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Medullary thymic epithelial cells (nTECs) are essential for the establishment of T cell
central tolerance. The transcription factor Aire plays a key role in this process, but other
factors remain understudied. We found that a small population of mTECs expressed
the coinhibitory receptor cytotoxic T lymphocyte-associated protein 4 (CTLA-4).
These CTLA-4" cells were detectable in perinates, peaked around young adulthood and
expanded sixfold in the absence of Aire. Single-cell transcriptomics revealed CTLA-4"
mTECs to express a distinct gene signature encoding molecules associated with antigen
presentation and interferon-gamma signaling. Mice conditionally lacking CTLA-4 in
thymic epithelial cells had no major immunological deficiencies but displayed a mildly
increased inflammatory tone and a partial defect in the generation of Foxp3'CD4" reg-
ulatory T cells. Consequently, these mice developed modest levels of autoantibodies
and lymphocytic infiltration of peripheral tissues. Thus, CTLA-4 expression in mTECs

complements Aire to establish T cell central tolerance.
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Medullary thymic epithelial cells (mTECs) are essential for the establishment of T cell
central tolerance because they ectopically express a diversity of peripheral-tissue antigens
(PTAs), previewing the peripheral self to maturing T cells (reviewed in ref. 1). Through
this process, self-reactive T cells can be deleted or diverted to the Foxp3'CD4" regulatory
T cell (Treg) lineage, averting autoimmunity. The importance of mTEC-driven central
tolerance is illustrated by the phenotype of mice and humans with defects in mTEC dif-
ferentiation and function, such as those caused by mutations in the nuclear factor kappa-B
pathway and the transcription factor autoimmune regulator (Aire) (2, 3).

Aire, in particular, has been the focus of much attention because it plays a unique role
in upregulating expression of numerous PTAs within mTEC:s, both directly in Aire-stage
mTECs and indirectly in thymic mimetic cells (3, 4). While mice and humans with Aire-
null mutations develop autoimmunity against Aire-induced antigens (3, 5, 6), the extent
of autoimmunity varies widely across individual people and mouse strains (7-9). For
example, most “Aire-deficient” mice on the nonobese diabetic background develop lethal
autoimmunity, whereas Aire-deficient mice on the C57BL/6 (B6) background display
only mild autoimmunity (9). Several explanations for this variation have been proposed,
including genetic differences at Crla4, [/2ra, and human leukocyte antigen loci, but they
remain largely untested (7, 9)

Central T cell tolerance is complemented by a second tolerogenic mechanism, periph-
eral tolerance, which restrains autoreactive immunocytes that escaped into the periphery.
Several mechanisms of peripheral tolerance have been described, some of the best char-
acterized being cell-extrinsic inhibition by Tregs and cell-intrinsic inhibition by one of
several cell-surface receptors. Cytotoxic T lymphocyte-associated protein 4 (CTLA-4;
also known as CD152) is one such immunoregulatory receptor crucial for T cell tolerance.
Mice lacking germline Ctla4 develop unrestrained lymphoproliferation and die within
6 wk of birth (10, 11). CTLA-4 binds costimulatory B7 molecules (CD80, CD86) on
the surface of antigen-presenting cells (APCs) and functions through cell-intrinsic (reduc-
tion of costimulation) and cell-extrinsic (trogocytosis of B7 from APCs) mechanisms
(12—-16). However, the relative contributions of the various mechanisms to overall tol-
erance are unclear. Furthermore, although Tregs comprise one of the largest CTLA-4-
expressing cell populations, constitutive conditional deletion of Crla4 in Tregs only
partially phenocopies germline Ctla4 deletion (17), and inducible conditional deletion
in adult Tregs has almost no autoimmune phenotype whatsoever (18). Thus, while
CTLA-4 is critical for restraining autoimmunity, the precise mechanisms by which it
operates remain unresolved.

Here, we report that under normal conditions a small fraction of mTECs expressed
CTLA-4. This subset was greatly increased in Aire-deficient mice. Conditional deletion of
Ctla4 in mTECs revealed its role as a secondary regulator of T cell central tolerance.
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Significance

We found that the
immunoregulatory receptor
CTLA-4 is expressed on mTECs,
where it mediates T cell central
tolerance. This work deepens our
understanding of how T cell
tolerance is established and
autoimmunity can arise and may
inform the use of CTLA-4 fusion
proteins and anti-CTLA-4
monoclonal antibodies employed
clinically to treat various
autoimmune diseases and
cancers.

Author  affiliations:  *Department of Immunology,
Harvard Medical School, Boston, MA 02115

Author contributions: D.AM. and D.M. designed
research; D.A.M. performed research; D.A.M. and D.M.
analyzed data; C.B. and D.M. supervised research; and
D.A.M., C.B., and D.M. wrote the paper.

Reviewers:L.J.B., University of Colorado-AnschutzMedical
Campus; and J.V.R., The Rockefeller University.

The authors declare no competing interest.

Copyright © 2022 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).

"To whom correspondence may be addressed. Email:
dm@hms.harvard.edu.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2215474119/-/DCSupplemental.

Published November 21, 2022.

10f7


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:dm@hms.harvard.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2215474119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2215474119/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2215474119&domain=pdf&date_stamp=2022-11-17

Results

A Subset of mTECs Expresses CTLA-4 and Accumulates with
Aire Deficiency. In analyzing published RNA sequencing (RNA-
seq) data from mTEC™ of B6.Aire"* vs. B6.Aire” mice (19), we
observed that although many transcripts were downregulated in
the absence of Aire, consistent with its role in PTA induction, only
a few transcripts were substantially upregulated. One of the most
highly induced of these transcripts was Ctla4 (Fig. 14). Analysis of
several similar RNA-seq datasets confirmed that this phenomenon
was reproducible across experiments and laboratories (S Appendix,
Fig. S14) (20, 21), and analysis of mTECs from Aire™ vs. Aire™"
mice on the BALB/c genetic background indicated that it was not
unique to B6 mice (87 Appendix, Fig. S1B) (22). Another group
recently reported CTLA-4 expression on mTECs as well (23).

By flow cytometry, we routinely observed exfpression of CTLA-4
on about 5% of mTECs in 4-6 wk-old Aire"" mice (Fig. 1B and
SI Appendix, Fig. S1C). Expression of Ctla4 was largely restricted
to major histocompatibility complex (MHC) class II-high Aire-
stage mTECs (mTEC™), as compared to pre- and post-Aire MHC
class 1-low mTECs (mTEC") (SI Appendix, Fig. S1D) (4). In
Aire” mice, the fraction of CTLA-4-expressing mTEC:s rose to
about 30% of all mTEC™, and the level of CTLA-4 protein on
CTLA-4" mTECs, as measured by geometric mean fluorescence
intensity (gMFI), increased as well (Fig. 1B and S/ Appendix, Fig.
S1E). By immunofluorescence, we could identify CTLA-
4"EpCAM” cells in the medullary regions of the thymus (Fig. 10).
High-magnification imaging showed these cells to express CTLA-4
in a punctate, vesicular staining pattern, consistent with CTLA-4’s
known cellular localization in endosomes (Fig. 1C) (24, 25).

Because the size and function of the thymic epithelium change
dynamically with age (26, 27), we assessed the fraction of CTLA-
4" mTECs in perinatal (5 d old), young adult (4-6 wk old), and
mature adult (12 wk old) Aire”™ and Aire”™ mice (Fig. 1D).
CTLA-4" mTECs were rare but detectable in Aire*’* perinates and
were already fractionally increased in Aire”” perinates. The fraction
of CTLA-4" mTEC:s peaked in young adults, along with the peak
of thymic size, and then diminished somewhat in mature adults,
with Aire””™ mice again showing expansion of CTLA-4" mTECs
relative to Aire"’* mice. ‘

Thus, we found that a small proportion of mTECH expressed
CTLA-4 in Aire’”" mice. This population was expanded across
multiple ages in Aire”” mice.

Ctlad+ mTECs Express Antigen-Presentation and Interferon
(IFN)-Response Programs. To better understand the nature of
mTECs expressing CTLA-4, we analyzed published single-cell
(sc) RNA-seq of mTECs from B6.Aire” and B6.Aire”” mice (4).
Ctla4" mTECs were readily detectable and grouped in a single
cluster that was present at a low frequency in Aire”* mice and
was greatly expanded in Aire”” mice (Fig. 2 A and B), consistent
with our cytofluorimetric characterization.

Comparison of Ctla4" and Ctla4 mTECs pooled from both
genotypes revealed Ctla4 to be significantly associated with a dis-
tinct set of transcripts that included many related to antigen pres-
entation by MHC-II molecules (F2-Aa, Cd/4) and to the IFN
response ([fi211, Apobec3) (Fig. 2C). Ctla4 expression was also
associated with expression of /78, encoding the transcription fac-
tor IRF8, which defines the chromatin program of Aire-deficient
mTECs (4). Pathway analysis confirmed that Crla4 expression
was significantly associated with antigen presentation and with
IFNy-response programs (Fig. 2D); correlation analysis confirmed
that the majority of Ctla4”™ mTECs also expressed Irf8 (Fig. 2E).
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Fig. 1. CTLA-4is expressed on mTECs and upregulated in Aire™” mice. (A)
Volcano plot of bulk RNA-seq of Aire-expressing mTEC™ from Aire™* vs. Aire™”
mice. Each dot represents one gene, and differentially expressed genes
(false discovery rate [FDR] < 0.05) are highlighted in red and blue. Data
were reanalyzed from (19). (B) Flow plots (Left) and summarized data (Right)
of CTLA-4 levels on mTEC™ from Aire”* (n = 5) vs. Aire”” (n = 5) mice. Each
dot represents one mouse, and data were pooled from two independent
experiments. Bars represent mean * SEM. (C) Immunofluorescent
microscopy of thymic sections from Aire™”” mice for the indicated markers
at low (Left) and high (Right, corresponding to boxed regions) magnifications.
Arrows indicate CTLA-4" cells. Left scale bar, 50 pm; right scale bars, 10
pum. Data are representative of at least two independent experiments. (D)
Summarized data of CTLA-4 levels on mTEC" from Aire”* vs. Aire™” mice
at5d(n=4vs.n=4),4-6wk(n=5vs.n=5),or12wk (n=5vs.n=5)
of age. Each dot represents one mouse, and data were pooled from six
independent experiments. Data for 4-6 wk mice were reproduced from
(B). Bars represent mean + SEM.
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Fig. 2. Ctla4" mTECs display antigen-presentation and IFNy signatures. (A) Uniform manifold approximation and projection (UMAP) plots of scRNA-seq of
mTECs from Aire"* and Aire™” mice, shown merged (Left) or split by genotype (Right). Each dot represents one cell, and dots are colored by cluster. The dashed
lines indicate the “Aire-deficient” cluster. Data were reanalyzed from (4). (B) UMAP plot as in (A), colored by Ctla4 expression calculated as the natural log1p of
counts per 10K total counts (log CP10K). (C) Volcano plot of gene expression in Ctla4” vs. Ctla4~ mTECs, as assayed by scRNA-seq. Each dot represents one gene,

and differentially expressed genes (FDR < 0.05) are highlighted in red and blue. For (C-£), Ctla4" mTECs were pooled from Aire

+/+

and Aire”” mice. (D) Pathway

analysis displaying top gene ontology (GO) terms of differentially upregulated genes in Ctla4” mTECs, ranked by significance. (F) Scatterplot displaying /rf8 and

Ctla4 expression in individual cells, represented as dots. r, Pearson correlation.

In contrast, Ctla4" mTECs had lower levels of transcripts associ-
ated with terminal mTEC differentiation into mimetic cells,
including Gngl3, Calm2, and Litc4s (Fig. 2C), suggesting that
Ctla4" mTECs were relatively depleted of terminal mTECs.
Because Ctla4” mTECs were more abundantly detected from
Aire”” mice (n = 28 cells), these analyses dominantly reflected the
phenotype of Ctla4* mTECs in the Aire”~ context; the low num-
ber of Cta4* mTECs detected in Aire”" mice (n = 4 cells) pre-
cluded direct analysis of transcriptional differences between Ctla4"
mTECs from Aire"" vs. Aire”” mice.

In summary, Ctla4" mTECs expressed a transcriptional pro-
gram that was enriched in antigen presentation by MHC-II mol-
ecules and IFNy-response pathways and that appeared to be
controlled by IRF8. Ctla4" mTECs showed a relative paucity of

transcripts associated with terminally differentiated mTECs.

Mice Lacking CTLA-4 in mTECs Have a Perturbed Treg
Compartment. To understand the function of mTEC-expressed

PNAS 2022 Vol.119 No.48 e2215474119

CTLA-4, we generated mice lacking CTLA-4 specifically in thymic
epithelial cells by crossing in FoxnI™ and Ctlad"™ genetic elements
on the B6 background. Experimental mice were of the genotype
Foxn 1™ Ctlad™ " (Ctla4A ™), while controls were littermates
of the genotype Ctlad"™ " (Ctla4"). (Note that germline deletion
of floxed alleles by Fox7n1” males rendered a breeding scheme with
Cre-positive controls inviable (28)). Ctlad4A TEC mice efficiently
deleted CTLA-4 from mTECs (SI Appendix, Fig. S2A).

We first compared splenic T cells from Crla4" and Crlada™
mice. There were no major perturbations in the number of total
splenocytes, the fraction of T cells among splenocytes, or the dis-
tribution of T cells among the CD4", CD8a’, and CD4"Foxp3"
compartments (Fig. 34 and S/ Appendix, Fig. S2 B and C), nor
were there significant increases in the activation status of conven-
tional CD4"Foxp3™ or CD8a" T cells, as assessed by CD44 and
CDG2L expression (Fig. 3B). However, there was a modest but
reproducible increase in the fraction of activated (CD44"CD621")
Tregs (Fig. 3B), similar to what has been seen in other strains of
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Fig. 3. Mice lacking Ctla4 in mTECs have impaired thymic Treg generation and increased splenic Treg activation. (A-D) Summarized flow cytometry data for
fractions of (A) splenic T cells, (B) activated (CD44"CD62L") splenic T cells, (C) thymocytes, and (D) thymic Treg progenitors from Ctla4 (n = 12) vs. Ctla4A™ (n = 12)
mice. In (A), TCRB" cells are gated on total splenocytes, while T cell subsets are gated on TCRp" cells. For all plots (A-D), each dot represents one mouse, data were
pooled from two independent experiments, P-values were calculated by two-sided, unpaired Student's t test, and bars represent mean + SEM. (E) Summarized
flow cytometry data for CD8O levels (geometric mean fluorescence intensity, gMFI) on thymic antigen-presenting cells from Ctla4” (n = 5) vs. Ctla4A™ (n = 4)
mice. For each cell population, gMFIs are normalized to the mean of Ctla4" controls. Each dot represents one mouse, data are representative of at least two

independent experiments, and bars represent mean + SEM.

mice with mild tolerance defects (29). This augmentation seemed
to reflect an absolute increase in activated Tregs, as their number
followed a similar trend, though this was not significant (57
Appendix, Fig. S3D). Thus, CtladA TEC hhice did not manifest major
T cell perturbations but showed signs of an elevated inflammatory
tone that could be held in check by peripheral tolerance.

We next compared thymic T cell subsets from mice of the two
genotypes. Again, there were no significant changes in the distri-
bution of major T cell subsets—namely, CD4/CD8 double-neg-
ative (DN), double-positive, and single-positive (CD4SP or
CD8SP) thymocytes—or in the number of total thymocytes,
suggesting that CTLA-4 ablation in mTECs did not grossly per-
turb thymic T cell maturation (Fig. 3C and ST Appendix, Fig. S3
E and F). However, there was a modest decrease in the fractional
representation of the Treg progenitor expressing Foxp3 but not
CD25 (Fig. 3D). This seemed to reflect an absolute decrease in
CD25 Foxp3" Treg progenitors, as their number followed a similar
trend, though this was not significant (S7 Appendix, Fig. S2G).
The observed Treg progenitor perturbations suggested that the

40of 7 https://doi.org/10.1073/pnas.2215474119

TEC .
mice was

modest increase in inflammatory tone in Ctla4A
secondary to a partial defect in Treg maturation.

To understand the mechanism by which CTLA-4 might affect
Treg maturation, we analyzed levels of one of its ligands, CD80,
on various thymic APC subsets, including conventional dendritic
cells (DCs), plasmacytoid DCs, B cells, and mTECs. However,
there were no significant changes in the levels of CD80 expressed
by these various cell types (Fig. 3E). These results argue that
mTEC-expressed CTLA-4 did not grossly diminish the amount
of CD80 on thymic APCs but rather may have functionally inhib-
ited costimulatory signaling.

Mice Lacking CTLA-4 in mTECs Develop Autoimmunity. Finally,
we asked whether mice lacking CTLA-4 in mTECs developed
an autoimmune disease. We aged Ctla4" and Crla4A’™" mice
for one year and collected serum for autoantibody analysis and
peripheral organs for histological quantification of immunocyte
infiltration and tissue destruction. Crlz4A™ mice showed an
increase in autoantibody burden across a variety of tissues, with

pnas.org
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Fig.4. Mice lacking Ctla4 in mTECs develop mild autoimmunity. (4) Summarized quantification of autoantibodies in sera from 1-y-old Ctla4” (n = 4) vs. Ctla4A™
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hematoxylin and eosin (H&E) staining of tissue sections from the indicated organs from 1-y-old Ctla4”

(n=6; n=5for eye) vs. Ctla4A™ (n = 6) mice. (Scale bars,

100 pm.) (C) Summarized quantification of immunocyte infiltration and tissue destruction in tissue sections from (B). Each dot represents one mouse, and the
boxplots and P-value were calculated as in (A). (D) Survival curves for Ctla4" (n = 6) vs. Ctla4a™ (n = 6) mice.

enhanced oligoclonal autoantibody bands evident in the eye,
lacrimal gland, salivary gland, and stomach, but not in the liver
or lung. (Fig. 44 and SI Appendix, Fig. S3). The strength of
these oligoclonal bands was comparable with that which we have
observed in younger, 3—4-mo-old B6.A4ire™™ mice (9). CrladA™
mice also showed increased infiltration of several peripheral
organs by immunocytes, albeit with a different tissue predilection,
as the greatest infiltration was observed in the lacrimal gland,
liver, and lung (Fig. 4 B and C). However, tissue architecture
was generally preserved (Fig. 4B), and no animals suffered fatal
autoimmunity during the study period (Fig. 4D), underscoring
the mild nature of the tolerance defect in Cta4A™ mice. In
the future, a systematic comparison of Ctla4A TEC thice to other
autoimmune models will help contextualize the relative strength
of autoimmunity observed here. Taken together with the cellular

profiling, we conclude that thymic epithelial CTLA-4 played

PNAS 2022 Vol.119 No.48 e2215474119

a minor but nonredundant role in the establishment of T cell
central tolerance.

Discussion

In this study, we found that a small fraction of mTECs expressed
CTLA-4 in wild-type mice and that this fraction was greatly
expanded in the absence of Aire. This expansion was associated
with antigen-presentation and IFNYy-responsive gene programs
and appeared to serve as a secondary mechanism of central toler-
ance, as mice lacking CTLA-4 expression on mTECs had mildly
impaired Treg production and modest increases in inflammatory
tone, autoantibodies, and tissue infiltration.

We were surprised to see strong and tightly regulated CTLA-4
expression on mTECs, outside of its widely accepted localization

on T cells. Notably, though most work on CTLA-4 has focused
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on its roles in T cells, a few studies have observed it to be expressed
elsewhere (30-32). These results suggest that CTLA-4 expression
might be a more generic mechanism than previously thought for
modulating costimulatory signaling through B7, regardless of the
cell type expressing CTLA-4. Within this framework, it will be of
interest to identify the generic signals that induce CTLA-4 expres-
sion both on T cells and elsewhere, whether they be cytokines like
IFNY, as suggested here, or other factors.

Morimoto and colleagues also recently reported CTLA-4 expres-
sion on mTECs and its upregulation in Aire-deficient mTECs, in
agreement with our results (23). Importantly, they used recombi-
nant CTLA-4 (rCTLA-4) treatments and Crla4 germline knockout
mice to probe the mechanisms at play, while we generated mice
with a conditional deletion of Crla4 in thymic epithelial cells.
Integration of these data yields a fuller picture of CTLA-4" mTEC
biology, especially when considering several points of difference
between the studies. First, Morimoto et al. found that mice treated
with presumably agonistic rCTLA-4 had diminished CD25 Foxp3*
Treg precursors, while we found that mice lacking CTLA-4 on
mTEC:s also had diminished CD25Foxp3" Treg precursors. This
somewhat paradoxical result suggests that CD28 signaling in matur-
ing Tregs is tightly tuned by mTECs, and either too much or too
little can have detrimental effects on Treg differentiation. Second,
Morimoto et al. showed that mTEC-expressed CTLA-4 was capable
of capturing B7 from thymic dendritic cells in vitro. But we did not
observe a substantlal diminishment of B7 on any thymic APC subset
in CrladA™ mice; this discrepancy might reflect a nontrogocytic
functional role for CTLA-4 on mTEC:s in vivo and/or compensa-
tory upregulation of B7 on APCs when CTLA-4 expression on
mTEC:s is genetically ablated. Thlrd Morlmoto etal. saw an alle-
viation of autoimmunity when Aire”"Ctla4™ thymi vs. Aire™ con-
trol thymi were transplanted into nude mice, while we saw a mild
exacerbation of autmmmumty when CTLA-4 was conditionally
deleted in TECs on the Aire”" background, indicating that the
status of other central tolerance mechanisms can dictate the protec-
tive vs. pathogenic role of CTLA-4 in mTECs.

Indeed, it is increasingly clear that multiple central and peripheral
mechanisms integrate with Aire to enforce T cell tolerance (33-35).
Aire plays a crucial role in ectopically inducing PTA expression;
however, our scRNA-seq analysis demonstrated that loss of Aire
was not neutral to mTECs but rather involved compensatory upreg-
ulation of a coordinated Aire-deficient gene program. We focused
here on CTLA-4, but other factors, such as IL-13, were also upreg-
ulated in the absence of Aire and may play similar secondary roles
in the induction of T cell tolerance. Additionally, recently described
mimetic cell subtypes have unique expression profiles, including
1/10and 1125 in tuft mTECs and Ccl6, Cel9, and Ce/20 in microfold
mTECs, which may play functionally nonredundant roles in
instructing thymocyte differentiation (36). Further studies will help
clarify how the combination of these factors derived from heterog-
enous mTEC subsets integrate under homeostatic and pathologic
conditions to ultimately control the T cell repertoire.

Materials and Methods

Gene-Expression Analyses. Population-level and single-cell RNA-seq and
microarray analyses were performed on published datasets using edgeR
for bulk RNA-seq, Seurat for scRNA-seq, and R for microarray analyses. For
single-cell analysis of Ctla4* mTECs, pooled Ctla4* mTECs from Aire™* and

1. J.Abramson, G. Anderson, Thymic epithelial cells. Annu. Rev. Immunol. 35,
85-118(2017).

2. R.Shinkura etal., Alymphoplasia is caused by a point mutation in the mouse gene encoding Nf-
kappa b-inducing kinase. Nat. Genet. 22, 74-77 (1999).
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Aire™”~ mice were used. Additional details are available in SI Appendix,
Materials and Methods.

Mice. Mouse work was performed at Harvard Medical School under specific-path-
ogen-free conditions using littermate controls. The strains used were C57BL/6J,
B6.Aire™, B6.Foxn1-cre, B6.Ctlad-flox, and B6.Rag1™'~. Additional details are
available in SI Appendix, Materials and Methods.

Isolation of mTECs. mTECs were isolated according to published protocols (4).
Briefly, thymi were dissected, chopped, and incubated for 15 min in Dulbecco’s
Modified Eagle Medium ( Gibco) plus 2% fetal calf serum ( Gibco), 25 mM
4-2-hydroxyethyl)-1-piperazineethanesulfonicacid ( Lonza), 0.5 mg/mL collagenase
(Sigma), and 0.1 mg/mL DNase (Sigma), then for 15 min in the same buffer plus
0.5 mg/mLcollagenase/dispase (Roche) and 0.1 mg/mLDNase, and then briefly with
10 mM ethylenediaminetetraacetic acid. Cells were stained with primary antibodies
against CD45, Ly51, MHC-I molecules, and/or CD8O0 (all BioLegend). In some cases,
cells were fixed using fixation/permeabilization buffer (eBioscience) and stained
with anti-CTLA-4 antibody (BioLegend) in permeabilization buffer (eBioscience).

Flow Cytometry. Live cells were identified using 4’,6-diamidino-2-phenylindole
or Fixable Yellow viability dye (Invitrogen). Cells were analyzed using LSRFortessa,
LSR II, or FACSymphony instruments (all BD) at the Joslin Diabetes Center or
Harvard Immunology Department Flow Cores.

Immunofluorescence Microscopy. Thymi were dissected, fixed, frozen, sec-
tioned, blocked, stained with conjugated primary antibodies against EpCAM
and CTLA-4 (BioLegend), washed, counterstained with Hoescht 33342 (Sigma),
mounted, and imaged by spinning disk confocal microscopy. Additional details
are available in S/ Appendix, Materials and Methods.

Isolation of Thymocytes and Splenocytes. Thymi or spleens were dissected,
passed over filters, and stained using primary antibodies against TCRB, CD8a,
(D25, CD44, CD45R, CD45, CD62L, CD80 (all BioLegend), CD4, and/or CD11¢(both
eBioscience). In some cases, cells were fixed using fixation/permeabilization buffer
and stained with anti-Foxp3 antibody (eBioscience) in permeabilization buffer.

Autoimmune Monitoring, Serum Autoantibodies, and Histology. Ct/a4ATEC
mice were observed weekly. Autoantibody and histology analyses were performed as
previously described (3). Briefly, for autoantibody analysis, sera from individual mice
were used at 1:500 dilutions for slot immunoblots of organ lysates from Rag 1™/~
mice. For histologicanalysis, organs were fixed, embedded, sectioned, stained, and
scored forimmunocyte infiltration and tissue destruction by two blinded evaluators.
Additional details are available in SI Appendix, Materials and Methods.

statistics. Sample sizes and statistical tests are noted in the figure legends. In
general, flow cytometry data were compared by unpaired, two-sided Student's
ttestin GraphPad Prism (v7.0), and histology and autoantibody data were com-
pared by two-way ANOVA in R (v4.1.0). P < 0.05, *; <0.01, **; <0.001, ***;
<0.00001, ****,

Data, Materials, and Software Availability. Gene expression data were rea-
nalyzed from published datasets: SRR2038194-SRR20381947, GSE180935,
GSE53110, GSE194232 (bulk RNA-seq), GSE8564 (microarray), and GSE194252
(scRNA-seq). Scripts used for analyses are available at github.com/dmichelson.
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