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Thymocytes trigger self-antigen-
controlling pathways in immature
medullary thymic epithelial stages

Noella Lopes’, Nicolas Boucherit'!, Jérémy C Santamaria'!, Nathan Provin?,
Jonathan Charaix’, Pierre Ferrier', Matthieu Giraud? Magali Irla**

'Aix-Marseille University, CNRS, INSERM, Centre d'Immunologie de Marseille-
Luminy, Marseille, France; °Nantes Université, INSERM, Center for Research in
Transplantation and Translational Immunology, UMR 1064, Nantes, France

Abstract Interactions of developing T cells with Aire* medullary thymic epithelial cells expressing
high levels of MHCII molecules (mTEC") are critical for the induction of central tolerance in the
thymus. In turn, thymocytes regulate the cellularity of Aire* mTEC". However, it remains unknown
whether thymocytes control the precursors of Aire* mTEC" that are contained in mTEC® cells or
other mTEC" subsets that have recently been delineated by single-cell transcriptomic analyses.
Here, using three distinct transgenic mouse models, in which antigen presentation between mTECs
and CD4" thymocytes is perturbed, we show by high-throughput RNA-seq that self-reactive CD4*
thymocytes induce key transcriptional regulators in mTEC"™ and control the composition of mTEC®
subsets, including Aire* mTEC" precursors, post-Aire and tuft-like mTECs. Furthermore, these inter-
actions upregulate the expression of tissue-restricted self-antigens, cytokines, chemokines, and
adhesion molecules important for T-cell development. This gene activation program induced in
mTEC" is combined with a global increase of the active H3K4me3 histone mark. Finally, we demon-
strate that these self-reactive interactions between CD4* thymocytes and mTECs critically prevent
multiorgan autoimmunity. Our genome-wide study thus reveals that self-reactive CD4* thymo-
cytes control multiple unsuspected facets from immature stages of mTECs, which determines their
heterogeneity.

Editor's evaluation

This manuscript is of interest to readers in the field of immunology and especially in the induction of
immune tolerance in the thymus. The work uses several mouse models to substantially broaden the
current understanding of MHCII/TCR-mediated cell-cell crosstalk in the thymus and suggests a novel
mechanism that contributes to the generation of functional and self-tolerant T-cells.

Introduction

The thymic medulla ensures the generation of a self-tolerant T-cell repertoire (Klein et al., 2014;
Lopes et al., 2015). By their unique ability to express tissue-restricted self-antigens (TRAs) (Derbinski
et al., 2001; Sansom et al., 2014), medullary thymic epithelial cells (nTECs) promote the develop-
ment of Foxp3* regulatory T cells and the deletion by apoptosis of self-reactive thymocytes capable of
inducing autoimmunity (Klein et al., 2019). The expression of TRAs that mirrors body’s self-antigens
is controlled by Aire (Autoimmune regulator) and Fezf2 (Fez family zinc finger 2) transcription factors
(Anderson et al., 2002; Takaba et al., 2015). Aire-dependent TRAs are generally characterized by
a repressive chromatin state enriched in the trimethylation of lysine-27 of histone H3 (H3K27me3)
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histone mark (Handel et al., 2018; Org et al., 2009; Sansom et al., 2014). In accordance with their
essential role in regulating the expression of TRAs, Aire” and Fezf2” mice show defective clonal
deletion of autoreactive thymocytes and develop signs of autoimmunity in several peripheral tissues
(Anderson et al., 2002; Takaba et al., 2015).

Based on the level of the co-expressed MHC class II and CD80 molecules, mTECs were initially
subdivided into mTEC" (MHCII®CD80") and mTEC" (MHCII"CD80") (Gray et al., 2006). The rela-
tionship between these two subsets has been established with reaggregate thymus organ cultures
in which mTEC'" give rise to mature Aire* mTEC" (Gébler et al., 2007; Gray et al., 2007). Although
mTEC" express a highly diverse array of TRAs under Aire’s action that releases stalled RNA poly-
merase and modulates chromatin accessibility, mTEC" already express a substantial amount of TRAs
(Derbinski et al., 2005; Giraud et al., 2012; Koh et al., 2018; Kyewski and Klein, 2006, Sansom
et al., 2014). Recent single-cell transcriptomic analyses indicate that the heterogeneity of mTECs,
especially in the mTEC" compartment, is more complex than previously thought (Irla, 2020; Kadouri
et al., 2020). mTEC'" with low or no expression of CD80 have been shown to be divided into three
main subsets: CCL21* mTECs, implicated in the attraction of positively selected thymocytes in the
medulla (Lkhagvasuren et al., 2013), involucrin*TPA" post-Aire mTECs corresponding to the ultimate
mTEC differentiation stage (Metzger et al., 2013, Michel et al., 2017; Nishikawa et al., 2010),
and the newly reported tuft-like mTECs that show properties of gut chemosensory epithelial tuft
cells expressing the doublecortin-like kinase 1 (DCLK1) marker (Bornstein et al., 2018; Miller et al.,
2018). Based on single-cell transcriptomic analyses, mTECs were then classified into four major groups
encompassing mTEC [:CCL21" mTECs, mTEC Il:Aire* mTECs, mTEC lll:post-Aire mTECs, and mTEC
IV:tuft-like mTECs (Bornstein et al., 2018). Furthermore, mTEC" with intermediate levels of CD80 and
MHCI! lie into mTEC single-cell clusters that are defined as proliferating and maturational, expressing
Fezf2 and preceding the Aire* mTEC" stage (Baran-Gale et al., 2020, Dhalla et al., 2020). These
transit-amplifying cells were recently referred as to as TAC-TECs (Wells et al., 2020).

In the postnatal thymus, while mTECs control the selection of thymocytes, conversely CD4* thymo-
cytes control the cellularity of Aire* mTEC" by activating RANK and CD40-induced NF-kb signaling
pathways (Akiyama et al., 2008; Hikosaka et al., 2008; Irla, 2020; Irla et al., 2008). These bidirec-
tional interactions between mTECs and thymocytes are commonly referred to as thymic crosstalk
(Lopes et al., 2015; van Ewijk et al., 1994). However, it remains unknown whether CD4* thymocytes
act exclusively on mature Aire* mTEC" or upstream on their TAC-TEC precursors contained in mTEC"
and whether the development of the newly identified Fezf2*, post-Aire, and tuft-like subsets is regu-
lated or not by CD4* thymocytes.

In this study, using high-throughput RNA-sequencing (RNA-seq), we show that self-reactive CD4*
thymocytes induce in mTEC" pivotal transcriptional regulators for their differentiation and function.
Accordingly, self-reactive CD4* thymocytes control the composition of the mTEC" compartment,
that is the precursors of Aire* mTEC", post-Aire cells, and tuft-like mTECs. Our data also reveal that
self-reactive CD4* thymocytes upregulate in mTEC” the expression of TRAs, chemokines, cytokines,
and adhesion molecules involved in T-cell development. This gene activation program correlates with
increased levels of the active trimethylation of lysine-4 of histone 3 (H3K4me3) mark, including the
loci of Fezf2-dependent and Aire/Fezf2-independent TRAs, indicative of an epigenetic regulation
for their expression. Finally, we demonstrate that disrupted MHCII/TCR interactions between mTECs
and CD4* thymocytes lead to the generation of mature T cells containing self-specificities capable of
inducing multiorgan autoimmunity. Altogether, our genome-wide study reveals that self-reactive CD4*
thymocytes control the developmental transcriptional programs of mTEC®, which conditions their
differentiation and function as inducers of T-cell tolerance.

Results

CD4* thymocytes induce key transcriptional programs in mTEC" cells

Several NF-kb members are involved in Aire* mTEC" development (Burkly et al., 1995; Lomada
et al., 2007, Riemann et al., 2017; Shen et al., 2019, Zhang et al., 2006). However, it remains
unclear whether the NF-kb or other signaling pathways are activated by CD4* thymocytes specifically
in mTEC® cells. To investigate the effects of CD4* thymocytes in mTEC®, we used mice deficient
in CD4* thymocytes (ACD4 mice) because they lack the promoter IV of the class Il transactivator
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(Ciita) gene that controls MHCII expression in cortical TECs (cTECs) (Waldburger et al., 2003). We
first analyzed by flow cytometry the total and phosphorylated forms of IKKa, p65, and RelB NF-kb
members and p38 and Erk1/2 MAPK proteins in mTEC" from ACD4 mice according to the gating
strategy shown in Figure 1—figure supplement 1A. Interestingly, the phosphorylation level of IKKa
and p38 MAPK was substantially reduced in ACD4 mice (Figure 1A and B, Figure 1—figure supple-
ment 2), indicating that CD4* thymocytes may have an impact in mTEC" by activating the IKKa inter-
mediate of the nonclassical NF-kB pathway and the p38 MAPK pathway.

To gain insights into the effects of CD4* thymocytes in mTEC"®, we analyzed by high-throughput
RNA-seq the gene expression profiles of mTEC" purified from WT and ACD4 mice (Figure 1—figure
supplement 1B). We found that CD4* thymocytes upregulated 989 genes (fold change [FC] >2)
reaching significance for 248 of them (Cuffdiff p<0.05) (Figure 1C). 957 genes were also downreg-
ulated (FC < 0.5) with 178 genes reaching significance (Cuffdiff p<0.05). We analyzed whether the
genes significantly up- or downregulated by CD4" thymocytes corresponded to TRAs, as defined
by an expression restricted to 1-5 of peripheral tissues (Sansom et al., 2014). Interestingly, the
genes upregulated by CD4* thymocytes exhibited approximately fourfold more of TRAs over non-
TRAs (Figure 1D, left panel). The comparison of the proportion of TRAs among the upregulated
genes with those of the genome revealed a strong statistical TRA overrepresentation (p=5.2 x 107"
(Figure 1D, right panel). Most of the TRAs upregulated by CD4" thymocytes were sensitive to the
action of Aire (Aire-dependent TRAs) or controlled by Aire and Fezf2-independent mechanisms (Aire/
Fezf2-independent TRAs) (Figure 1E, Supplementary file 1). The upregulation of some of these TRAs
by CD4* thymocytes was confirmed by gPCR in mTEC" purified from ACD4 mice (Figure 1F). The
same results were observed with mTEC" purified from MHCII”* mice, also lacking CD4* thymocytes,
excluding any potential indirect effect of CIITA in the phenotype observed in ACD4 mice (Figure 17—
figure supplement 3A).

Remarkably, among the non-TRAs upregulated by CD4* thymocytes in mTEC", 37 corresponded to
50 mTEC-specific transcription factors that are induced by the histone deacetylase 3 (HDAC3) (Gold-
farb et al., 2016; Figure 1G). Some of them, such as the interferon regulatory factor 4 (Irf4), Irf7, and
the Ets transcription factor member, Spib, are known to regulate mTEC differentiation and function
(Akiyama et al., 2014; Haljasorg et al., 2017, Otero et al., 2013). We also identified other transcrip-
tion factors such as Nfkb2, Trp53, and Relb implicated in mTEC differentiation (Riemann et al., 2017,
Rodrigues et al., 2017, Zhang et al., 2006). Finally, we found that CD4" thymocytes upregulate in
mTEC" the expression of some cytokines and cell adhesion molecules such as integrins and cadherins
(Figure 1H, Figure 1—figure supplement 3B). Given that mTEC" are heterogeneous (Irla, 2020;
Kadouri et al., 2020), we then analyzed whether the cytokines and adhesion molecules, which are
upregulated by CD4" thymocytes, are specific to a particular subset of mTEC". To this end, we rean-
alyzed single-cell RNA-seq data performed on total CD45EpCAM* TECs (Wells et al., 2020). Single
cells were projected into a UMAP reduced-dimensional space and, using the 15 first principal compo-
nents, six clusters were obtained, as in Wells et al., 2020 (Figure 1—figure supplement 4A). Well-
established markers were used to distinguish the different TEC subsets such as Psmb11 and Prss16
for cTECs, Ccl21a and Krt5 for CCL21* mTECs (also called mTEC 1), Stmn1, Skal, Fezf2 and Aire for
TAC-TECs, Aire and Fezf2 for Aire* mTECs (also called mTEC II), Pigr and Cldn3 for post-Aire mTECs
(also called mTEC Ill), and Avil and Pou2f3 for tuft-like mTECs (also called mTEC IV) (Figure 1—figure
supplement 4B). In contrast to CCL21* mTECs, some genes upregulated by CD4" thymocytes were
expressed by tuft-like mTECs (Figure 1I). Interestingly, many genes encoding for cytokines and cell
adhesion molecules were associated with Aire* mTECs and post-Aire cells with some of them already
expressed in TAC-TECs, suggesting that CD4* thymocytes may act upstream of Aire* mTEC". These
results thus provide the first evidence that CD4* thymocytes are able to induce in mTEC" essential
transcriptional regulators for mTEC differentiation and function as well as TRAs, adhesion molecules,
and cytokines.

CD4* thymocytes regulate maturational programs in mTEC'" through
MHCII/TCR interactions

We next investigated by which mechanism CD4* thymocytes regulate the transcriptional programs
of mTEC". Given that MHCII/TCR interactions with mTECs are critical for CD4* T-cell selection (Klein
et al., 2019), we hypothesized that these interactions could play an important role in initiating
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Figure 1. The transcriptional profile and IKKo and p38 MAPK signaling pathways are impaired in mTEC® of

ACD4 mice. (A, B) Total IKKa, p38 MAPK, phospho-IKKa(Ser180)/IKKB(Ser181

), and p38 MAPK (Thr180/Tyr182)

(A) and the ratio of phospho/total proteins (B) analyzed by flow cytometry in mTEC" from WT and ACD4 mice.
Data are representative of two independent experiments (n = 3-4 mice per group and experiment). (C) Scatter

Figure 1 continued on next page
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Figure 1 continued

plot of gene expression levels (fragments per kilobase of transcript per million mapped reads [FPKM]) of mTEC"
from WT versus ACD4 mice. Genes with fold difference 22 and p-adj<0.05 were considered as upregulated or
downregulated genes (red and blue dots, respectively). RNA-seq was performed on two independent biological
replicates with mTEC" derived from 3 to 5 mice. (D) Numbers of tissue-restricted self-antigens (TRAs) and non-
TRAs in genes up- and downregulated (left panel) and the proportion of upregulated TRAs compared to those
in the all genome (right panel). ND, not determined. (E) Numbers of induced Aire-dependent, Fezf2-dependent,
Aire/Fezf2-dependent, and Aire/Fezf2-independent TRAs. (F) The expression of Aire-dependent (Meig1, Nov),
Fezf2-dependent (Fcer2a, Kenj5), Aire/Fezf2-dependent (Krt1, Reig), and Aire/Fezf2-independent (Crp, RsphT)
TRAs measured by gPCR in WT (n = 3-4) and ACD4 (n = 3-4) mTEC". (G) Expression fold change in HDAC3-
induced transcriptional regulators and other transcription factors significantly upregulated in WT versus ACD4
mTECP. The color code represents gene expression level. (H) Heatmaps of genes encoding for cell adhesion
molecules and cytokines that were significantly downregulated in mTEC" from ACD4 mice. (I) Hierarchical
clustering and heatmap of mean expression of these cell adhesion molecules and cytokines in mTEC subsets
identified by scRNA-seq. Error bars show mean + SEM, *p<0.05, **p<0.01 using two-tailed Mann-Whitney test for
(A), (B) and (F) and chi-squared test for (D).

The online version of this article includes the following figure supplement(s) for figure 1:
Figure supplement 1. Gating strategy used to purify mTEC" cells.

Figure supplement 2. Normal total and phosphorylated pé5, RelB, and Erk1/2 proteins in mTEC® from ACD4
mice.

Figure supplement 3. Impaired TRA expression in mTEC" from MHCII”" mice.
Figure supplement 4. Identification of thymic epithelial cell (TEC) subsets by single-cell RNA-seq.

transcriptional programs that govern the functional and developmental properties of mTEC". To this
end, we used a unique transgenic mouse model in which MHCII expression is selectively abrogated
in mTECs (mTEC®HC! mice) (Irla et al., 2008). In contrast to their WT counterparts, we found that
OVA;p; 339-loaded mTECs from mTEC*MMC! mice were ineffective at activating OTll-specific CD4* T
cells, demonstrating that the capacity of antigen presentation of mTECs to CD4" T cells is impaired in
these mice (Figure 2A).

The comparison of the gene expression profiles of mTEC® purified from WT and mTEC*M"<" mice
(Figure 1—figure supplement 1B) revealed that MHCII/TCR interactions with CD4* thymocytes
resulted in the upregulation of 1300 genes (FC > 2), 449 of them reaching statistical significance (Cuff-
diff p<0.05). 846 genes were also downregulated (FC < 0.5) with 340 reaching significance (Cuffdiff
p<0.05) (Figure 2B). Similarly to the comparison of WT versus ACD4 mice (Figure 1D), the genes
significantly upregulated by MHCII/TCR interactions in mTEC" corresponded preferentially to TRAs
(p=4.5 x 107 that are mainly Aire-dependent and Aire/Fezf2-independent (Figure 2C-E, Supple-
mentary file 2). In line with the recent discovery of Aire expression in mTECs expressing intermediate
levels of CD8O0 identified in the proliferating and maturational stage mTEC single-cell clusters (Dhalla
et al., 2020), we found a strong correlation (p=2 x 107¢) between gene upregulation induced by
MHCII/TCR interactions and the responsiveness of genes to Aire’s action obtained from the compar-
ison between WT and Aire’”” mTEC" (Figure 2F). These data are in agreement with the identification
of a list of activation factors including Aire among the non-TRA genes induced by MHCII/TCR interac-
tions with CD4* thymocytes in mTEC® (Figure 2G). mTEC" from mTEC*""“" mice expressed ~4.5-fold
less Aire than WT mTEC", with substantial levels of 15.8 and 73.7 fragments per kilobase of transcript
per million mapped reads (FPKM), respectively. For comparison, Aire expression level in WT mTEC"
was 448.9 FPKM. mTEC" from mTEC*M"" mice also expressed ~1.5-fold less Fezf2 than WT mTEC"
(90.2 versus 134.5 FPKM, respectively). This reduction in Aire and Fezf2 expression in mTECAMHC!
mice was also confirmed by gqPCR (Figure 2H). These results highlight the importance of MHCII/
TCR interactions with CD4" thymocytes in upregulating Aire and Fezf2 mRNAs and some of their
associated TRAs in mTECP. Interestingly, 17 HDAC3-regulated transcription factors as well as Nfkb2,
Trp53, and Relb transcription factors were induced by MHCII/TCR interactions with CD4* thymocytes
(Figure 2I). Moreover, the expression of several cytokines, chemokines, and cell adhesion molecules
was also upregulated (Figure 2J, Figure 2—figure supplement 1A). Using single-cell RNA-seq data
(Figure 1—figure supplement 4), we found that these genes were poorly associated with CCL21*
and tuft-like mTEC" (Figure 2K). Consistently with the altered cellularity of Aire* mTECs in mTECAMHC!
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Figure 2. The transcriptional and functional properties of mMTEC" are impaired in mTEC™™" mice. (A) Percentages of CD69* OTIlI CD4* T cells cultured
or not with variable numbers of OVAy3 35-loaded WT or mTEC*MHC! mTECs derived from two independent experiments (n = 2-3 mice per group and
experiment). (B) Scatter plot of gene expression levels (fragments per kilobase of transcript per million mapped reads [FPKM]) of mTEC” from WT

versus mTECAMHCH

Figure 2 continued on next page

mice. Genes with fold difference >2 and p-adj<0.05 were considered as upregulated or downregulated genes (red and blue dots,
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Figure 2 continued

respectively). RNA-seq was performed on two independent biological replicates with mTEC" derived from 3 to 5 mice. (C) Numbers of tissue-restricted
self-antigens (TRAs) and non-TRAs in genes up- and downregulated in mTEC" from WT versus mTEC*""“! mice. ND, not determined. (D) Numbers of
induced TRAs regulated or not by Aire and/or Fezf2. (E) Aire-dependent (Crabp1), Fezf2-dependent (Coch, Sult1c2), Aire/Fezf2-dependent (Fabp9),
and Aire/Fezf2-independent (Spon2, Upk3b) TRAs were measured by gPCR in mTEC" from WT (n = 4) and mTEC*"" (n = 4) mice. (F) Scatter plot of
gene expression variation in mTEC" from WT versus mTEC*M® mice and in mTEC" from WT versus Aire” mice. The loess fitted curve is shown in blue
and the induced Aire-dependent genes (fold change [FC] > 5) in red. (G) Heatmap of significantly downregulated activation factors in mTEC” from
mTEC*MHC mice. (H) Aire and Fezf2 mRNAs were measured by gPCR in mTEC" from WT (n = 3-4) and mTEC*VF ! (n = 4) mice. (I) FC in the expression
of HDAC3-induced transcriptional regulators and other transcription factors significantly upregulated in WT versus mTEC*""“! mice. The color code
represents gene expression level. (J) Heatmap of significantly downregulated cytokines, chemokines, and cell adhesion molecules in mTEC" from
mTECMAC! mice. (K) Hierarchical clustering and heatmap of mean expression of these activation factors, cell adhesion molecules, chemokines, and
cytokines in mTEC subsets identified by scRNA-seq. Error bars show mean = SEM, *p<0.05, **p<0.01, ***p<0.001 using two-tailed Mann-Whitney test
for (A), (E) and (H) and chi-squared test for (C) and (F).

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. Altered expression of some cytokines, cell adhesion molecules, and chemokines in mTEC" from mTEC*"! mice.

mice (Irla et al., 2008), some of these genes were associated with post-Aire cells. Strikingly, many
genes upregulated by CD4* thymocytes in mTEC" were highly expressed by Aire* mTECs. Interest-
ingly, several of these genes were already expressed by TAC-TECs, including Aire and Fezf2, strongly
suggesting that an enhanced transcriptional activity promoted by MHCII/TCR interactions with CD4*
thymocytes accompanies the transition from TAC-TECs to Aire* mTECs. Altogether, these data show
that CD4* thymocytes, through MHCII/TCR interactions, control the functional properties of mTEC"
and activate key transcriptional programs governing their differentiation and function.

TCR/MHCII interactions with CD4* thymocytes regulate the
development of Fezf2* pre-Aire, post-Aire, and tuft-like mTEC subsets
Since key transcription factors implicated in mTEC differentiation were upregulated in mTEC® by
MHCII/TCR-mediated interactions with CD4* thymocytes (Figures 1G and 2I), we next analyzed the
composition for the newly identified mTEC subsets in ACD4 and mTEC*M"“" mice. In agreement with
our previous study (Irla et al., 2008), we first observed a substantial reduction in the frequencies and
numbers of mTEC" in both mice (Figure 3A). Furthermore, numbers of mTEC" were also substan-
tially reduced. Consequently, ACD4 and mTEC*M"“" mice have a globally reduced cellularity in total
mTECs. An Aire/Fezf2 co-staining both by histology and flow cytometry then revealed a substantial
reduction in Aire’ Fezf2* and Aire*Fezf2* cells (Figure 3B and C). We further analyzed by flow cytom-
etry Aire and Fezf2 expression specifically in mTEC" and mTEC", according to the gating strategy
shown in Figure 1—figure supplement 1A. In agreement with the detection of Aire in the prolifer-
ating and maturational single-cell clusters in mTEC" (Baran-Gale et al., 2020; Dhalla et al., 2020;
Wells et al., 2020), we found that Aire protein was expressed in a small fraction of mTEC" compared
to mTEC" in WT, ACD4, and mTEC*M“! mice (Figure 3C). Aire’Fezf2* and Aire*Fezf2* mTECs were
reduced in mTEC" of ACD4 and mTEC*""“" mice with a more marked effect in mTEC". This decrease
was not due to impaired proliferation since normal frequencies of Ki-67* proliferating cells were
observed in ACD4 and mTEC*V®" mice (Figure 3—figure supplement 1). Furthermore, numbers
of involucrin*TPA*Aire” post-Aire cells were reduced in the medulla of ACD4 and mTEC*V" mice
(Figure 3—figure supplement 2A), consistently with the decrease of Aire* mTEC" (Figure 3B and
Q). In contrast, the frequencies of CCL21* cells among mTEC" were not altered in ACD4 and mTEC*™
! mice (Figure 3D). This is in line with the observation that few genes upregulated by TCR/MHCII
interactions with CD4* thymocytes were associated with CCL21* mTECs (Figures 1l and 2K). We also
analyzed tuft-like mTECs since the expression of the transcription factor Pou2f3, known to control the
development of this cell type (Bornstein et al., 2018; Miller et al., 2018), was decreased in mTEC"
of ACD4 and mTEC*MH mice (Figures 1G and 2I). We found that numbers of tuft-like mTECs iden-
tified by flow cytometry using the DCLK1 marker were reduced in both mice (Figure 3E, Figure 3—
figure supplement 2B), indicating that their development is promoted by MHCII/TCR interactions
with CD4* thymocytes. Importantly, Aire Fezf2* and Aire*Fezf2* mTEC" and mTEC" as well as CCL21*
and DCLK1* tuft-like mTEC" were similarly reduced in MHCII” mice, further confirming that CD4*
thymocytes control the cellularity of these novel mTEC subsets (Figure 3—figure supplement 3).
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Figure 3. The composition in medullary thymic epithelial cell (mTEC) subsets is altered in ACD4 and mTEC*M"<" mice. (A) Flow cytometry profiles,

frequencies, and numbers of mTEC" and mTEC" in WT, ACD4, and mTEC*V"" mice. Data are representative of 2-3 independent experiments (n
mice stained for Aire (green) and
Fezf2 (red). 12 and 20 sections derived from two WT, two ACD4, and two mTEC*™"“ mice were quantified. Scale bar, 50 pm. Unfilled, dashed and

= 2-5 mice per group and experiment). (B) Confocal images of thymic sections from WT, ACD4, and mTE

Figure 3 continued on next page
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solid arrowheads indicate Aire*Fezf2', Aire Fezf2*, and Aire*Fezf2* cells, respectively. The histogram shows the density of Aire*Fezf2;, Aire Fezf2*, and
Aire*Fezf2* cells. (C-E) Flow cytometry profiles, frequencies, and numbers of Aire' Fezf2', Aire' Fezf2*, and Aire*Fezf2* cells in total mTECs, mTEC", and
mTEC" (C), of CCL21" cells in mTEC" (D) and of DCKL1* cells in Aire” mTEC" (E) from WT, ACD4, and mTEC*MH<" mice. Il Abs: secondary antibodies.
Data are representative of 2-3 independent experiments (n = 2-5 mice per group and experiment). Error bars show mean + SEM, *p<0.05, **p<0.01,
***5<0.001, ****p<0.0001 using unpaired Student’s t-test for (B) and two-tailed Mann-Whitney test for (A) and (C-E).

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. Normal proliferation of Aire Fezf2* and Aire *Fezf2* medullary thymic epithelial cell (mTECs) in ACD4 and mTEC*""“" mice.

Figure supplement 2. Reduced post-Aire medullary thymic epithelial cells (nTECs) in ACD4 and mTEC*MH<" mice.

Figure supplement 3. Analysis of medullary thymic epithelial cell (mTEC) subsets in MHCII”" mice.

Altogether, these data reveal that MHCII/TCR-mediated interactions with CD4* thymocytes have a
broad impact on mTEC composition by controlling the cellularity of not only Aire*Fezf2* mTECs but
also Fezf2* pre-Aire* mTECs, post-Aire, and tuft-like cells.

Highly self-reactive CD4* thymocytes activate maturational programs
in mTEC"

We next assessed the impact of highly self-reactive interactions with CD4* thymocytes in mTEC"
using OTIl-Rag2”- and RipmOVAxOTII-Rag2” transgenic mice. Both models possess CD4* thymocytes
expressing an MHClII-restricted TCR specific for the chicken ovalbumin (OVA). The Rip-mOVA line
expresses a membrane-bound OVA form specifically in mTECs, and consequently high-affinity inter-
actions between OVA-expressing mTECs and OTIl CD4* thymocytes are only possible in RipmOVAx-
OTIlI-Rag2” mice (Kurts et al., 1996). In contrast to total Erk1/2 MAPK, p38 MAPK, IKKa, and pé5, the
nonclassical NF-kB subunit RelB was increased in mTEC' at mRNA and protein levels in RipmOVAXx-
OTIl-Rag2’” compared to OTII-Rag2” mice (Figure 4A and B, Figure 4—figure supplement 1). By
reanalyzing single-cell RNA-seq data on mTEC® subsets, we found that in contrast to CCL21* and
tuft-like mTECs Relb is highly expressed by TAC-TECs and post-Aire cells, arguing again in favor that
self-reactive CD4" thymocytes act from the TAC-TEC stage to induce their differentiation into Aire*
cells and then into post-Aire cells (Figure 4—figure supplement 2A). The level of RelB phosphory-
lation was also higher in RipmOVAxOTII-Rag2” than OTII-Rag2” mice (Figure 4B), suggesting that
self-reactive CD4* thymocytes may activate the nonclassical NF-kB pathway in mTEC".

To define the genome-wide effects of highly self-reactive CD4* thymocytes in mTEC®, we
compared the gene expression profiles of mTEC" from RipmOVAxOTII-Rag2” versus OTII-Rag2”
mice (Figure 1—figure supplement 1B) and found an upregulation of 1438 genes (FC > 2) reaching
statistical significance for 522 of them (Cuffdiff p<0.05). 620 genes were also downregulated (FC <
0.5) with 136 reaching significance (Cuffdiff p<0.05) (Figure 4C). The genes upregulated exhibited
an approximately fourfold more of TRA over non-TRA genes (p=4.7 x 107%), which corresponded
mainly to Aire-dependent and Aire/Fezf2-independent TRAs (Figure 4D-F, Supplementary file
3). Similarly to the WT versus mTEC*" comparison, we found a strong correlation (p=6.2 x 107)
between the genes upregulated by self-reactive CD4* thymocytes and the responsiveness of genes
to Aires action obtained from the comparison between WT and Aire’”” mTEC" (Figure 4G). These
results support an impact of antigen-specific interactions in the expression of TRAs in mTEC", notably
on Aire-dependent TRAs. Importantly, these results are in agreement with the induction of a list of
activation factors including Aire and Fezf2 among the non-TRA genes (Figure 4H). Similarly to the
comparisons of the WT versus ACD4 or mTEC*M®! mice, numerous HDAC3-induced regulators as
well as Sirt1, Nfkb2, Relb, and Trp53 transcription factors were upregulated in mTEC" of RipmOVAx-
OTIl-Rag2’ mice compared to OTII-Rag2” mice (Figure 4l). Interestingly, 21 out of 30 top targets
of the Foxn1 transcription factor, implicated in TEC differentiation and growth (Zuklys et al., 2016),
as well as cytokines, chemokines, and cell adhesion molecules, were also upregulated (Figure 4J, K
Figure 4—figure supplement 2B). We found that few of these genes were associated with CCL21*
and tuft-like mTECs (Figure 4L). In contrast, many genes encoding for activation factors, cytokines,
chemokines, and cell adhesion molecules were associated with Aire™ and post-Aire mTECs, consis-
tently with the fact that antigen-specific interactions with CD4* thymocytes control the cellularity of
Aire* mTECs. Moreover, most of these genes, including Aire and Fezf2, were already expressed by
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Figure 4. Highly self-reactive CD4* thymocytes control the transcriptional and functional properties of mTEC". (A) Relb mRNA was measured by
gPCR in mTEC" from RipmOVAxOTII-Rag2” (n = 4) and OTII-Rag2” (n = 5) mice. (B) Total and phospho-RelB (Ser552) were analyzed by flow cytometry
in mTEC" from RipmOVAxOTII-Rag2’ and OTII-Rag2” mice. Data are representative of two independent experiments (n = 3-4 mice per group

and experiment). (C) Scatter plot of gene expression levels (fragments per kilobase of transcript per million mapped reads [FPKM]) in mTEC" from

Figure 4 continued on next page
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RipmOVAXOTII-Rag2” versus OTIl-Rag2’ mice. Genes with fold difference >2 and p-adj<0.05 were considered as upregulated or downregulated genes
(red and blue dots, respectively). RNA-seq was performed on two independent biological replicates with mTEC" derived from 5 to 8 mice. (D) Numbers
of tissue-restricted self-antigens (TRAs) and non-TRAs in genes up- and downregulated in mTEC" from RipmOVAxOTII-Rag2” versus OTIl-Rag2” mice.
ND, not determined. (E) Numbers of induced Aire-dependent, Fezf2-dependent, Aire/Fezf2-dependent, and Aire/Fezf2-independent TRAs. (F) Aire-
dependent (Fam183b, Nts), Fezf2-dependent (Resp 18, Grap), Aire/Fezf2-dependent (Fabp9), Aire/Fezf2-independent (Csn2, Crp) TRAs, Aire and Fezf2
mRNAs were measured by gPCR in mTEC" from RipmOVAXOTII-Rag2” (n = 4) and OTII-Rag2” (n = 4) mice. (G) Scatter plot of gene expression variation
in mMTEC" from RipmOVAxOTII-Rag2” versus OTII-Rag2’ mice and in mTEC" from WT versus Aire” mice. The loess fitted curve is shown in blue and
induced Aire-dependent genes (fold change [FC] > 5) in red. (H) Heatmap of significantly upregulated activation factors in mTEC" from RipmOVAxOTII-
Rag2” compared to OTlI-Rag2” mice. (I, J) Expression FC in HDAC3-induced transcriptional regulators and other transcription factors (l) and in Foxn1
targets (J) in mTEC" from RipmOVAxOTII-Rag2” versus OTII-Rag2” mice. The color code represents gene expression level. (K) Heatmap of significantly
upregulated cytokines, chemokines, and cell adhesion molecules in mTEC" from RipmOVAxOTII-Rag2” mice. (L) Hierarchical clustering and heatmap of
mean expression of these activation factors, cell adhesion molecules, chemokines, and cytokines in mTEC subsets identified by scRNA-seq. Error bars
show mean + SEM, *p<0.05, **p<0.01, ***p<0.001 using two-tailed Mann-Whitney test for (A), (B) and (F) and chi-squared test for (D) and (G).

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Similar levels of total and phosphorylated pé5, Erk1/2, p38, and IKKa. proteins in mTEC” from RipmOVAxOTII-Rag2” and OTII-

Rag2” mice.

Figure supplement 2. Expression of Relb, cytokines, chemokines, and cell adhesion molecules that was altered in mTEC" from RipmOVAxOTII-Rag2”

and OTII-Rag2” mice.

TAC-TECs, further highlighting that CD4* thymocytes act upstream of Aire* mTEC". Altogether, these
data reveal that highly self-reactive CD4* thymocytes control in mTEC" not only key transcription
factors driven by their differentiation but also key molecules for T-cell development and selection such
as TRAs, cytokines, chemokines, and adhesion molecules.

Highly self-reactive CD4* thymocytes control mTEC subset composition
from a progenitor stage

Given that highly self-reactive CD4* thymocytes induce key transcription factors in mTEC® (Figure 4H
and ), we examined their respective impact on mTEC subset development. Strikingly, numbers of
total TECs and mTECs were higher in RipmOVAxOTII-Rag2” than in OTIl-Rag2” mice (Figure 5A and
B). We analyzed four TEC subsets based on MHCII and UEA-1 levels, as previously described (Lopes
et al., 2017, Wong et al., 2014; Figure 5C). In contrast to cTEC" (MHCII"UEA-1°), numbers of TEC"
(MHCII®UEA-1"), mTEC" (MHCII®UEA-1%), and mTEC" (MHCII"UEA-1*) were higher in RipmOVAx-
OTIl-Rag2” than in OTII-Rag2’ mice. Consistently, numbers of mTEC" and mTEC" identified based
on the level of CD80 expression were also higher in RipmOVAxOTII-Rag2” mice (Figure 5—figure
supplement 1). Interestingly, numbers of aé6-integrin™Sca-1" thymic epithelial progenitor (TEPC)-
enriched cells in the TEC” subset were also increased (Figure 5D), indicating that self-reactive CD4*
thymocytes control TEC development from a progenitor stage. Of note, this strategy of TEC identifi-
cation was not possible in ACD4 and mTEC*MH" mice since MHCII expression is abrogated in TECs of
these mice (Irla et al., 2008).

A higher density of Aire*Fezf2,, Aire’Fezf2*, and Aire*Fezf2" cells was observed in medul-
lary regions of RipmOVAxOTII-Rag2’ mice by immunohistochemistry (Figure 5E). Furthermore,
numbers of AireFezf2 mTEC® analyzed by flow cytometry were also higher in RipmOVAx-
OTII-Rag2” mice, confirming that self-reactive CD4* thymocytes control mTEC differentiation from
an early stage (Figure 5F). Numbers of Aire'Fezf2* and Aire*Fezf2* mTEC' and mTEC" were also
markedly increased in these mice, although similar frequencies of proliferating Ki-67* cells were
observed (Figure 5—figure supplement 2). In agreement with increased Aire* mTECs, involucrin*T-
PA*Aire post-Aire cells were enhanced (Figure 5—figure supplement 3). Furthermore, numbers
of CCL21* and DCLK1" tuft-like cells in mTEC" were also increased in RipmOVAxOTII-Rag2’ mice
compared to OTII-Rag2” mice (Figure 5G and H). These ob