
minimal staining buffer (PBS with 0.1% NaNj,
2% normal rat serum, and 2% normal mouse
serum, all from Jackson ImmunoResearch, and
10 pg/ml 2.4G2 antibody). PE- or APC-labeled
tetramers were added directly to dasatinib-
treated cells in minimal staining buffer (with-
out washing) at a final concentration of 100 nM
(C4/1-AP and F1/I-AP) or 10 nM (LLO/I-AP) for
1 hour at room temperature. In experiments
analyzing tetramer” cells at individual SLOs
or in the prostate, cells were washed and in-
cubated with unconjugated mouse anti-PE anti-
body (clone PE001; BioLegend) and mouse
anti-APC antibody (clone APC003; BioLegend)
at a concentration of 10 ug/ml for 20 min at
4°C in minimal staining buffer. The cells were
subsequently washed and stained and ana-
lyzed by flow cytometry as described below.
In peptide/CFA immunization experiments in
which SLOs (spleen, inguinal LN, axillary LN,
cervical LN, brachial LN, portal LN, para-aortic
LN) were pooled, CD4" cells were enriched be-
fore tetramer staining using CD4" T cell nega-
tive selection kit (Miltenyi Biotec) following the
manufacturer’s protocol. After tetramer stain-
ing, cells were enriched through the following
method adapted from (83): Cells were treated
with EasySep PE/APC Positive Selection Kit
II (STEMCELL Technologies) per the manu-
facturer’s protocol, with slight modification
(25 ul/ml each anti-PE/APC for 15 min at room
temperature in minimal staining buffer, fol-
lowed by 50 pl/ml dextran microbeads with-
out wash for 3 min at room temperature), and
enriched using a column-free magnet. The re-
sulting bound fraction was stained and ana-
lyzed by flow cytometry as described below.

Genetic engineering of L. monocytogenes

All L. monocytogenes strains were engineered
using the pPL6-myc shuttle vector as described
in (62), with modifications in some strains as
follows. The peptide or protein of interest to
be expressed in L. monocytogenes was codon-
optimized for expression in L. monocytogenes
(GenScript), and the coding sequence was syn-
thesized and inserted into the pUCI8 vector
immediately flanked by BamHI restriction sites
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(GenScript). Coding sequence fragments were
amplified with a Phusion PCR (NEB) using
M13 universal forward and reverse primers
(IDT) and gel-purified (Qjagen) per the manu-
facturer’s protocol. Amplified fragments and
pPL6-myc vector (Freitag Lab) were digested
with 1 ul BamHI in Cutsmart buffer (NEB) for
1 hour @ 37°C, gel-purified, and ligated with
1 ul T4 ligase in ligation buffer (NEB) overnight
@ 16°C using a 1:6 vector:fragment molar ra-
tio. DH5-alpha Escherichia coli were heat-
transformed using the ligation reaction mix
per the manufacturer’s protocol (NEB), and
transformed colonies were selected on LB agar
plates (Sigma) containing 25 pg/ml chloram-
phenicol (CAM) (Sigma) overnight @ 37°C.
DNA from selected colonies was purified by
Miniprep (Qiagen) using the manufacturer’s
protocol, and sequence integration and direc-
tionality were confirmed by Sanger sequencing
using the pPL6-Myc_Seq primer (5-TATTCCT-
ATCTTAAAGTTACTTTTATGTGGAGGC-3'). Cor-
rectly integrated plasmids were subsequently
transformed into electrocompetent SM10 E. coli
(Freitag Lab) by electroporation using a Gene-
pulser and 0.1 cm Gene-pulser cuvettes (Biorad)
and the following settings: capacitance, 25 uF;
resistance, 200 ohms; and voltage, 1.8 kV. Elec-
troporated SM10 were selected overnight in LB
broth (Gibco) with 25 pug/ml CAM at 37°C shak-
ing, subsequently incubated overnight on LB agar
plates with 25 ug CAM @ 37°C, and selected
colonies were expanded. Shuttle vector was in-
troduced and stably integrated into L. mono-
cytogenes genome through conjugation with
SM10. Transformed SM10 and L. monocytogenes
parent strains (Lm/parent]) were grown to lawns
overnight at 37°C on agar plates under the fol-
lowing conditions: LB agar with 25 ug/ml CAM
and BHI agar (Difco) with 200 pg/ml streptomy-
cin (Strep), respectively. The next day, SM10 was
replated in ~I-inch square on fresh antibiotic-free
BHI agar plates, Lm/parent] was replated directly
on top of SM10, and conjugation proceeded for
4 hours at 37°C. After incubation, conjugation
mix was selected overnight at 37°C shaking in
BHI broth (Difco) containing 7.5 pug/ml CAM
and 200 pg strep. Cultures were further selected
overnight at 37°C on BHI agar plates (BD) con-
taining 7.5 ug/ml CAM and 200 pg strep. Colo-
nies were isolated, expanded, and stored as 15%
glycerol stocks at —80°C. Stable integration was
subsequently confirmed by sequencing and using
cellular assays.

The final engineered Lm strains expressed
peptides with the following amino acid se-
quences: Lm{C4], THSKAPWGELATD; Lm/FI],
GAPIAVHSSLASLVNIL; and Lm/C4+OVAp],
THSKAPWGELATDGSGMSMDMNGSGISQAV-
HAAHAEINEAGR. The Lm/C4+OVAp] peptide
consisted of the C4 peptide and OVAs43.339
peptides on the N and C terminal ends, re-
spectively, separated by GSG linkers and an
intervening cathepsin cleavage site derived
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from residues of the mouse Invariant chain
which flank the C terminus of the CLIP pep-
tide (MSMDMN).

Infection with L. monocytogenes

L. monocytogenes strains used in this study are
described in (52). Attenuated strains were de-
rived from the 10403S prfA(G155S) AactA parent
strain (NF-L974 in reference). Non-attenuated
strains were derived from the 10403S actA gus
plcB prfA(GI155S) parent strain (NF-L943 in
reference). The day before infection, glycerol
stock of the infecting strain was scraped, dropped
in starter culture, and grown overnight at 37°C
shaking (225 rpm) in BHI broth (Difco) under
CAM (Sigma) selection (7.5 ug/ml). On the day
of infection, starter culture was diluted 1:20 in
BHI and CAM and grown under analogous con-
ditions and expanded to experimentally deter-
mined logarithmic growth phase (~3 hours).
Culture was removed and placed on ice for a
minimum of 30 min to stall growth. Optical
density (ODggp) of culture was measured and
concentration was calculated using the follow-
ing experimentally determined equation: For
attenuated strains, log;o[CFU/ml] = 0.6245
(ODggp) + 8.707; for non-attenuated strains,
1og;o[CFU/ml] = 0.3134(0ODgp0) + 8.585. Culture
was diluted in PBS inoculum to the desired con-
centration, and mice were infected intravenously
with 107 CFU (attenuated strains) or 5 x 10> CFU
(non-attenuated strains) in 400 pl. To confirm
infecting dose, after the infection, limiting dilu-
tions of inoculum were plated on antibiotic-free
BHI agar plates (Difco) and grown overnight at
37°C, and CFUs were quantified the next day.

Cell isolation and flow cytometry

Cells from SLOs were isolated into a single-cell
suspension in RPMI 1640 medium supple-
mented with 10% FBS and 1X pen/strep (R10)
using a 70-um filter. To harvest prostatic lym-
phocytes, prostates were isolated from the ge-
nitourinary tract by microdissection, injected,
and digested with Liberase TL (10 mg/ml; Roche)
and DNase (20 mg/ml; Roche) in RPMI 1640
medium for 30 min at 37°C. Digested tissue was
mechanically disrupted with frosted microscope
slides, and viable lymphocytes were enriched
using Histopaque 1119 (Sigma). All antibodies
used were from BioLegend, eBioscience, BD
Biosciences, R&D Systems, or Cell Signaling.
Cells were stained with conjugated antibodies
specific for the following proteins (with clone
name in parentheses): CD4 (GK1.5), CD8 (Ly-3),
CD3 (17A2), TCRB (H57- 597), CD45.1 (A20),
CD45.2 (104), CD69 (H1.2F3), Egr2 (erongr2),
Ki67 (SolA15), Foxp3 (FJK-16s), CXCR6 (SA051D1),
CCR2 (475301), TCF-1 (C63D9), B220 (RA3-6B2),
CD11b (M1/70), CDIlc (N418), F4/80 (BMS), FR4:
(12A5), CD73 (TY/11.8), CD25 (PC61), rabbit IgG
anti-Myc (D84C12), and anti-rabbit IgG (polyclo-
nal, Invitrogen). For chemokine receptors CXCR6
and CCR2, cells were stained for 30 min at room
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temperature in PBS with 2% FCS before stain-
ing for other surface markers. For surface mark-
ers, cells were stained for 20 min at 4°C in
staining buffer (PBS with 2% FCS, 0.1% NaN,
5% normal rat serum, 5% normal mouse serum,
and 5% normal rabbit serum, with all sera from
Jackson ImmunoResearch, and 10 pg/ml 2.4G2
antibody). In experiments involving tetramer
staining, cells were instead stained for 20 min at
4°C in minimal staining buffer (described above).
Intracellular staining for Egr2, Ki67, Foxp3,
TCF-1, and Myc was performed using fixation
and permeabilization buffers (eBioscience) with
an overnight antibody incubation at 4°C. In ex-
periments involving Myc staining, a secondary
stain was performed the next morning using
AF647-conjugated anti-rabbit IgG for 1 hour at
4°C in permeabilization buffer (eBioscience). For
infected samples, cell isolation, staining, and
fixation was performed in a designated BSL-2
safety cabinet. Flow cytometry was performed
on an LSRFortessa (BD Biosciences), and data
were analyzed using FlowJo v10.1 software (Tree
Star). When reporting protein expression as the
percentage of a cell population, samples con-
taining fewer than five cells were excluded from
pooled data. Summary plots were created and
associated statistics were calculated using
GraphPad v10 (Prism).

Single-cell RNA/TCR sequencing of C4/I-A°
tetramer® cells
Cell isolation and library preparation

To maximize cell viability, cell isolation, staining,
enrichment, and fluorescence-activated cell sort-
ing (FACS) was performed over a 12-hour period
directly before sequencing, and cells were kept
cold or on ice whenever possible. Cells were
isolated from the spleens of infected mice, as
described above, in two “batches”: the first con-
sisting of four C4""” and five C4*"%C mice, and
the second consisting of five C4"7 and five
C#°™C mice. For each batch, individual spleens
were first enriched for CD4" T cells using CD4*
T cell negative selection kit (Miltenyi Biotec) per
the manufacturer’s protocol. Individual sam-
ples were subsequently stained with C4/I-AP
tetramers as described above. After tetramer
staining, individual samples were incubated
with anti-PE and anti-APC microbeads (Miltenyi
Biotec) for 15 min on ice (100 pl each antibody
cocktail per milliliter), washed, and enriched
over an autoMACS magnetic column. After en-
richment, the individual bound fractions were
stained with separate surface marker antibody
master mixes, as described above, in minimal
staining buffer. Each surface stain master mix
contained uniform surface markers common to
all mixes but contained 1 of 10 Totalseq-C030X
hashing antibodies used to identify cells de-
rived from each mouse. After surface staining,
all samples within a batch were pooled, and C4/
I-AP tetramer" cells were sorted by FACS using
a BD FACSAria Fusion 5-18 cytometer. Ulti-
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mately, two sorted samples (one per batch) con-
taining C4</I-Ab tetramer™ cells from pooled and
hashtagged mice resulted after isolation. These
samples were resuspended in 45 ul of sequenc-
ing buffer (0.04% BSA in PBS), and 40 pl of each
sample was loaded into one of two lanes of a
sequencing chip and then subjected to Drop-
seq (10X Genomics) to coencapsulate individual
cells in reverse emulsion droplets in oil together
with one uniquely barcoded mRNA-capture
bead. Libraries were derived from single cells
then subjected to next-generation sequencing.

10X scRNA-seq quantification

Gene expression matrices for single cells were
obtained from raw reads of RNA-seq and feature
barcode libraries quantified using CellRanger
count v4.0.2 (10X Genomics). TCR sequences for
single cells were obtained using CellRanger vdj
v4.0.2 (10X Genomics). Individual samples were
further demultiplexed on the basis of feature
barcodes, which were used to mark original
samples out of the 9 or 10 samples combined in
each capture. The maximum feature expression
was determined for each cell, and the original
sample identity was assigned accordingly, as long
as the maximum feature expression constituted
at least 80% of the total feature exzpression for
that cell. Otherwise, the cell was discarded. TCR
sequences were matched to gene expression
tables on the basis of shared cell barcodes.

Clustering

All samples from both captures were analyzed
together for clustering analysis in the Seurat
package in R (84). Percent mitochondrial ex-
pression was quantified, and cells with >15%
mitochondrial expression, <750 genes expressed,
or <2000 total unique molecular identifier counts
were removed. Gene expression was normalized
using NormalizeData() in Seurat, and the top
5000 variable features were identified using
FindVariableFeatures(), both with default pa-
rameters. Variable features were z-scored, and
principal components analysis (PCA) was run.
JackStraw P values and PCA heatmaps were
computed to determine the informativeness of
each principal component, and the top 45 were
selected as features for clustering. Clustering
was performed using the Louvain algorithm at
resolutions of 0.25, 0.5, 0.75, and 1. Cell types
per cluster were determined by comparing the
expression level of specific marker genes in
those clusters, as well as looking at the percent
of cells expressing a functional TCR. On the
basis of these comparisons, a final resolution of
1was retained for further analysis. Two non-
T cell clusters were further removed from the
analysis. Dimensionality reduction was per-
formed by UMAP to visualize cells and clusters.

Differential gene expression

Cluster-specific genes were identified using dif-
ferential expression statistics (area under the curve
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test) between cell clusters using FindAllMarkers()
in Seurat with default settings. Differential ex-
pression between genotypes was computed
using Wilcox test with the FindMarkers() func-
tion within each cluster, in turn, in each case
setting logfc.threshold to O to test all genes
and using the false discovery rate correction to
adjust P values for multiple testing.

Treatment with anti-CD40, LPS, or poly I:C

Mice were treated with a single injection of either
InVivoPlus anti-mouse CD40 (clone FGK4.5,
BioXCell), InVivoPlus rat IgG2a Isotype mAb
(clone 2A3, BioXCell), E. coli-deriver LPS (Sigma),
or poly I:C (Sigma). Each agent was adminis-
tered in 200 pl of corresponding solvent as
follows: 100 pg anti-mouse CD40 or isotype
antibody intraperitoneally, 5 ug LPS intrave-
nously, 20 pg poly I:C intravenously.
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