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Abstract

Mutations in the gene encoding the zinc-finger transcription factor Ikaros (/KZF1) are found
in patients with immunodeficiency, leukemia, and autoimmunity. Although Ikaros has a well-
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established function in modulating gene expression programs important for hematopoietic
development, its role in other cell types is less well defined. Here, we uncover functions for Ikaros
in thymic epithelial lineage development in mice and show that /kzf1 expression in medullary
thymic epithelial cells (mTECs) is required for both autoimmune regulator—positive (Aire*)
mTEC development and tissue-specific antigen (TSA) gene expression. Accordingly, TEC-specific
deletion of /kzfI in mice results in a profound decrease in Aire* mTECs, a global loss of TSA
gene expression, and the development of autoimmunity. Moreover, Ikaros shapes thymic mimetic
cell diversity, and its deletion results in a marked expansion of thymic tuft cells and muscle-like
MTECs and a loss of other Aire-dependent mimetic populations. Single-cell analysis reveals that
Ikaros modulates core transcriptional programs in TECs that correlate with the observed cellular
changes. Our findings highlight a previously undescribed role for Ikaros in regulating epithelial
lineage development and function and suggest that failed thymic central tolerance could contribute
to the autoimmunity seen in humans with /KZF1 mutations.

INTRODUCTION

The thymus is the anatomical site of T cell maturation and is required for generating a
highly diverse yet self-tolerant T cell pool (1). These competing priorities are achieved,

in part, through functional compartmentalization in which cortical epithelial cells (cTECs)
select for functional T cell receptors (TCR) and medullary thymic epithelial cells (mTECs)
screen for autoreactivity before release into the periphery. This screening is dependent on
diverse expression and presentation of the protein-coding genome across the medullary
compartment. The autoimmune regulator (Aire) and Fez family zinc finger 2 (Fezf2)
proteins play critical and non-redundant roles in driving tissue-specific antigen (TSA)
expression within a subset of major histocompatibility complex class 11 (MHC-11)high
MTECs (2-4). Deletion of AJjreor Fezf2in mice results in failure to express subsets of TSA
genes, the escape of autoreactive T cells, and organ-specific autoimmunity (5). Moreover,
human mutations in A/RE result in autoimmune polyglandular syndrome type 1 (APS1),

in which affected patients develop multiple-organ—specific autoimmune diseases (6). In
addition to Aire-expressing MHC-11M9" mTECs, single-cell transcriptomics has exposed
considerable heterogeneity within MHC-11'"Y mTECs (7). These MHC-11"®Y mTECs include
a transit-amplifying TEC population (TAC-TECs) (8), Ccl21a-expressing mTECs (9, 10),
and a number of terminally differentiated epithelial lineages called “mimetic cells” because
of their shared core transcriptional features with peripheral epithelial counterparts (11). The
mimetic cell populations are diverse too and include highly differentiated thymic tuft cells,
microfold (M) cells, muscle-like mTECSs, and keratinocyte-like mTECs, among others (7,
8, 12). Moreover, mimetic cells express TSAs and are thought to contribute to the negative
selection of T cells. Thymic tuft cells were the first mimetic cell population described and
are functionally related to tuft cells located at mucosal epithelial barriers, which orchestrate
interleukin-25 (IL-25)-mediated responses for the clearance of parasites and protozoa (13-
16). Within the thymus, tuft cells have been shown to be important for the regulation of
innate natural killer (NK) T cells (7, 17). Thus, the thymic epithelium is composed of

both specialized cells broadly enriched for TSA expression and also highly orchestrated
and terminally differentiated populations having distinct mimetic phenotypes and functions.

Sci Immunol. Author manuscript; available in PMC 2024 October 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sin et al.

RESULTS

Page 3

Disordered development and regulation of these diverse populations may have consequences
for T cell repertoire selection, immune tolerance, and adaptive immunity.

Recent work has shown that MHC-11"9" mTECs express up to 80 to 90% of the protein-
coding genome and that Aire and Fezf2 are important mediators of this process (18).
Although experiments with deletion of either AJjre or Fezf2in mice reveal nonoverlapping
TSA gene programs, they do not account for all TSA gene expression observed in mTECS,
suggesting that other transcriptional regulators are needed to orchestrate the complete
program of TSA gene expression (5, 18). Furthermore, although recent studies have
cataloged putative transcription factor networks regulating mimetic cell diversity (11), there
are likely other factors required to shape the extensive cellular heterogeneity within the
thymic medulla. Prior studies on the transcriptional control of mTEC development have
shown a central role for the noncanonical nuclear factor xB (NF-xB) pathway in MHC-11nigh
mTEC development and Aire expression (19-21), as well as for POU class 2 homeobox 3
(Pou2f3) in tuft cell development and SpiB/Sox8 for thymic M cell development (7, 11, 17).

To identify additional transcription factors relevant for mTEC function, we probed publicly
available gene-expression databases (22) and observed substantial levels of Ikaros (/kzf1)
expression enriched in mTECs. Here, we show that Ikaros is expressed in a specific TEC
population enriched for markers of cell proliferation termed TAC-TECs (8), as well as in
Airet mTECs, and that the deletion of /kzfI in mTECs has a profound effect on mTEC
cellular heterogeneity, TSA expression, and central tolerance. Specifically, TEC-specific
deletion of Ikaros results in a loss of Aire* mTECs and a marked expansion of thymic

tuft and muscle-like mimetic cell populations. Single-cell RNA sequencing (scRNA-seq)
and single-cell assay for transposase-accessible chromatin using sequencing on single cells
(SCATAC-seq) suggest that Ikaros mediates these effects through the modulation of key
transcriptional programs in TECs. These findings highlight a function for Ikaros in thymic
epithelial development and homeostasis and define Ikaros as a key mediator of central
tolerance.

Ikaros is required for the expansion and maintenance of Aire* mTECs

A broad survey of transcription factor expression in mTECSs using publicly available datasets
demonstrated relatively high levels of /kzf1 transcript within mTECs (fig. S1A) (22). The
transcription factor /kzf1 has been extensively studied in hematopoietic lineages, and Ikaros
is critical for B and T cell lineage development (23-36), but its expression in the thymic
epithelium was unexpected. We confirmed /kzf1 expression by flow-sorting mTECs and
CTECs for gene expression analysis. In addition to the expected expression in hematopoietic
T and B cells, we found that /&zf1 transcript was detected in the thymic epithelium and

was concentrated in the subset of mTECs expressing high levels of MHC-11M9" relative to
MHC-11'"" mTECs and cTECs (Fig. 1A and fig. S1B).

Along with B and T cells, Ikaros has been reported to operate in other lineages including the
central nervous system (37-39) and hypothalamic-pituitary axis (40), suggesting relevant
roles beyond hematopoiesis. To investigate the potential function of Ikaros within the
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thymic epithelium, we conditionally deleted /kz71 in the thymic epithelium by crossing a
floxed allele (/kzf17 (24) to the Foxni-Cre line (41). We confirmed selective (although
potentially incomplete) deletion of Ikaros transcripts containing the deleted exon in
mTECs (fig. S1C) but found no appreciable change in Ikaros mRNA or protein levels

in lymphocytes (fig. S1, D to F). Histologic analysis of FoxnI-Crel Ikzf1™f thymi by
hematoxylin and eosin (H&E) staining and confocal microscopy did not indicate any
substantial change to thymic architecture, with a separation of cortex and medulla (Fig.

1B and fig. S2A). Similarly, flow cytometric analysis of TECs from 30- to 40-day-old
FoxnI-Crel Ikzf1™ mice revealed normal total numbers of epithelial cell adhesion molecule
(EPCAM™) TECs, suggesting that deletion of Ikaros did not affect overall TEC cellularity
(Fig. 1C and fig. S2B). Moreover, the percentage and absolute number of Ly51*/UEA1~
cTECs were also unchanged (Fig. 1D). However, upon higher-resolution analysis of known
MTEC subsets by flow cytometry, we noted substantial alterations in mTEC populations
with a profound loss of MHC-11"9" and Aire* mTECs, including a reduction in Aire

mean fluorescence intensity (MFI) (Fig. 1, E and F). Foxni-Cre(+)/Ikzf1*/" mice were
used as controls because the percentage and absolute number of Aire* mTECs were not
distinguishable from those of Foxni-Cre (<) Ikzf1™™ littermates (figs. S1C and S3A),
indicating that there was no haploinsufficient phenotype of heterozygote Ikaros expression
for Airet mTEC development. Despite the strong reduction of Aire* mTECs in FoxnI-Cre/
Ikzf1™ mice, confocal microscopy revealed normal subnuclear localization of Aire in
characteristic nuclear speckles (fig. S3B).

To interrogate the mechanism underlying the loss of MHC-11M9" Aire* mTECs further,

we measured cell proliferation by intracellular staining for Ki67. TEC-specific deletion of
1kzf1 resulted in an overall reduction of Ki67 staining in mTECSs, with decreased expression
most prominent in Aire-negative MHC-11M9" mTECs (Fig. 1G and fig. S3C). Prior work
has shown that Aire-negative MHC-11M9" mTECs have increased proliferative capacity
when compared with Aire* mTECs (42) and that Aire-negative MHC-11"9" mTECs are a
developmental precursor to Airet mTECs. Thus, attenuated proliferation of Aire-negative
MHC-11M8" mTECs may explain the loss of Aire-negative and Aire™ MHC-11"9" mTECs

in FoxnI-Crel Ikzf1™" mice. Together, these results demonstrate that Ikaros has a role in
modulating mTEC cellular homeostasis and proliferation.

Ikzf1 deficiency causes defects to the thymic epithelium

Given the major shifts in TEC populations in the medullas of Ikaros TEC-specific knockout
(KO) mice, we profiled these changes at higher resolution by scRNA-seq of flow-sorted
mTECs from 30-to 40-day-old Foxni-Crel Ikzf1*/ and Foxni-Crel Ikzf1™" mice. We
sequenced 5245 CD45~/EPCAM*/Ly51" cells from Foxni-Crel Ikzf1*/ mice and 2529
cells from Foxni-Crel Ikzf1™ mice. Dimensional reduction and clustering of these data

by uniform manifold approximation and projection (UMAP) revealed five mTEC subsets:
TAC-TEC, Ccl21a*, Aire*, Late Aire, and tuft cell populations (Fig. 2, A to C, and fig. S4A)
(7, 8). As described, TAC-TECs are a transit-amplifying mTEC population that express
high levels of the high mobility group chromatin binding factors (Hmgb2, HZafz, Hmgn2,
Hmgbl, and Hmgnl) and are predominantly in the G,-M phase of the cell cycle. We
analyzed our single-cell data for fine mapping of /kzf1 expression in TEC populations,
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which revealed the highest /kzfZ expression within TAC-TECs and Aire* mTECs (Fig. 2,
D to F). Moreover, single-cell data showed substantial coexpression of /kzfI and AJreon

a per-cell basis, with 90% of /kzfI-expressing mTECs coexpressing Aire. Using previously
published scRNA-seq data from human thymic epithelial cells (43), we also detected a
similar pattern of expression of /KZF1 in the human thymus (fig. S4B). Because we
observed alterations in Aire* mTECs, as seen in flow cytometric analysis of Foxn1-Cre/
Ikzf1™f mice, we investigated whether we detected similar changes by scRNA-seq. In
agreement with our flow cytometry findings (Fig. 1F), scRNA-seq showed altered mTEC
cellular composition with a marked reduction of Aire* mTECs. Moreover, there were
substantial changes to other mTEC lineages, with a reduction in Late Aire mTECs and a
profound expansion of tuft cells (Fig. 2, G to I). Last, there was an increase in the percentage
of Ccl21a* mTECs, and we confirmed an expansion in C-C motif chemokine ligand 21
(CCL21) protein—expressing mTECs by flow cytometry (Fig. 2J).

We next interrogated these data for changes in thymic mimetic cell populations (11, 17,
43). Most mimetic cells appear to pass through an Aire-expressing stage during their
differentiation (11). Glycoprotein 2—positive (GP2*) microfold-like mTECs and cytokeratin
10-positive (KRT10%) keratinocyte-like mTECs are two such populations that have been
well described (11). Other mimetic cells, such as tuft cells, are less dependent on the
Aire-expressing lineage, with lineage-tracing experiments demonstrating that about 50%
of tuft cells pass through an Aire-expressing stage (17). We reclustered our sSCRNA-seq
data focusing on Late Aire mTECs and tuft cells and identified multiple previously
described mimetic cell populations (Fig. 3A). This analysis revealed that /kzf1 deletion

in mTECs resulted in a substantial loss of mimetic subsets previously shown to go through
an Aire-expressing stage, including goblet-like, neuroendocrine-like, microfold-like, and
keratinocyte-like mTECs (Fig. 3B). In addition to confirming the expansion of thymic

tuft cells, scCRNA-seq revealed an expansion of muscle-like mTECs in the conditional

KO. Consistent with these data, prior work has reported that muscle-like mTECs do

not pass through an Aire-expressing stage in development (11). Flow cytometric analysis
confirmed the loss of GP2* microfold-like mTECs, KRT10" keratinocyte-like mTECs, and
the expansion of double cortin-like kinase 1 (DCLK1*) thymic tuft cells, which persisted in
mice aged to 6 months (Fig. 3, C to E, and fig. S4C). Thus, /kzf1 deletion in TECs results
in a loss of Aire-dependent mimetic cell populations, which is balanced by an expansion of
Aire-independent mimetic cells.

Given the large increase in tuft cell numbers in the thymi of FoxnI-Crel Ikzf1"" mice, we
further analyzed the organization and distribution of tuft cells with KRT10* mTECs, which
have previously been shown to colocalize with tuft cells in the medulla (17). Although
there was a decrease in KRT10* keratinocyte-like mTECs in the conditional KO, we did
not observe altered colocalization of KRT10* mTECs with DCLK1™" tuft cells in thymi
from Foxni-Crel Ikzf1™"f mice and Foxni-Crel Ikzf1*/" mice (Fig. 3F). Instead, we found
that tuft cells in FoxnI-Crel Ikzf1™ thymi formed large, complex aggregates, which we
confirmed by volumetric quantitative image analysis (Fig. 3, F and G, and fig. S4D). These
large tuft aggregates often formed tubular structures with the appearance of a central lumen,
suggesting a tendency toward ordered tertiary structure with tuft cells surrounding KRT10*
cells (Fig. 3F and fig. S4D). Although /kzf1 deletion induced large tuft cell aggregates,
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tuft cells did not have increased proliferation, as measured by flow cytometric analysis of
Ki67 (Fig. 3H). Together, our scRNA-seq data show that /kzfZ is expressed in proliferating
TECs and the Aire* lineage and that deletion of Ikaros results in profound changes in
mTEC cellular composition, with a loss of Aire* mTECs and Aire-dependent mimetic cells
counterbalanced by an expansion of tuft and muscle-like mTECs.

Ikaros modulates tuft cell gene expression and function

Given that deletion of Ikaros in TECs results in an expansion of DCLK1* tuft cells with
altered subcellular structure, we probed whether /kzf1 deletion in mTECs altered tuft cell
gene expression and function. We performed differential gene expression analysis on tuft
cells using our sScRNA-seq dataset and found altered expression of many key tuft cell
genes upon /kzf1 deletion, with increased expression of genes such as Dc/k/and decreased
expression of others such as //25and Gnat3 (Fig. 4A). We performed bulk RNA-seq on
tuft cells to interrogate these changes using L1 cell adhesion molecule (LICAM), which

is coexpressed with DCLK1 as a tuft cell surface marker (fig. S5A and data file S1) as
previously described (7). Bulk RNA-seq confirmed that /kzf1 deletion in mTECs caused
changes in gene expression in tuft cells, with 1054 genes down-regulated and 605 genes
up-regulated [false discovery rate (FDR) < 0.05, log, fold change (logoFC) > 1] (Fig.

4B and fig. S5B). Consistent with scRNA-seq showing increased cytokine expression in
Foxn1-Crel Ikzf1*/? tuft cells, metascape pathway analysis (44) on the bulk RNA-seq data
revealed that Ikaros-sufficient tuft cells were skewed toward an immune phenotype, whereas
IkzfI-deficient tuft cells had increased expression of vesicular trafficking and neuronal
pathway transcriptional programs (Fig. 4C).

We next sought to investigate IL-25 cytokine expression in tuft cells using the Flare25
reporter mouse in which tandem-dimer red fluorescent protein (RFP) is faithfully expressed
from the endogenous //25 locus by an internal ribosomal entry site sequence (16).

We crossed Flare25 mice with FoxnI-Cre/ Ikzf1™ mice and analyzed cohorts of mice

with heterozygous expression of the reporter allele (Foxni-Cre/ Ikzf1*/f/Flare25+/WT

and Foxni-Crel Ikzf1"/Ffare25/WT). As expected, immunofluorescent staining and
confocal microscopy showed overlap of RFP in DCLK1* tuft cells in Foxni-Crel Ikzf1t/f/
Flare257WT and Foxni-Crel Ikzf1™"f/Flare25t/WT mice (fig. S5C). Although TEC-specific
deletion of /kzfI resulted in loss of MHC-11M9" mTECs and an expansion of DCLK1*

tuft cells, there was not a difference in the percentage, absolute number, or MFI of 1L-25—
expressing cells in FoxnI-Crel Ikzf1/"/Flare25"WT and Foxni-Crel Ikzf17/"/Flare25~/WT
(Fig. 4, D to F). Thus, although /kzf1 deletion results in a marked expansion of DCLK1*
tuft cells, the overall number of 1L-25—expressing tuft cells remains unchanged—this could
be consistent with an overall decrease in //25expression within the tuft compartment in
Ikaros-deficient TECs.

Because TEC-specific deletion of Ikaros results in an expansion of DCLK1* tuft cells,

we next interrogated whether /kzf1 deletion altered innate lymphocyte populations within
the thymus. Prior work has shown that tuft cells are required for the development of

innate lymphocytes including subsets of invariant natural killer cells (iNKT) and thymic
CD8™ T cells expressing eomesodermin (EOMES™) (17, 45). In particular, development of
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promyelocytic leukemia zinc finger (PLZF*) iNKT2 cells has been shown to be dependent
on IL-25 and thymic tuft cells (45). Given that there are more tuft cells but equivalent IL-25
expression in the absence of /kzf1, we wanted to determine whether there was an impact
on innate effector populations. Flow cytometric analysis revealed no differences in total
CD1d" iNKT cells, PLZF* iINKT2, or CD8*"EOMES™* T cells in thymi from Foxni-Cre/
Ikzf1™"f mice and Foxni-Crel Ikzf1*/" mice (Fig. 4, G to I, and fig. S6, A and B). This
lack of alterations in innate lymphocyte populations would be consistent with there being
similar total 1L-25 levels despite an increase in DCLK1* tuft cells. Thus, /kzfI deletion

in TECs results in altered tuft cell gene expression and phenotypically altered tuft cell
populations but does not change the frequency or absolute number of 1L-25-dependent
innate lymphocyte populations.

Ikaros regulates TSA expression in Aire* mTECs

A fundamental property of Aire* mTECs is their remarkable ability to express a diverse
array of TSAs. Given the expression of Ikaros in Aire* mTECs and their precursors (Fig. 2,
D to F), we sought to determine whether Ikaros affects the ability of these cells to express
TSAs. To determine the effect of /kzf1 deletion on TSA gene expression, we performed
differential gene expression analysis using our scRNA-seq dataset in Aire* mTECs from
Foxni-Crel Ikzf1*/" mice versus FoxnI-Crel Ikzf1™"" mice (fig. S7A). Pseudobulk analysis of
Aire* mTECs from /kzfl-deleted TECs revealed a large number of differentially expressed
genes, with 780 down-regulated and 590 up-regulated genes as compared with Foxn1-Cre/
Ikzf1*/7 Aire* mTECs (P< 0.05, logo,FC > 0.25). Analysis of the 780 down-regulated
genes revealed the loss of many well-characterized Aire-dependent (/ns2, Pcp4, and S100a8)
and Fezf2-dependent ( 7¢r, 7imd2, and Fabp9) TSA genes, and Gene Ontology analysis
(metascape) (44) showed enrichment of tissue-specific gene pathways (fig. S7B), suggesting
that Ikaros is important for TSA gene expression. Moreover, the top 25 differentially
expressed genes with /kzfI deletion in Airet mTECs were largely TSAs (fig. S7C). In
addition to decreased Aire- and Fezf2-dependent TSAs, there was also decreased expression
of many Aire- and Fezf2-independent TSA genes. Examples include Gad (central nervous
system), Prg3(bone), Serpinb12 (stomach), and 7kt (adipose and eye). Last, because TSA
genes have stochastic expression in mTECs (46) and individual TSAs are often expressed in
restricted numbers of mTECs (47, 48), we performed differential gene expression analysis
between Ikaros wild-type (WT) and KO Aire* mTECs, restricting the analysis to genes
expressed in less than 25% of individual mTECs. Analysis of this TSA-enriched subset
confirmed a marked decrease in TSAs expressed in the absence of Ikaros in mTECs (Fig.
5A).

To corroborate this loss of Aire-dependent and Fezf2-dependent TSA gene expression

in the absence of Ikaros, we analyzed a curated list of Aire- and Fezf2-induced genes

(5). Overlaying Aire-induced genes on the Foxni-Crel Ikzf1*/" versus Foxni-Crel Ikzf1™f!
differential expression plot showed that a portion of these genes decreased in Foxni-Cre/
Ikzf1™1 Ajret mTECs (Fig. 5B). Likewise, overlay of Fezf2-induced genes showed a
similar but less prominent decrease in expression in Foxni1-Crel Ikzf1™"f Airet mTECs,
suggesting that Ikaros may be more important in regulating Aire-dependent TSA genes (Fig.
5C). Using an orthogonal method to analyze decreased TSA gene expression, we calculated
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a TSA score as previously performed (43) by averaging expression of a list of TSA genes
[compiled by Sansom et a/. (18)] and subtracting the average expression of a reference set.
The results as visualized by UMAP show loss of TSA gene expression with /kzf1 deletion

in Aire* mTECs (fig. S8A), and aggregate expression of TSAs was decreased (fig. S8, B

to D); this loss of TSA gene expression was also validated using quantitative polymerase
chain reaction (QPCR) (Fig. 5D and fig. S9A). Decreased TSA gene expression persisted
with proportional downsampling to match numbers of Aire* mTECs between samples,
suggesting that loss of TSA gene expression was not merely due to decreased numbers of
Airet mTECs in Foxni1-Crel Ikzf1™"" mice (fig. S9B). One potential mechanism of decreased
Aire-dependent TSA gene expression is decreased AiJre expression. Consistent with our flow
cytometry results, we also observed reduced AiJre expression by scRNA-seq, suggesting

that reduced Aire expression itself may contribute to the observed reduction in TSA gene
expression (Fig. 1F and fig. S9B). These data suggest that /kzf1 deletion in mTECSs results
in a loss of TSA gene expression including Aire-dependent, Fezf2-dependent, and Aire/
Fezf2-independent TSA genes.

Prior studies have shown that Ikaros binds to pericentromeric heterochromatin (49, 50)
and forms a speckling pattern in cell nuclei, which appears similar to the well-described
nuclear speckling pattern of Aire (51). Because we observed a pronounced effect of Ikaros
loss on Aire-dependent TSA gene expression, we wanted to determine whether lkaros
colocalized with Aire in nuclei or interacted with Aire. We transfected Aire and Ikaros into
human embryonic kidney (HEK) 293 cells and found that although both proteins formed
characteristic speckles, there was no overlap of the nuclear distribution of the two proteins
(Fig. 5E), suggesting that Ikaros and Aire localize to spatially distinct nuclear structures.
Furthermore, transfection of epitope-tagged Aire and Ikaros in HEK293 cells showed that
the two proteins could not be coimmunoprecipitated (fig. S9C). Thus, Ikaros and Aire do not
appear to colocalize within nuclei or interact directly.

Loss of Pou2f3 fails to rescue TSA gene expression in TECs with lkzf1 deletion

Our data show that FoxnI-Crel Ikzf1™ thymi are characterized by a marked expansion

of thymic tuft cells and muscle-like mTECs with a loss of Aire* mTECs and TSA gene
expression. Prior literature suggests that Ikaros functions primarily as a transcriptional
repressor through its interaction with multiple repressive chromatin complexes (24, 30, 36,
52, 53). Thus, we hypothesized that lkaros may function, in part, by repressing tuft and
muscle gene programs to allow proper Aire* mTEC development and TSA gene expression.
In support of this model, analysis of our sScRNA-seq data showed that /kzfI deletion resulted
in increased expression of the lineage-defining transcription factor for thymic tuft cells,
Pou2f3, and the lineage-defining transcription factor for muscle-like mTECs, Myog, within
Airet mTECs. /kzf1 deletion resulted in a higher percentage of cells expressing Pou2f3,
with 30% of Aire* mTECs from Foxni-Crel Ikzf1™" mice expressing Pou2f3 compared with
10% of Aire* mTECs from Foxni-Cre/ Ikzf1* mice (Fig. 6A). Similarly, /kzf1-deletion

in Aire" mTECs resulted in a higher percentage of cells expressing Myog (fig. S9D), with
12% of Airet mTECs from Foxni-Cre/ Ikzf1™ mice expressing Myog compared with 4%
of Aire* mTECs from Foxni-Crel Ikzf1*/ mice.
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We next used the scATAC-seq to define Ikaros-dependent changes in chromatin and
transcription factor activity in TECs. Sorting was performed using an approach parallel

to our prior TEC purification for single-cell transcriptomics, and high-quality SCATAC-seq
profiles were generated from 13,184 TECs from FoxnI-Cre/ Ikzf1*/f mice and 3305 TECs
from Foxnl-Crel Ikzf1™f mice, with 102,944 peaks identified in our dataset (fig. S10,

A to C). Clustering of the SCATAC-seq data using ArchR (54) identified four mTEC
subsets: Aire*, Late Aire, Ccl21a*, and tuft cells based on evaluating the cell type—defining
transcription factor (TF) motif enrichments and associated locus-specific gene accessibility
changes (Fig. 6B and fig. S10, D to H). For example, the cluster enriched with NF-xB
motifs was consistent with Aire™ mTECs, and the cluster with an increase in Pou2f3 motifs
was used to identify tuft cells. Analysis of the sScATAC-seq data by genotype revealed the
predicted changes in mTEC cell composition, with an increased percentage of tuft cells and
Ccl21a* mTECs and a loss of Aire* mTECs and Late Aire mTECs in Foxn1-Crel Ikzf17/
mice (fig. S11A). Further analysis of the Late Aire cluster identified multiple mimetic

cell clusters with distinct open chromatin regions (OCRs) (fig. S11B). We focused our
SCATAC-seq analysis on the Aire* mTEC cluster and used ArchR to calculate gene activity
scores—a method that predicts gene expression on the basis of accessibility of adjacent
regulatory elements. We found increases in gene scores in FoxnI-Cre/ Ikzf1™" Airet mTECs
for canonical tuft cell markers such as PouZ2f3and markers of muscle mTECs, including
Myog (Fig. 6C), suggesting an increased tuft and muscle gene program in Aire* mTECs
that were deficient in Ikaros. Moreover, we found an increased gene score for the Aire locus
in Foxni-Crel Ikzf1*/f Aire* mTECs, consistent with increased Aire protein and AJre gene
expression in Ikaros-sufficient TECs (Fig. 6C).

Ikaros regulates gene expression by recruiting multiple chromatin remodeling complexes,
including the nucleosome remodeling and deacetylase complex SWltch/sucrose
nonfermentable and polycomb repressive complex 2 (52, 53, 55-57). Ikaros is thought to
act primarily as a transcriptional repressor, although in specific developmental contexts, it
can also activate transcription by modulating the enhancer/superenhancer landscape (24, 55,
58-61). We, therefore, assessed whether /kzf1 deletion in TECs altered global chromatin
accessibility. /kzf1 deletion resulted in an increased number of OCRs within Airet mTECs,
tuft cells, and Ccl21a mTECs, in agreement with the well-described function of Ikaros as a
transcriptional repressor (fig. S11C).

Given that there was increased expression of Myogand PouZf3in Aire* mTECs where /kzf1
had been deleted, we investigated whether there was increased enrichment of Myog and
Pou2f3 binding sites in OCRs from Aire* mTECs. We analyzed chromatin accessibility at
TF binding sites using chromVAR (Fig. 6D and fig. S11D). From this, we found that tuft cell
and muscle mTEC-associated TF maotifs, including Myod1, Myog, and Pou2f3 motifs, were
more accessible in Aire* mTECs and Late Aire mTECs from FoxnI-Crel Ikzf1™f mice.
Conversely, activator protein 1 (AP-1) TF motifs including Jun and Fos were enriched in
Foxn1-Crel Ikzf1+ Aire* mTECs and Late Aire mTECs. Prior work has shown that NF-xB
is critical for the maturation of Aire* mTECs (19-21). We also performed TF binding

motif analysis in Foxni-Cre/ Ikzf1*/ and Foxni-Crel Ikzf1™f Aire* mTECs and Late Aire
mMTECs for NF-xB motifs (fig. S12A), but we did not find any changes in OCR induced

by Ikaros deficiency. Moreover, we completed TF binding motif analysis for murine Foxn1,
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a transcription factor critical for TEC development (62), and did not see a difference in
chromatin accessibility in Foxni-Crel tkzf1*/" and Foxni-Crel Ikzf1™ Airet mTECs and
Late Aire mTECs (fig. S12B). Together, these results suggest that the /kzfI-deletion results
in enhanced expression and increased chromatin accessibility of lineage-defining tuft and
muscle mTEC transcription factors Myod1, Myog, and Pou2f3, resulting in altered mTEC
development.

Because of the marked expansion of thymic tuft cell populations in the absence of /kzf1,
we tested whether loss of Pou2f3, the lineage-defining transcription factor of tuft cells,
would rescue the cellular and transcriptomic changes seen with /kzfZ deletion. We crossed
Pou2f3"~ mice with FoxnI-Crel Ikzf1™f mice, and, as expected, deletion of Pou2f3 resulted
in a complete loss of DCLK1* thymic tuft cells in both Foxni-Cre™/ Ikzf1™"f/Pou2f3 -
mice and Foxni-Cre*/ Ikzf1"/Pou2f3 mice (fig. S12C). Deletion of Pou2f3 resulted

in a near-complete rescue in the percentage and absolute number of Aire-negative MHC-
119 mTECs in FoxnI-Cre*/ Ikzf1™/f/Pou2f3*~ mice (Fig. 6E), with the percentage and
absolute number of Aire-negative MHC-11"9" mTECs comparable in FoxnI-Cre™/ 1kzf17/y
Pou2f3* and Foxnl-Cre*/ Ikzf1™f/Pou2f3" mice. Moreover, deletion of Pou2f3 restored
the proliferative capacity of mTECs with /kzf1 deletion (fig. S12D).

Prior work has shown that Aire-negative MHC-11"9" mTECs are the developmental
precursor to Airet mTECs (42). Unexpectedly, although Pou2f3 deficiency restored the
percentages and absolute number of Aire-negative MHC-11"9" mTECs associated with
deletion of Ikaros, the rescue of numbers of Aire* MHC-11"9" mTECs in FoxnI-Cre*/
Ikzf1™"1/Pou2f3 "~ mice compared with Foxni-Cre*/ Ikzf1"/pou2f3/* mice was less
pronounced (Fig. 6E). Consistent with a defect in the maturation of Aire* mTECs in FoxnI-
Cre*/ Ikzf1™"f/Pou2£3/~ mice, these mice also showed persistent loss of Aire-dependent
mimetic cells, including GP2* microfold-like mTECs and KRT10* keratinocyte-like mTECs
(fig. S12, Eand F).

We next assessed the effect of combined /kzf1/Pou2f3 deletion on TSA gene expression.
We sorted MHC-11M3" mTECs from Foxni-Cre™/ Ikzf1™/"/Pou2f3 mice and Foxni-Cre*/
Ikzf1™"1/Pou2f3 "~ mice and performed bulk RNA-seq (fig. S13A and data file S2).
Differential gene expression analysis revealed 2475 genes down-regulated and 767 genes
up-regulated (FDR < 0.05, log,FC > 1) in MHC-11"9" mTECs from Foxni-Cre*/ Ikzf177/
Pou2f3~ mice relative to their Cre~ littermates (Fig. 6F). Even in the absence of thymic tuft
cells, the most highly Ikaros-dependent genes were again skewed toward TSAs (fig. S13B).
Moreover, consistent with our scRNA-seq data analysis of Aire* mTECs, overlay of Aire-
induced genes and Fezfl-induced genes on this differential gene list showed a portion of
Aire-induced and Fezf2-induced genes decreased in Foxni-Cre*/ Ikzf1™"/pou2f3/~ mTECs
(Fig. 6, G and H). This loss of TSA gene expression in MHC-11M8" Foxn1-Cre*/ Ikzf177/
Pou2f3"~ mTECs was confirmed with gPCR (fig. S13C). A large number of transcripts up-
regulated in MHC-11M3" Foxni-Cre*/ 1kzf1"/Pou2f3/~ mTECs are also found in muscle,
suggesting failure to suppress a muscle gene program and muscle-like mTECSs. In summary,
lack of Pou2f3in the setting of an Ikaros-deficient TEC compartment results in a partial
rescue of Aire-negative MHC-11"9" mTECs but is unable to rescue either AJre or TSA gene
expression.
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Ikaros expression in thymic epithelial cells is essential for immune tolerance

Given that Ikaros in thymic epithelium plays a key role in both the composition of

TEC populations and thymic TSA expression, we next wanted to determine its role in

T cell selection and immune tolerance. FoxnI-Crel Ikzf1™" mice did not display altered
frequencies or absolute numbers of thymic single-positive (SP) CD4*/CD8* T cells or
double-positive T cells (fig. S14A). Moreover, TEC-specific deletion of /kzfI did not affect
late-stage thymocyte frequencies (fig. S14, B and C) (63). The deletion of Ikaros resulted

in a decreased frequency and absolute number of CD73~CD25*Foxp3* regulatory T cells
(Tregs) (Fig. 7A and fig. S6B), a phenotype also observed with thymic deletion of A/re (4,
64), but thymocyte development and maturation was otherwise intact in FoxnI-Cre/ Ikzf17/"
mice.

Given the global loss of TSA gene expression in Foxn1-Crel Ikzf1™/ mice, we tested

for failed negative selection of T cells to TSAs. We used tetramer reagents to monitor

the expansion of T cells with defined specificity after immunization. Prior studies have
shown that immunizing Aire-deficient mice with the eye-specific protein interphotoreceptor
retinoid-binding protein (IRBP) or the prostate-specific protein TRPM8 channel-associated
factor 3 (TCAF3) results in an expansion of IRBP- or TCAF3-specific T cells (65-68).
Both Rbp3 (gene encoding IRBP) and 7caf3are well-characterized Aire-dependent genes in
mTECs. Consistent with the loss of Aire" mTECs and TSA gene expression in Foxni-Cre/
Ikzf1™f mice, there was an expansion of IRBP- and TCAF3-specific T cells in the lymph
nodes after immunization (Fig. 7, B and C, and fig. S15A). Thymic expression of TCAF3
is also critical for the positive selection of Tyegs, and A/re-deficient mice have decreased
TCAF3*Foxp3* T cells after immunization with TCAF3. Similarly, Foxni-Cre/ lkzf17/"
mice also had decreased TCAF3-specific Tregs (Fig. 7D). Thus, Foxni-Cre/ Ikzf1™/" mice
have defects in the medullary selection of autoreactive T cells. To determine whether failed
thymic selection of autoreactive T cells resulted in systemic autoimmunity, we collected
tissues from a cohort of 6-month-old Foxni-Cre/ Ikzf1/ and Foxni-Crel Ikzf1™f mice.
Foxni-Crel Ikzf1™ mice showed lymphocytic infiltrates in multiple organs, including the
salivary gland, lacrimal gland, and colon, indicative of systemic autoimmunity and failed
central tolerance (Fig. 7E). The increased salivary and lacrimal infiltrates observed in
Foxni-Crel Ikzf1™f mice are similar in degree and distribution to those in mutant mice with
an autosomal-dominant A/re mutation on the C57BL/6 background, which have reduced but
not abolished TSA gene expression (69). Thus, the conditional loss of Ikaros in the thymic
epithelium leads to defects in thymic selection and decreases in both Aire and TSA gene
expression, resulting in systemic autoimmunity.

DISCUSSION

Our findings reveal a previously uncharacterized role for the transcription factor Ikaros in
thymic epithelial biology, where it is required for proper mTEC development and TSA gene
expression. The function of Ikaros in mTEC lineage commitment is reminiscent of its role in
hematopoietic development and underscores a similar function for Ikaros in diverse tissues
involved in immune cell regulation. Ikaros is expressed beginning early in hematopoietic
development and is detected in hematopoietic stem cells (29), and Ikaros-null mice have
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a complete block in both fetal and postnatal B cell development (28). Although postnatal
T cells do emerge, Ikaros-null mice also have severe defects in T cell development (28).
Moreover, similar to A/RE, defects in /KZF1 are associated with autoimmunity in humans.
Coding mutations in /KZF1 have been linked to a familial autoimmune syndrome (70-72),
and small-nucleotide polymorphisms in Ikaros have been linked to multiple autoimmune
diseases, including systemic lupus erythematosus and Sjogren’s syndrome (73, 74).

Studies on Ikaros have largely been confined to the hematopoietic compartment, but
there are reports of its functional roles in other tissues, including the brain (37-39) and
hypothalamic-pituitary axis (40). Our study describes the role of Ikaros within the thymic
epithelial lineage. In thymic epithelial cells, SCRNA-seq shows that /kzf1 is expressed

in TAC-TECs and Aire* mTECs specifically and is required for the expansion and
maintenance of the Aire* mTEC compartment and downstream mimetic cell populations.
1kzf1 expression in TAC-TECs suggests a function for Ikaros in proliferating mTECs,
and Ikaros may act at multiple steps of mTEC development, similar to its function in
hematopoietic development. Because Foxnl is expressed early in mTEC development
(embryonic day 11.5), the defects we observe with TEC-specific deletion of /kzfI could
be due to Ikaros deletion at multiple stages of thymic organogenesis. Further work will be
required to map its roles within various stages of mTEC development more precisely.

Recent studies have also highlighted the substantial diversity found within the mTEC
compartment in both mice and humans (8, 11, 17, 43). Mimetic cells are thought to be
critical for the presentation of TSA genes and central tolerance. Each of these mimetic

cell types appears to use similar lineage-defining transcription factors as their peripheral
counterparts. Here, we show that deletion of Ikaros in TECs results in profound changes

in mimetic cell distribution, with an expansion of thymic tuft cells and muscle-like mTECs
and a loss of the Aire-dependent mimetic populations. Thus, Ikaros plays a previously
unappreciated role in the maintenance of mMTEC homeostasis and normal mimetic cell
development. In addition to increased numbers of tuft cells with /kzfZ deletion, these tuft
cells are marked by changes in gene expression and cytokine production. Future studies
should more deeply interrogate the impact of TEC-specific deletion of /kzf1 on the biology
of mimetic cell subsets.

In addition to a function for Ikaros in mTEC development, our data show that

Ikaros is required for the expression of Aire-dependent, Fezf2-dependent, and Aire/Fezf2-
independent TSA genes. Therefore, Ikaros is a transcriptional regulator required for the
proper induction of central tolerance. One possible mechanism for decreased TSA gene
expression with /kzf1 deletion is failure of mTECs to reach a developmental stage
permissive for TSA gene expression; data supporting this model include the loss of both
Aire-negative MHC-11"9" mTECs and Aire* MHC-11M9" mTECs with /kzf1 deletion,
suggesting that Ikaros may block the development of the MHC-11"3" mTEC population
and, consequently, these TSA-enriched cells. However, the finding that combined /kzf1/
Pou2f3 deletion rescues MHC-I1 expression but fails to rescue TSA gene expression may
indicate a more complex function for Ikaros in orchestrating TSA gene expression, including
modulation of AiJre gene expression or Aire protein function, or direct regulation of TSA
gene expression. Arguing against direct regulation of Aire protein function is that Ikaros
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does not appear to colocalize or interact with Aire, at least in vitro; however, future studies
performed in TECs are needed to completely rule out this possibility. Prior studies have
shown that Ikaros binds to pericentromeric heterochromatin; Aire has also been shown

to bind to repressive DNA through interaction with hypomethylated histones (H3K4me0)
(75) or repressive complexes (76). Thus, Ikaros may interact with repressive chromatin,
and this interaction could be required to allow for stochastic accessibility of linear DNA
regions encoding TSA genes through its well-described interaction with multiple chromatin-
modifying complexes (52, 53, 55-57). Last, Ikaros may be required to repress the aberrant
expression of lineage-defining transcription factors to allow proper TSA gene expression.
Prior work in B and T cells supports a function for Ikaros in gene repression (24, 30,

36, 52, 53), and in pre-B cells, Ikaros has been shown to induce a repressive chromatin
landscape and to silence extralineage-specific transcription factors that are aberrantly
activated with /kzfZ deletion in transformed cells. Our data showing increased Myog and
Pou2f3 expression with /kzf1 deletion in Aire* mTECs support this model, and future
studies investigating the phenotype of triple depletion mice (/kzf1/Pou2f3/Myog) may be
illuminating.

The loss of TSA gene expression with /kzf1 deletion in TECs results in defects in T

cell selection and organ-specific autoimmunity in mice. scRNA-seq data from human
thymus suggest that Ikaros and Aire are coexpressed, similar to our observations in

mouse, suggesting that Ikaros may have a similar function in humans. Given that Ikaros
mutations are found in patients with autoimmunity, an intriguing possibility is that failed
thymic central tolerance due to loss of Ikaros expression in mTECSs contributes to patient
autoimmune syndromes. A cohort of patients with /KZF1 mutations have undergone
hematopoietic stem cell transplant because of severe mutations (77, 78). It will be interesting
to investigate whether these patients continue to develop autoimmunity despite correction

of /KZF1 mutations in their hematopoietic compartment. If so, this would suggest a

parallel and critical function for Ikaros in human mTECs. Last, there is growing interest

to create artificial thymi from stem cells to induce tolerance in humans (79); because of the
essential function of Ikaros in mTEC development, it may be critical to monitor and perhaps
modulate its expression during the development of human thymic organoids.

MATERIALS AND METHODS
Study design

This study was designed to determine transcription factors involved in thymic epithelial
development and thymic tissue—specific antigen expression. We focused our investigation on
the function of the transcription factor Ikaros. We examined the effect of thymic epithelium-
specific Ikaros deletion on thymocyte development and innate lymphocytes. To delete Ikaros
in the thymic epithelium, we crossed an Ikaros-floxed mouse line to the Foxn1-Cre mouse
line that expresses Cre recombinase in both the thymic epithelium and skin. To determine
how loss of tuft cells affects the phenotype observed with /kzf1 deficiency, we used mice
that had combined deletion of /kzf1/Pou2f3in the thymic epithelium. We used a variety

of techniques to probe the effect of /kzf1 deletion in the thymic epithelium, including

flow cytometry of thymic epithelial cells and genomic studies including sScRNA-seq and
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SCATAC-seq. Both male and female mice were included in the study. Investigators were not
blinded before data analysis. All experiments were repeated at least three times unless noted
in the figure legend.

Ikzf1™f mice, Foxni-Cre mice, Flare25 mice, Pou2f3~/~, mice, and Aire™~ mice were
previously published (3, 16, 17, 24, 41). All mice were maintained on the C57BL/6 genetic
background, and both male and female mice were used. In most experiments, mice were
between 30 to 40 days old except when mice were aged to 6 months to assay for immune
infiltrates. Both Foxni-Cre*/ Ikzf1*/" and Foxni-Cre~/ Ikzf1™f were used as controls. Mice
were maintained in the University of California San Francisco (UCSF) specific pathogen—
free animal facility in accordance with the guidelines established by the Institutional Animal
Care and Use Committee and Laboratory Animal Resource Center, and all experimental
procedures were approved by the Laboratory Animal Resource Center at UCSF.

Organs from mice were harvested and fixed overnight in 10% formalin and dehydrated with
30% EtOH followed by 70% EtOH. Dehydrated tissues were then embedded, sectioned, and
stained with H&E. Scoring of the infiltrates of the lacrimal gland and salivary gland was
performed blinded as previously described (69): scores of 0, 1, 2, 3, or 4 indicating no,
<25% infiltrate, 25 to 50% infiltrate, 50 to 75% infiltrate, or > 75% infiltrate, respectively.
Histology for colitis was scored blinded using the following scoring system: (0) no immune
cell infiltration, (1) minimal inflammation with <10% infiltration of the mucosa, (2) mild
inflammation 10 to 25% of the mucosa infiltrated, (3) moderate inflammation 26 to 50%
infiltration, (4) extensive infiltration 51 to 75% affected, (5) diffuse infiltration >75% of the
mucosa infiltrated.

Cell culture and transfection

HEK?293 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), L-glutamate, and penicillin-streptomycin
in a humidified incubator supplemented with 5% CO,. The day before transfection,

cells were counted and then seeded in six-well plates. Cells were transfected with
appropriate plasmid(s) using Mirus Trans-IT HEK293 transfection reagent according to the
manufacturer’s protocol.

Immunofluorescence

Whole thymi were harvested and gently washed with phosphate-buffered saline (PBS) and
fixed in 2% paraformaldehyde (PFA) for 2 hours. Fixed tissues were dehydrated overnight
with 30% sucrose and embedded in optimal cutting temperature compound. Twenty-five-
micrometer sections were cut and air-dried for 1 hour or stored at —80°C. Dried sections
were blocked for an hour using BlockAid (Life Technologies) and stained with KRT10,
KRT5, KRTS8, Aire, rabbit polyclonal RFP, or DCLK1 primary antibodies (table S1) diluted
in BlockAid overnight in a humidified chamber at 4°C. Sections were washed with PBS
and stained with 1:10,000 4’,6-diamidino-2-phenylindole (DAPI; 5 mg/ml stock) in PBS.
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Secondary antibody staining for unconjugated Krt8 was done with goat anti-rabbit A488

(2 mg/ml stock) at 1:1000 in BlockAid for 2 hours in a humidified chamber at room
temperature. Secondary antibody staining for RFP was done with anti-rabbit A647 (2 mg/ml
stock) at 1:1000 in BlockAid for 2 hours in a humidified chamber at room temperature.
Stained thymus sections were then mounted using ProLong Diamond antifade mount
(Thermo Fisher Scientific) and imaged on the SP5 Leica confocal microscope. Images were
analyzed using Fiji (based on ImageJ2). Transfected HEK293 cells were grown on circular
glass coverslips at the bottom of six-well tissue culture—treated plates at a concentration

of 2 million to 4 million cells per well. Immunofluorescence of transfected HEK293 cells
was performed by carefully removing coverslips with fine-tipped forceps to six-well tissue
culture—treated plates containing PBS. The cover slips were then removed and blocked for
1 hour with BlockAid and stained with primary antibodies for 2 hours in a humidified
chamber. After staining with secondary antibodies and DAPI, the cover slips were mounted
on slides with ProLong Diamond antifade mount. The slides were then imaged on the SP5
Leica confocal microscope and analyzed using Fiji.

Imaris quantitative image analysis

To measure the volumes of tuft cell aggregates, images from thymic sections were taken on
the SP5 Leica confocal microscope and imported to be analyzed in Bitplane’s Imaris 9.6
with the Filament Module software package. Thresholds of intensities and surface volumes
of the three-dimensional segments were used to filter the images’ voxels, and volumes of
tuft cells were subsequently measured. Surface volumes > 5 (1 x 104 pm3) were measured to
be recognized as a tuft cell aggregate.

Immunohistochemistry

Whole thymi were dehydrated overnight in 70% EtOH and were embedded in paraffin.

The sections were then faced and chilled overnight at 4°C. Subsequent sections (5 pm)
were cut on the microtome (Leica Biosystems) and dried for 2 hours. After drying, the
sections were baked for an hour to remove excess paraffin and were deparaffinized and
rehydrated. Antigen retrieval was done using a citrate-based antigen retrieval solution
(Biogenex Laboratories), and endogenous peroxidase activity was quenched with 3% H,0,.
The sections were then blocked with 10% FBS in 0.2% Tween 20 in PBS and incubated with
primary antibody overnight (table S1). Next, the sections were incubated with biotinylated
anti-rabbit secondary in a humidified chamber at room temperature. VECTAS-TAIN Elite
ABC system (Vector Laboratories) was used to introduce the peroxidase enzyme and 3,3’-
diaminobenzidine (DAB) reagent (Vector Laboratories) to brown our antigen of interest.
Sections were counterstained with hematoxylin (MilliporeSigma), dehydrated, and mounted
using Cytoseal mounting media (Thermo Fisher Scientific).

Immunizations (TCAF3 and IRBP)/tetramer staining

Immunization cocktail was prepared by emulsifying 200 pg of P2-IRBP peptide

(PLGGG GQTWE GSGVL, Genemed Synthesis) or TCAF3 peptide (THYKAPWGELATD,
Genemed Synthesis) in 100 pul of incomplete Freund’s adjuvant with Mycobacterium tuber-
culosis (BD Difco). Immunization was performed by injecting mice subcutaneously (200 ul)
into both sides of the chest (100 pl per side). Eleven days after immunization, lymphocytes
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from the cervical, brachial, and axillary lymph nodes were isolated through a 40-um filter
and transferred to a 5-ml filter-topped fluorescence-activated cell sorting (FACS) tube. The
cells were stained with tetramer for 1 hour at room temperature and incubated for 15 min
with anti-phycoerythrin (anti-PE) and anti-allophycocyanin (anti-APC) magnetic-activated
cell sorting (MACS) beads at a 1:10 dilution in MACS buffer. To positively isolate tetramer-
positive cells, magnetic bead separation was done using LS MACS columns (Miltenyi
Biotec). The columns were prewetted with MACS buffer, and the cell solution was loaded
into the LS columns. The columns were eluted with 5 ml of MACS buffer, washed with
PBS, and stained with the appropriate antibodies/tetramers for flow cytometry analysis
(table S1).

Single-cell tissue preparation

Thymic epithelial cells were isolated by harvesting mouse thymi into DMEM (DME H-21,
UCSF Cell Culture Facility) containing 2% FBS (HyClone). Thymi were minced by hand
with razor blades and were moved to 15-ml conical tubes using glass Pasteur pipettes.
Minced thymi were vortexed for 45 s, and tissue remains were allowed to settle on ice before
the medium was removed and replaced with 4 ml of digestion medium [deoxyribonuclease

I (100 pg/ml; Roche), Liberase (100 pg/ml; MilliporeSigma), and 2% FBS in DMEM]. To
aid in digestion, the thymi were placed in a 37°C water bath and mixed vigorously with

the glass Pasteur pipettes at intervals of every 4 min for 24 min. At every 8 min, the thymi
pieces were briefly spun down at 340g for 10 s, and the supernatant fractions were collected
into 20 ml of chilled MACS buffer [5 g of bovine serum albumin (Sigma-Aldrich) and 4 ml
of 0.5 M EDTA (Gentrox) in 1 liter of 1x PBS]. The combined fractions were then spun
down and incubated in 20 ml of MACS buffer on ice to quench enzymatic activity. To isolate
stromal cells, the cells were centrifuged for 30 min at 1500¢g (acceleration 5, deceleration

0) using a three-layer Percoll density gradient (MilliporeSigma). The three layers had 1.115,
1.065, and 1.0 relative densities, and the stromal cells were isolated from the interphase

of 1.065 and 1.0 Percoll layers. Isolated cells were then resuspended in MACS buffer and
stained for FACS analysis (table S1). To isolate lymphocytes for flow cytometry, the thymus,
lymph nodes, or spleen were isolated by dissection from mice and then mashed through a
70-um filter. Spleen cells were lysed in ammonium-chloride-potassium (ACK) lysis buffer to
remove red blood cells. Isolated cells were counted, and between 1 x 108 and 5 x 10° cells
were prepared for flow cytometry.

Flow cytometry and intracellular staining

Cells were isolated into suspension and were first stained with LIVE/DEAD Fixable Blue
Stain Kit (Thermo Fisher Scientific) or Ghost Dye (Tonbo), followed by blocking in

2.4G2 (anti-mouse CD16/CD32, Bio X Cell) before staining with the appropriate surface
antibodies for flow cytometry (table S1). For intracellular and transcription factor staining,
cells were fixed for 20 min with 2% PFA or with the eBioscience Foxp3/transcription

factor staining buffer set (Thermo Fisher Scientific). After fixation, cells were permeabilized
with 1x permeabilization buffer (eBioscience) and stained with the appropriate intracellular
antibodies (table S1).
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RNA isolation and qPCR

RNA was isolated using the RNeasy Micro Kit (QIAGEN). Isolated RNA was reverse-
transcribed using SuperScript IV reverse transcription (Invitrogen) with OligoDT20 primers
(Invitrogen). gPCR was performed on the Applied Biosystems QuantStudio3 machine using
Quantabio Perfecta gPCR ToughMix Low Rox. All reactions were normalized to Actin
(ActB), and fold induction was calculated using the Delta-Delta CT (ddCT) method. All
primer probes for TagMan assays were purchased from Applied Biosystems (ABI, under
Thermo Fisher Scientific): /kzfZ Mm01187882, Ajre Mm00477461, /ns2 Mm00731595,
Gadl Mm04207422, Pcp4 Mm00500973, SptZ MmO00839568, Fabpd Mm07297047,

Tima2 Mm00506693, Serbinp12Mm00510925, Gpr50 Mm00439147, Fgg Mm00513575,
Crabp1 MmQ00442776, Gal Mm00439056, Pyy Mm00520716, Cribp Mm01283832, Prg3
MmO00450410, and ActB (Life Technologies).

scRNA-seq and data analysis

Sorted EPCAM*Ly51~ mTECs were pooled from three mice of the appropriate genotype
and were resuspended at approximately 20,000 cells per 100 pl and sent to the UCSF
Genomics core for processing. Single cells were captured using the 10X Chromium micro-
fluidics system (10x Genomics). The cells were encapsulated, and barcoded complementary
DNA libraries were prepared using the single-cell 3'mRNA Kit (10x Genomics). Single-cell
libraries were sequenced using a NovaSeq 6000 (Illumina). FASTQ files were converted
into single-cell matrices using 10x Cell Ranger. Matrices were transformed into a Seurat
object using the Seurat package in R. Initial exclusion criteria included features that were
present in fewer than 100 cells and cells where fewer than 1000 features were detected.
Ikzf1* and 1kzf1™f samples were merged and integrated using 2000 variable features

and dimensions 1:20. Cells with greater than 50% ribosomal RNA, greater than 10%
mitochondrial RNA, and greater than 5000 features were excluded. Principal components
analysis was performed using 30 principal components, and UMAPS were generated using
dimensions 1:20. Cluster identities were assigned cell types, and dendritic cells, T cells,
fibroblasts, and endothelial cells were excluded from further analysis. Differential gene
expression analysis was performed in Seurat.

SCATAC-seq and data analysis

Sorted EPCAM*Ly51~ mTECs were pooled from three mice of the appropriate genotype
and were lysed, and nuclei were counted and resuspended at approximately 20,000 cells/100
pl in 10x nuclei buffer and sent to the UCSF Genomics core for processing. Using chromium
SCATAC workflow (10x Genomics), nuclei were transposed and then encapsulated and
barcoded. Libraries were sequenced using a NovaSeq 6000 (Illumina). Fragment files were
created from FASTQ files using 10x Cell Ranger. Fragment files were transformed into
ArrowFiles in R using the ArchR package (54), with an initial exclusion criterion of cells
with a transcription start site enrichment score of less than four or cells with fewer than 1000
mapped ATAC-seq fragments. Gene annotation was performed with the mm10 genome.
Doublets were removed using the filterDoublets function in ArchR. Iterative latent semantic
indexing (LSI)-based dimensional reduction was performed with four iterations, a resolution
of 0.8, 250,000 variable features, and dimensions 2:30. After clustering and marker features
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analysis, T cell and dendritic cell clusters and clusters containing a low number of variable
features were removed from further analysis. Further analysis was performed with the
ArchR pipeline. Additional analysis was also performed via the Signac package. FASTQ
files were converted into single-cell matrices using 10x Cell Ranger, and then /kzf1*/

and /kzf1™"" matrices were integrated using Cell Ranger Aggr and were transformed into

a Seurat object. Features that were present in fewer than 10 cells, and cells where fewer
than 500 fragments were detected or more than 8000 fragments were detected, cells with
less than 15% of reads in peaks, cells with a blacklist ratio greater than 0.1, cells with a
nucleosome signal greater than 1.5, or cells that had a transcription start site enrichment
score of less than 2 were excluded. Iterative LSI-based dimensional reduction and clustering
were done with dims 2:30. After clustering and marker features analysis, T cell and dendritic
cell clusters and clusters containing a low number of variable features were removed from
further analysis. Differential peak expression analysis was performed in Signac, and motifs
were analyzed with JASPAR2020 (species = 9606) and chromVAR (80). Additional TF
footprinting motif analysis was performed in ArchR and Signac (Foxnl motifs). Sequence
data were visualized on UCSC genome browser (31) after creation of aggregated ATAC-seq
reads or downloaded bed-files for peak annotation from published datasets (82).

RNA-seq and data analysis

About 500 L1 cell adhesion molecule (LLCAM™*) Tuft cells or 500 MHC-11"9" mTECs
were sorted from individual mice directly into lysis buffer from the SMART-seq v4 (Takara
Bio) kit. Either three or four mice were used for each genotype. Lysed cells were given

to the UCSF Genomics COLAB for Library Preparation. Libraries prepared by the core
were submitted to the UCSF Center for Advanced Technology for single-end sequencing
(30 million reads). Aire-dependent genes and Fezf2-dependent genes were identified using
previously published RNA-seq data (5). Sequence alignment was performed using STAR
(version 2.7.9a) (83). Mappings were restricted to those that were uniquely assigned to

the mouse genome, and unique read alignments were used to quantify expression and
aggregated on a per-gene basis using the Ensembl (GRCm39) annotation. Differentially
expressed genes between experimental groups were then determined using DESeq2 (v4.0.3)
(84).

Coimmunoprecipitation

293T cells were grown in six-well plates and then transfected with appropriate plasmids:
Aire-FLAG (85) (a gift from J. Abramson) or hemagglutinin (HA)-Ikaros (contains
HA-tagged mouse /kzf1 Ikl isoform cloned into pcDNA) (50). Forty-eight hours after
transfection, cells were lysed with cytoplasmic buffer containing 10 mM Hepes, 1.5 mM
MgCl,, 10 mM KCI, 0.5 mM dithiothreitol, EDTA-free protease inhibitor cocktail, and
0.1% octylphenoxypo-lyethoxyethanol (IGEPAL CA-630). The nuclear pellet was isolated
by centrifugation at 500¢ for 5 min. Total nuclear extract was isolated by incubation of
the nuclear pellet with 1% SDS and 1:100 benzonase. Nuclear lysates were then used

for coimmunoprecipitation with the Dynabead Protein G Immunoprecipitation Kit (Life
Technologies). Eluted proteins were separated by electrophoresis through Novex Life
Technologies minigels and then were transferred to polyvinylidene difluoride membranes
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for immunoblot analysis with the appropriate antibodies (table S1), followed by enhanced
chemiluminescence.

Statistical analysis

All experiments were performed using randomly assigned mice without investigator
blinding. No data were excluded. Statistical significance between two groups was calculated
using an unpaired, parametric, two-tailed Student’s ztest or the nonparametric Mann-
Whitney test. For experiments with three groups, statistical significance was calculated
using a one-way analysis of variance (ANOVA), and grouped comparisons were corrected
using Tukey’s multiple comparison test. Experimental groups included a minimum of

three biological replicates. Intragroup variation was not assessed. All statistical analysis
was performed using Prism 9 (GraphPad Software). A Pvalue of < 0.05 was considered
statistically significant. No statistical methods were used to predetermine sample size.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Ikarosdeletion in mTECsresultsin altered mTEC composition.
(A) qPCR of /kzf1 gene expression in sorted MHC-11M9" MHC-11""V mTECs,

and cTECs from C57BL/6 mice. Sorted MHC-11"9" and MHC-11'"% mTECs

were gated on CD11¢"CD45"EPCAM*Ly51~"IAP* TECs. cTECs were gated on
CD11c"CD45"EPCAM*Ly51""UEAL™ TECs. (B) Representative images of H&E staining
of thymi from Foxni-Crel Ikzf1*/ mice (/kzf1*/f) and Foxni-Crel Ikzf1™f mice (Ikzf1"1),
Scale bars, 1 mm (1x). (C) Flow cytometry (left) and percentage and absolute number
(right) of EPCAM* TECs gated on CD11¢"CD45 EPCAM™ thymic epithelial cells (n=

7 or 8 mice; three independent experiments). (D) Flow cytometry (left) and percentage

and absolute number (right) of EPCAM*Ly51*UEA1~ cTECs and EPCAM*Ly51"UEA1"
MTECSs (n= 6 or 7 mice; two independent experiments). (E) Flow cytometry (left) and
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percentage and absolute number (right) of MHC-11"8" and MHC-11'"" mTECs gated on
CD11c"CD45"EPCAM*Ly51"1AP* TECs (7= 12 mice; four independent experiments). (F)
Flow cytometry (left) and percentage and absolute number (right) EFCAM*"MHC-11high
Aire* mTECs. Aire MFI shown (7= 6 to 8 mice; three independent experiments). (G) Ki67
histograms corresponding to populations in (F): Aire-negative MHC-11'°W (1), Aire-negative
MHC-11Ni9M (11), and Aire* (111). Bar graph shows Ki67 MFI (7= 3 mice per genotype;

one representative experiment). (A and C to G) In graphs, the bar corresponds to the mean,
with error bars showing +SD of values shown, and each data point represents an individual
mouse. (C to G) Statistical significance was determined using Student’s #test. *~ < 0.05,
**P<0.01, ***P<0.001, and ****P < 0.0001. NS, not significant.
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Fig. 2. Ikarosisexpressed in TAC-TECsand Aire" mTECs.
(A) Clustering of scRNA-seq data from sorted CD11¢"EPCAM*Ly51~ mTECs from

Foxn1-Crel Ikzf1*/" mice (/kzf1*/™ and Foxni-Crel Ikzf1™f mice (1kzf1™™). A total of
5245 mTECs from /kzf1*/" mice and 2529 mTECs from /kzf1™" mice were analyzed.
Hematopoietic cells were removed from the UMAP. (B) Heatmap showing top five genes
expressed in each mTEC cluster. (C) UMAPs of marker genes for each mTEC subset. (D)
UMAP of /kzf1 expression in /kzf1*/ mTECs. (E) UMAP of Aire expression in tkzf1+/f
mTECs. (F) Violin plot showing /kzf1 expression in /kzf1*/ mTECs. (G) UMAPs of cell
distributions in /kzf1*/# mTECs and /kzf1™/ mTECs. (H) Differential density plot showing
distribution of increasing (red) or decreasing (blue) populations in /kzf1™/f mTECs relative
to /kzf1*/ T mTECs. (1) Bar graph of the percentage of cells in each cluster normalized to the
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total number cells sequenced. (J) Flow cytometry (left) and percentage and absolute number
(right) of CCL21* mTECs, gated on CD11¢"CD45"EPCAM*Ly51~ TECs (/7= 3 mice per
genotype; one representative experiment). (J) In graphs, the bars correspond to the mean,
with error bars showing +SD of values shown, and each data point represents an individual
mouse. (J) Statistical significance was determined using Student’s #test. *£< 0.05 and **P
<0.01.
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Fig. 3. Deletion of | karos alters mimetic cell diversity.
(A) UMAP of populations of mimetic cells found in Late Aire and tuft populations from

Fig. 2A. Heatmap of marker genes in mimetic cell populations. A total of 2659 Late Aire
and tuft cells from /k77+/7 mice and 1356 Late Aire and tuft cells from /kzf1"" mice
were analyzed. (B) Differential density plot showing distribution of increasing (red) or
decreasing (blue) populations in /kzf1# mTECs relative to /kzf1*/f mTECs. Bar graph
of the percentage of cells in each cluster normalized to the total number cells sequenced.
(C) Flow cytometry (left) and percentage and absolute number (right) of DCLK1* tuft
cells, gated on CD11¢"CD45"EPCAM™* Ly51~ mTECs (/7= 6 to 8 mice; two independent
experiments). (D) Flow cytometry (left) and percentage and absolute number (right) of
KRT10* keratinocyte-like mTECs, gated on CD11c"CD45"EPCAM*"Ly51™ mTECs (7=
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6 or 7 mice; two independent experiments). (E) Flow cytometry (left) and percentage and
absolute number (right) of GP2* thymic M cells, gated on CD11¢"CD45 " EPCAM™*Ly51~
mTECs (7= 5 mice; two independent experiments). (F) Confocal microscopy of DCLK1*
tuft cells (green) and KRT10* (magenta) keratinocyte mTECs. DAPI staining in blue. Scale
bars, 100 pm (20x), 20 um (63x), and 10 pm (256x%). (G) Tuft cell volume quantification
from thymic sections of two independent mice using Imaris software. Each data point is a
DCLKZ1* cluster (n7= 36 to 43 DCLK1* clusters). (H) Histogram of Ki67 in DCLK1* tuft
cells. (C to E and G) In graphs, the bars correspond to the mean, with error bars showing
+SD of values shown, and each data point represents an individual mouse (C to E) or

an individual tuft cell cluster (G). (C to G) Statistical significance was determined using
Student’s ftest. **P< 0.01, ***P< 0.001, and ****P < 0.0001.
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Fig. 4. Ikaros modulates tuft cell gene expression and function.
(A) Gene expression in Foxni-Crel Ikzf1f (1kzf1+/) versus Foxni-Crel IkzfIVf (1kzf17/%

tuft cells from scRNA-seq data. Violin plots of //25, Gnat3, and Dclk1 expression. A total
of 520 tuft cells from /kzf1*/ mice and 1056 tuft cells form /kzf1 mice were analyzed.
(B) Volcano plot of bulk RNA-seq of sorted CD11c~ EPCAM*CD45 MHC-II'WL1CAM*
tuft cells from FoxnI-Cre(-)/ 1kzf1™" mice and Foxni-Cre(+)/ Ikzf1™f mice. Blue numbers
indicate the number of genes significantly increased in FoxnI-Cre (<)/ Ikzf1™/f tuft cells
(FDR < 0.05, logyFC > 1). Red numbers indicate the number of genes significantly
increased in FoxnI-Cre (+)/ Ikzf1™ tuft cells (FDR < 0.05, log,FC > 1) (7= 3 mice for
Ikzf1™f and n= 4 mice for /kzf1*/f). (C) Metascape pathway analysis of significant genes
(FDR < 0.05, log,FC > 1) from bulk RNA-seq of LLCAM™* tuft cells. (D) Flow cytometry
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(left) and percentage and absolute number (right) of DCLK1* thymic tuft cells from
Foxn1-Crel Ikzf1/fl/Flare25*/ WT and Foxni-Crel Ikzf1™"7/Flare25*/"T mice. DCLK1* tuft
cells were gated on CD11¢™"CD45"EPCAMT*Ly51~ mTECs (/7= 6 mice; two independent
experiments). (E) Flow cytometry (left) and percentage and absolute number (right) of RFP*
thymic tuft cells from Foxni-Crel tkzf1*/f/Flare25*WT and Foxni-Crel Ikzf1"/Ffare25t/WT
mice. RFP™* tuft cells were gated on CD11¢"CD45"EPCAM*Ly51™ mTECs (n=6or 7
mice; two independent experiments). (F) RFP MFI (7= 6 or 7 mice, two independent
experiments). (G) Flow cytometry plots (left) and counts (right) of CD1d*TCRB™ total
iNKT from Foxni-Crel Ikzf1*/f (1kzf1*/f) and Foxni-Crel Ikzf1™ (1kz 1™ mice (n=

6 or 7 mice; two independent experiments). (H) Flow cytometry plots (left) and counts
(right) of PLZF* iINKT2s and RAR-related orphan receptor gamma (RORyt)* iINKT3s. Both
iNKT2s and iNKT3s were gated on CD1d*TCRB™ cells (7= 9 mice; three independent
experiments). (1) Flow cytometry plots (left) and counts (right) of CD8TEOMES™ innate T
cells, gated on CD4~CD8* thymocytes (7= 12 mice; four independent experiments). (D to

1) In graphs, the bars correspond to the mean, with error bars showing £SD of values shown,
and each data point represents an individual mouse. (D to I) Statistical significance was
determined using Student’s ftest. ***£ < 0.001 and ****P < 0.0001. NS, not significant.
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Fig. 5. Ikarosisrequired for TSA gene expression.
(A) Volcano plot of scRNA-seq from the Aire* mTEC cluster. A total of 1185 Aire*

mTECs from /kzf1*/ mice and 262 Aire* mTECs from /kzf1™/f mice were analyzed. Plot
shows genes expressed in less than 25% of mTECs. Blue dots show genes increased in
Ikzf1* mTECs, and red dots are increased /kzf1™" mTECs. Genes labeled in green are
Aire-dependent TSA genes, genes in orange are Fezf2-dependent TSA genes, and genes

in black are Aire/Fezf2-independent TSA genes. (B) Overlay of Aire-induced genes in

the Aire* mTEC cluster. Green dots represent genes that are induced by Aire (log,FC >

2, FDR < 0.05). Blue numbers enumerate the number of Aire-induced genes increased

in /kzf1*/l mTECs, and red numbers equal the number of Aire-induced genes increased

in /kzf1™ mTECs. (C) Overlay of Fezf2-induced genes in the Aire* mTEC cluster.
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Yellow dots represent genes that are induced by Fezf2 (log,FC > 1, FDR < 0.05).

Blue numbers enumerate the number of Fezf2-induced genes in /kzf1*/ mTECs, and

red numbers equal the number of Fezf2-induced genes in /kzf1" mTECs. (D) gPCR

of sorted CD45™Ly51"EPCAM*MHC-11M9" postnatal day 30 to 40 mTECs for Aire, Aire-
dependent TSAs (/ns2and Sptl), Fezf2-dependent TSAs (Fabp9and Timd2), and Aire/
Fezf2-independent TSAs (Gadl and Serpinbl2). Gene expression levels were normalized
to ActB (n=4to 8 mice). (E) Immunofluorescence of epitope-tagged Aire (magenta)

and Ikaros (green) in an individual 293T cell. One representative cell shown of >30 cells
analyzed. Scale bars, 10 pm. (D) In graphs, the bars show the mean, with error bars showing
+SD of values shown, and each data point represents an individual mouse. (D) Statistical
significance for Ajre expression was calculated by a Student’s #test **P < 0.01. Statistical
significance for /ns2, Sptl, Fabp9, Timd2, Gadl, and Serpinbl2 expression was calculated
using a one-way ANOVA, and grouped comparisons were corrected using Tukey’s multiple
comparison test. **P< 0.01, ***P< 0.001, and ****P < 0.0001.
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Fig. 6. Deletion of Pou2f3 failsto rescue TSA gene expression.
(A) UMAP of Pouzf3expression in Aire* mTECs from scRNA-seq data. A total of

1185 Aire* mTECs from /kzf1*/ mice and 262 Aire* mTECs from /kzf1™/ mice were
analyzed. Red color represents Pou2f3 expression. Bar graph represents the percentage of
cells of each genotype expressing Pou2f3in Airet mTECs. (B) scATAC-seq clustering with
ArchR. (C) Heatmap of sScCATAC-seq gene score values (FDR < 0.05) comparing Foxn1-Cre/
IkzfI N (1kzf1+/™ versus Foxni-Crel kzfIVf (1kzf1 Airet mTECs. (D) chrom-VAR
motif accessibility volcano plot in Aire* mTECs of the indicated genotype. Blue dots

show motifs significantly enriched (FDR < 0.05) in Foxni-Cre/ tkzf1*f (1kzf1*/f Aire*
mTECs. Red dots show motifs significantly enriched in Foxni-Cre/ IkzfIVf (1kzf17/fh

Aire* mTECs (FDR < 0.05). (E) Flow cytometry (left) and percentage and absolute
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number (right) of Aire-negative MHC-11'oW (1), Aire-negative MHC-11M9" (11), and Aire*
mTECs (I11), which were gated on CD11¢c"CD45"EPCAM*Ly51~ mTECs (/7= 4 mice;
one representative experiment of two independent experiments). (F) Volcano plot of bulk
RNA-seq of sorted CD11c"EpCAM*CD45 Ly51~MHC-11M9" mTECs from Foxni-Cre/
Ikzf1"f/pou2f3/~ mice and FoxnI-Cre/ Ikzf1™f/Pou2f3/~ mice. Blue numbers indicate
the number of genes significantly increased in FoxnI-Cre™/ Ikzf1™"f/Pou2f3/~ MHC-11high
mTECs (FDR < 0.05, log,FC > 1). Red numbers indicate the number of genes significantly
increased in FoxnI-Cre*/ Ikzf1™fl/Pou2f3"~ MHC-11M3h mTECs (FDR < 0.05, log,FC > 1).
The top 1000 Aire-regulated genes are overlaid in (G), and the top 1000 Fezf2-regulated
genes are overlaid in (H). In (G), the blue number represents number of Aire-induced genes
in Foxni-Cre~/ Ikzf1™"/Pou2f3"~ mice, and the red number represents number of Aire-
induced genes in Foxni-Cre*/ Ikzf1™"/Pou2f3"~ mice. In (H), the blue number represents
number of Fezf2-induced genes in FoxnI-Cre™/ Ikzf1™f/Pou2f3/~ mice, and the red number
represents number of Fezf2-induced genes in FoxnI-Cre*/ Ikzf1™f/Pou2f3" mice. (E) In
graphs, the bars correspond to the mean, with error bars showing +SD of values shown, and
each data point represents an individual mouse. (E) Statistical significance was calculated
using a one-way ANOVA, and grouped comparisons were corrected using Tukey’s multiple
comparison test. *£< 0.05, **P< 0.01, ***P< 0.001, and ****P< 0.0001.
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Fig. 7. Deletion of Ikarosin mTECsresultsin defectsin negative selection and organ specific
autoimmunity.

(A) Flow cytometry (left) and percentage and absolute number (right) of thymic
CD4*CD73 Foxp3*CD25* regulatory T cells from Foxni-Cre/ Ikzf1*/" (1kzf1+/f) mice and
Foxn1-Crel Ikzf1™f ( 1kzf17f) mice (n= 13 or 14 mice; five independent experiments).

(B) Flow cytometry (left) and absolute number (right) of IRBP* CD4* T cells from

Ikzfr* " 1kzf1™f and Ajre™~ mice 11 days after immunization with IRBP peptide [

= 8 mice per genotype (/kzf1*/" and Ikzf1"™) and n= 2 for Aire”"~ mice]. (C) Flow
cytometry (left) and absolute number (right) of TCAF3* CD4* T cells from male /kzf1*/7,
Ikzf1™ and Ajre™" mice 11 days after immunization with TCAF3 peptide [7= 6 mice per
genotype (tkzf1*/" and 1kzf1™"™), n= 4 for Aire~ mice]. (D) Representative flow plots of
CD4*TCAF3*Foxp3™ T cells and percentage of TCAF3* Tregs [/7= 6 mice per genotype
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(tkzfr*/M and 1kzf1™f) and n= 4 for Aire™~ mice]. (E) H&E staining of the lacrimal gland,
salivary gland, and colon. Scale bars, 1 mm (lacrimal/salivary) and 200 pm (colon). Bar
graphs quantitate lymphocytic infiltrate (7= 8 mice per genotype). (A to E) In graphs, the
bar corresponds to the mean, with error bars showing +SD of values shown, and each data
point represents an individual mouse. (A and E) Statistical signify+cance was determined
using Student’s ttest (A) and Mann-Whitney test (E). *£< 0.05, **P< 0.01, and ***P

< 0.001. (B to D) Statistical significance was calculated using a one-way ANOVA, and
grouped comparisons were corrected using Tukey’s multiple comparison test. *~< 0.05 and
**p<0.01.
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