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Abstract

Thymic epithelial cells (TECs) produce glucocorticoids, which antagonize negative selection

of autoreactive thymocytes and promote a competent T cell antigen—specific repertoire. To
characterize their source, we generated a knock-in reporter mouse in which endogenous Cyp11b1l,
the final enzyme in de novo production of active glucocorticoids, was fluorescently tagged with
mScarlet. Here, we find that Cypl1bl is expressed in medullary TECs (mTECs) but not cortical
TECs or other cells in the thymus. A distinct characteristic of mTECs is the presence of Aire,

a transcription factor that drives expression of tissue-restricted antigens (TRASs) important for
establishing immune tolerance. Cyp11b1 expression was highest in Aire* mTECs, lower in post-
Aire mTECs, and absent in mTECs of A/re-deficient mice. Transcriptomic analyses found that
multiple enzymatic biosynthetic pathways are expressed specifically in mTECs and are also Aire
dependent. In particular, we found that the thymus expresses messenger RNA for enzymes that
catalyze production of many bioactive steroids and that glucocorticoids and sex steroids were
secreted by cultured thymi. Expression of the transcripts for these genes and production of their
final steroid products were markedly reduced in the absence of Aire. Thus, in addition to its
well-established role in inducing TRAS that promote negative selection, Aire has an additional and
contrary function of inducing glucocorticoids that antagonize negative selection, which together
may expand and enhance the TCR repertoire. Furthermore, because Aire drives expression of
multiple enzymes responsible for production of other non—-gene-encoded bioactive molecules, it
might have yet other roles in thymus development and function.
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INTRODUCTION

Glucocorticoids are cholesterol-derived steroid hormones that circulate in the blood to act
on cells and tissues throughout the body and have pleiotropic functions in organismal
development and the control of metabolism, immunity, and stress responses (1). De novo
biosynthesis of glucocorticoids occurs via a cascade of cytochrome P450 and dehydrogenase
enzymes that concludes with the final and critical enzyme Cypl1bl. Historically, the

sole source of systemic glucocorticoids was thought to be the adrenals (2). However,

in 1994, thymic epithelial cells (TECs) were identified as cells capable of synthesizing
glucocorticoids (3). This prompted an investigation of how locally produced glucocorticoids,
acting in a paracrine manner, might affect thymocyte development. Thymocytes undergo

a process of random T cell antigen receptor (TCR) recombination that generates a

huge repertoire of specificities that allow the adaptive immune system to recognize and
respond to almost any possible pathogen. However, strongly autoreactive or nonfunctional
TCRs must be purged to ensure self-tolerance and effective T cell responses. This
antigen-specific selection occurs when thymocytes with subthreshold TCR signaling in
response to self-peptide:major histocompatibility complex (MHC) die by neglect, those

with moderate signaling survive (positive selection), and those with strong signaling die

by apoptosis (negative selection). This process begins in the thymic cortex, where CD4*8*
[double positive (DP)] thymocytes are tested against ubiquitous self-peptides and specific
thymoproteasome-, cathepsin L—, and thymus-specific serine protease (TSSP)—generated
peptides presented by cortical thymic epithelial cells (cTECs), which appear to function
primarily in positive selection (4-9). Antigen-signaled DP thymocytes up-regulate TCR
levels (DP TCRM), migrate to the thymic medulla, and become CD4*CD8~ or CD4"CD8*
[single positive (SP)] thymocytes. Ectopic expression of tissue-restricted antigens (TRAS) by
thymic medullary epithelial cells (mTECS) ensures negative selection of cells bearing TCRs
with high affinity for self (10, 11). The surviving SP thymocytes mature, exit the thymus,
and comprise the peripheral T cell repertoire.

The thymic stroma expresses the full suite of enzymes needed to synthesize glucocorticoids
de novo from cholesterol (3, 12, 13). The in vitro finding that glucocorticoids inhibit
TCR-induced apoptosis led to the hypothesis that they might antagonize negative selection
and allow the survival of positively selected cells that otherwise would die (14, 15).

This was confirmed by generating mice with FoxnI-Cre-mediated conditional deletion

of Cyp11b1. The resulting TEC-specific Cyp11b1 knockout mice had an altered T cell
antigen-specific repertoire that resulted in diminished T cell responses to peptide antigens
and alloantigen in vitro and impaired immunity to viral infections in vivo (16). Epithelial-
derived glucocorticoids do not signal throughout the thymus, as might be expected for
lipophilic steroid molecules, but instead are targeted specifically to antigen-signaled DP
TCRN thymocytes (17). Thus, targeted glucocorticoid synthesis and signaling within the
thymus antagonizes TCR signaling to promote thymocyte survival and strengthen the TCR
repertoire (18). Glucocorticoid synthesis by thymocytes has also been reported (19, 20),
although this was not corroborated by others (21, 22), and thymocyte-specific Cyp11b1
deletion had no effect on thymocyte development or T cell responses (16).
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Although the impact of de novo glucocorticoid synthesis on antigen-specific thymocyte
development is clear, it is unknown whether synthesis occurs in cTECs, thus altering
positive selection by distinct cTEC-generated antigens, or in mTECs, altering negative
selection by Aire- and Fezf2-driven TRAs. Because the glucocorticoid-signaled DP TCRP
stage is a very brief period in thymocyte development and occurs at a transitional point
when cells traffic from the cortex to the medulla, either thymus compartment, or both, could
be the site of glucocorticoid synthesis. However, synthesis in the cortex versus medulla
would result in glucocorticoid-promoted tolerance to a very different set of antigens. In the
cortex, this would increase the range of positively selected TCRs, increasing the diversity
of TCRs that progress to the medulla, while leaving the signaling thresholds for negative
and agonist selection unaltered. In the medulla, this would instead increase the degree

of TCR self-reactivity destined for inclusion in the mature repertoire and perhaps also

shift signaling thresholds for agonist selection. At a more fundamental level, targeted
glucocorticoid synthesis and signaling are a distinct mechanism of steroid signaling, and

it is unclear how such targeted glucocorticoid synthesis can occur, because glucocorticoids,
like other steroids, diffuse freely across membranes and are not obviously stored in vesicles
for targeted release [but see (23)].

This study aimed to identify which TEC subsets, and potentially other cells in the thymus,
synthesize glucocorticoids and how this synthesis is regulated. We found that de novo
glucocorticoid synthesis is specific to mTECs and requires Aire. Unexpectedly, a large
number of enzymes involved in the synthesis of many steroids and other biologically active
compounds was also found to be Aire dependent, indicating that Aire has important roles in
addition to driving the expression of TRAs.

A Cypl1lbl Kl reporter mouse allows detection of glucocorticoid-synthetic tissues

Glucocorticoids are synthesized de novo from cholesterol via the stepwise activity of

a transporter (StAR) and four enzymes (Cypllal, 3p-HSD, Cyp21lal, and Cypllbl)

(Fig. 1A). Cyplibl is required solely for the biosynthesis of glucocorticoids, whereas
upstream enzymes also function in the biosynthesis of progestins, androgens, estrogens, and
mineralocorticoids (24). Furthermore, Cyp11b1 is responsible for conversion of inactive
precursors (11-deoxycorticosterone in mice and 11-deoxycortisol in humans) to active
glucocorticoids (corticosterone in mice and cortisol in humans). Cyp11b1 is thus the
definitive mammalian glucocorticoid-synthetic enzyme (24). Mice have more than 100
protein-coding CYP (cytochrome P450) family genes (25), and many of these are highly
conserved, complicating immunodetection of Cypl11bl. We tested a panel of anti-Cyp11bl
antibodies using human embryonic kidney (HEK) 293T cells overexpressing a green
fluorescent protein (GFP)-tagged or a Myc-FLAG-tagged mouse Cypl1bl fusion protein.
Using flow cytometry, only one antibody gave a Cypl1b1-specific signal, and this was very
weak, with a ~30-fold range in Cyp11b1CFP fluorescence corresponding to a twofold range
in anti-Cyp11b1 fluorescence (fig. S1A). Western blotting was also unsuccessful, with none
of the antibodies giving Cypl1bl-specific signals (fig. S1B). Anti-Cyp11b1 staining also
gave equivalent fluorescence in adrenal cells from control and Cyp11b1-deficient mice, as
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detected by flow cytometry (fig. S1C). These results were not due to protein inaccessibility,
because an overexpressed Cyp11b1MYS-FLAG fysion protein was readily detected by anti-
FLAG staining using immunoblotting (fig. S1B) and flow cytometry (fig. S1D). Mass
spectrometric analyses of purified cTEC and mTEC also failed to detect Cyp11bl protein
(26).

Because antibody staining and mass spectrometry were inadequate for identification of
Cyp11bi-expressing cells, we used CRISPR-Cas9 targeting to generate mice expressing
an mScarlet-tagged Cyp11b1 fusion protein knocked into the endogenous Cyp11b1 locus
[Cyp11b1mseartet knock-in (KI) mice] (Fig. 1B). Cypllbimscartet ylleles were verified by
polymerase chain reaction (PCR) (fig. S2A), and mScarlet fluorescence was detectable
by microscopy in the adrenal cortex (fig. S2B). Unlike Cypl1bl-deficient mice (16),
Cyplibimscarlet homozygous mice had normal adrenal mass, spleen mass (fig. S2C), and
plasma corticosterone responses to a stressor (fig. S2D), demonstrating that the mScarlet
tag did not affect Cypl11bl function. Flow cytometric analysis of trypsin-digested tissues
confirmed that mScarlet-expressing cells were present in the adrenals but were undetectable
in brains, livers, and lungs (fig. S2E).

MTECs are the source of de novo glucocorticoid synthesis

To identify the cellular source of thymus glucocorticoids, we used flow cytometry to
quantify Cypl1lbimscarlet flygrescence in different thymus cell subsets of the K1 mice.
Thymic lobes of 1- to 2-week-old were minced and digested, and a portion were enriched
for epithelial cells over a Percoll gradient to obtain sufficient TECs for analysis. Consistent
with most previous analyses of glucocorticoid production (3, 12, 13, 16, 17) [but see (19,
20) for exceptions], the detection of Cyp11b1mScarlet wag restricted to TECs, with no signal
detected in thymocytes or CD45* MHCII* antigen-presenting cells (APCs) (Fig. 1, C and
D). Given that cTECs and mTECs have different functions in thymocyte development, we
distinguished these based on the staining of Ly51 and Ulex europaeus agglutinin | (UEA-1),
with cTECs being UEA-1"Ly51* and mTECs being UEA-1*Ly51" (fig. S3, A and B).
Cells expressing high levels of Cyp11b1mScarlet (mScarleth’) were nearly all UEA-1*Ly51~
mMTECs (Fig. 1E and fig. S3C). This same pattern was observed in thymi at embryonic day
18.5 (fig. S3, D and E). Fluorescence microscopy of 2-week-old mouse thymic sections
found Cypl1lbimScarlet flyorescence colocalized with UEA-1 in the medulla but not with
Ly51 in the cortex (Fig. 1F). These results identify mTECs as the major thymus cell
expressing Cyp11b1 and capable of de novo glucocorticoid production.

We undertook transcriptomic analyses of Cyp11b1 and upstream genes involved in steroid
biosynthesis. Bulk RNA sequencing (RNA-seq) analysis of various thymus cell subsets,
acquired from the ImmGen database (27), showed that the full cascade of genes needed

for de novo glucocorticoid synthesis is expressed in TECs and not thymocytes (Fig.

1G). Steroid-efflux transporter genes, which actively export glucocorticoids across cell
membranes and may increase or spatially direct secretion, were also expressed by TECs
specifically (fig. S3F), consistent with their targeted delivery of paracrine glucocorticoids

to TCR-signaled DP thymocytes (16, 17). RNA-seq data from sorted TEC subsets were
analyzed to compare expression patterns within mTEC subsets, and glucocorticoid-synthetic
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enzymes were primarily expressed in mTECN cells (Fig. 1H). Reverse transcription
quantitative PCR (RT-gPCR) showed that whole thymus Cyp11b1 expression was also lost
in RagZ~'~ mice in which the thymic medulla was underdeveloped because of a lack of
thymocyte-derived receptor activator of NF-xB ligand (RANKL), which mTECs depend
on for differentiation (fig. S3G) (28). These findings suggest that mTECs express the full
enzyme cascade required for de novo glucocorticoid synthesis.

Cyplib1lis expressed in Aire™ and post-Aire mTEC cells and decreases with age

To further identify characteristics of Cyp11b1-expressing cells, we analyzed single-cell
transcriptomic data. Cyp11b1 transcripts were not detectable in datasets obtained from total
mouse TECs (29, 30), mouse cTECs (29, 30), or human TECs (31) but were detectable in
sorted mouse Pdpn~ CD104~ mTEC! cells. This cell sample contained Aire-expressing
mTECSs but was particularly enriched for post-Aire mTECs (32). Although Cypl11bl
transcripts were only detectable in a small number of cells, which may be in part because
mMTEC!® cells were analyzed, these were all located in the same mTEC cell cluster (Fig. 2A).
The primary identifying characteristic of this mTEC cluster was expression of A/re (Fig. 2A)
and genes involved in antigen presentation (data file S1). Analysis of differentially expressed
genes in this cluster compared with all other clusters showed that AJre, Cd40, H2-DMa,
H2-DMb1, H2-DMb2, H2-Eb2, H2-M3, H2-Oa, H2-0Ob, and H2-Q10were among the top
overexpressed genes. This cluster also had the greatest expression of other genes involved

in glucocorticoid synthesis (fig. S4A) and was the only cluster in which all glucocorticoid
synthesis genes were expressed (fig. S4B), with the exception of Cyp21al, which was not
detected in any cells. Confocal imaging confirmed that whereas most Aire* TECs do not
express Cypllbimscarlet at Jeast half of the Cypl1b1mScarlet expressing TECs also express
Aire (Fig. 2, B and C). Furthermore, purified mScarlet* mTECs and mScarlet™ mTECs had
similar levels of Aire gene expression by RT-gPCR (fig. S4C).

Aire expression in mTECs decreases as the cells mature. Endstage maturation of a large
fraction of post-Aire mTECs resembles that of keratinocytes, with down-regulation of Aire
expression and up-regulation of keratin 10 expression, making keratin 10 a suitable marker
for late and post-Aire mTECs (33). Confocal imaging showed that Cyp11b1mScarlet \yag
indeed present primarily in early Aire (Aire* keratin 107), late Aire (Aire* keratin 10%), and
post-Aire (Aire” keratin 10%) mTECs (Fig. 2, D and E). Flow cytometry analyses similarly
found that the majority of Cyp11b1mScarlet was found in Aire* or keratin 10* post-Aire cells,
with a smaller fraction in Aire™ keratin 10~ cells (Fig. 2, F and G). Further examination

of single-cell RNA-seq data found that Cyp11b1 transcripts were absent from the diverse
peripheral tissue “mimetic” mTEC cell subsets that compose the post-Aire compartment
(e.9., tuft cells, neuroendocrine cells, and keratinocytes) (fig. S4B) (32). Both confocal
microscopy and flow cytometry analyses confirmed that Cyp11b1mScarlet yyas absent in
thymic tuft cells (fig. S4, C to E). A limited number of other post-Aire mTECs may still
retain Cyp11b1 protein, but none appears to actively express detectable CypZ161 mRNA.

Because thymic glucocorticoid production declines with age (3, 34), we examined thymi of
mice at 2 weeks and 4 to 7 weeks. At all ages, Cyp11b1mScarlet was almost exclusively
found in mTEC:s (fig. S5, A to D), although the frequencies of Aire* mTECs and
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Cypl1bimscarlett mTECs decreased with age (Fig. 2, H and 1). Together, these data suggest
that Aire may drive de novo glucocorticoid synthesis in the thymus.

Aire is necessary for mTEC glucocorticoid synthesis

To determine whether Aire is indeed upstream of mTEC glucocorticoid production, we
analyzed bulk transcriptomes of wild-type (WT) versus Ajre”’~ mTECs (35). We also
analyzed WT versus FezfZ/~ mTECs (36), because Fezf2 also directs promiscuous
expression of TRA genes. Ajre deficiency caused a reduction in gene expression of all
glucocorticoid synthetic enzymes with the single exception of CypZ2ial, which converts
progesterone to deoxycorti-costerone and was reduced only 20%. Of note, Star, Cyplial,
Hsa3b1, and Cyp11b1 transcripts were nearly absent in Ajre”/~ mTECs (Fig. 3A). In
contrast, Fezf2 deficiency caused a moderate reduction in several of the same enzymes

but increases in others (Fig. 3B). More detailed transcriptomic analysis of mTEC subsets
(37) similarly found that expression of Cyp11b1, as well as the upstream glucocorticoid-
synthesis genes Cypllal, Hsd3b1, and Hsd3b6, was found only in Aire* mTECs and

that this expression was lost in mTECs of Aire-deficient mice (Fig. 3C and fig. S6A).
Nr5al and Nr5a2, which encode steroidogenic factor 1 (SF-1) and liver receptor homolog-1
(LRH-1), respectively, are both capable of driving expression of full glucocorticoid-synthetic
programs (38), and expression of Nr5a within mTECs was Aire dependent. This raises

the possibility that coordinated expression of all glucocorticoid-synthetic enzyme genes
within individual cells is due to Aire-driven expression of an upstream regulator that ceases
to function in post-Aire mTECs. Gene expression profiles generated by deep sequencing

of 174 mTECs (37) allowed detection of most glucocorticoid-synthetic enzymes in one

or more cells. Although individual enzyme transcripts were detectable in only 0.6 to 7%

of mTECs, we found that glucocorticoid-synthetic enzyme genes were substantially more
likely to be coexpressed with one or more other enzyme genes than they were with TRA
genes (Fig. 3D). Consistent with this, sorted mTECs with high, intermediate, or no mScarlet
fluorescence had high, intermediate, and low expression of multiple steroidogenic enzyme
genes, respectively (fig. S6B). These results suggest that there is coexpression of the full
steroidogenic enzyme cascade within individual mTECs.

To determine whether Cypl1bl protein expression itself was affected by loss of Aire,

we generated Cypllb1mscarlet Ajre=I= mice. Cypl1bimScarlet expression was indeed lost

in Ajre-deficient mTECs as detected by flow cytometry (Fig. 3, E and F). The loss of
Cypl1bimscarletjn mTECIO cells of Ajre-deficient mice is consistent with these being
post-Aire mTECs. Loss of CypllbimScarletjn Ajradeficient thymi was also detected by
immunofluorescence microscopy (Fig. 3G and fig. S6C), whereas expression in the adrenals
was unaffected (fig. S6D). To test whether Aire is the lynchpin for thymus glucocorticoid
synthesis, we quantified total thymus gene expression by RT-gPCR and found that Cyp11b61
mRNA was almost completely lost in Aire™'~ thymi (Fig. 3H). Thymus expression of

the glucocorticoid-responsive gene 7s5¢22d3 (encoding Gilz) was also reduced in thymi of
Aire”"~ mice to a similar extent as in thymi of Cyp11bI-deficient mice (fig. S6E) (16).
Correspondingly, Aire™/~ thymi produced much less corticosterone in vitro (Fig. 3I), similar
to the decrease found in thymi with TEC-specific Cyp11b1 deletion (fig. S6F). In contrast,
TEC-specific ablation of Fezf2had no effect (fig. S6E). The small residual amounts of
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corticosterone from AJre™/~ thymi can be accounted for by metabolic reactivation by
thymocytes via Hsd11b1 (22). Together, these data show that Ajre expression in mTECN
cells drives glucocorticoid synthesis in the thymus.

Aire drives mTEC biosynthesis of multiple steroids and other hormones

The Aire-dependent enzymes upstream of glucocorticoid production (e.g., Star, Cypllal,
Hsd3b1, and Hsd3b6) are also involved in the generation of other steroid hormones that
mMTECs are not known to produce (fig. S7A) (24). To determine whether mTECs are
responsible for thymic production of these active products, single-cell mTEC transcriptomic
data (32) were analyzed for expression of genes needed for the synthesis of progestins,
androgens, estrogens, and mineralocorticoids. The same Aire-expressing cell cluster that
expressed the full cascade of glucocorticoid biosynthetic genes also expressed Hsd3b1,
Hsd3b6, Hsd17b3, and Cypl9al, genes that encode critical enzymes in the progestin,
androgen, and estrogen pathways (Fig. 4A and figs. S4A and S7A). Cyp11b2, encoding

the critical enzyme for mineralocorticoid synthesis, was only detectable in one cell, but this
was also in the same cluster. To test whether these pathways were also Aire dependent,

we analyzed bulk WT versus Aire”’~ mTEC gene expression (37) of the pathways for
progestins, corticosteroids, androgens, and estrogens. Most of the genes in each pathway
were expressed in an mTEC-specific and Aire-dependent manner (Fig. 4B). To confirm that
no other thymus cell subsets were substantial contributors, we next performed RT-gPCR on
whole thymus lobes from WT and Aire/~ mice. Expression of the steroid synthetic enzyme
genes Hsd3b1, Hsd3b6, Cyplibl, Cypllb2 Srd5aZ, and Cypl9al was almost completely
lost in Ajre”~ thymi. As a control, we examined the expression of the well-established
Aire-dependent TRAs /ns2and Spt1 and found that they were decreased to a similar

extent (Fig. 4C). To determine whether the expression of these transcripts correlated with
enzyme activity, we cultured minced thymus lobes for 72 hours and assayed supernatants
for the presence of the major bioactive sex steroids progesterone, testosterone, and estradiol.
Cultured WT thymi were able to generate all three, whereas Aire/~ thymi exhibited greatly
reduced production (Fig. 4D).

Thymocyte development, activation, and selection are processes that integrate signals from
multiple non—-gene-encoded, enzyme-generated molecules, including steroids (39), retinoids
(40), oxysterols (41, 42), catecholamines (43), eicosanoids (44), and aryl hydrocarbon
receptor ligands (45). We reasoned that Aire might also drive expression of multiple
ligand-generating biosynthetic enzyme cascades, generating other signal molecules that
could operate in thymocyte development. Differential Pathway Perturbation analysis (46)
was used to compare bulk Aire* and Aire”~ mTEC transcriptomes (37) and identify
biosynthetic pathways that were severely altered in the absence of Aijre expression. Multiple
pathways that function in the generation of enzyme-generated signaling molecules were
altered, including biosynthesis of eicosanoids, retinoic acid, thyroid hormones, and all major
classes of steroid hormones (fig. S7B). We further analyzed gene expression in the pathways
that have known function in thymocyte development. Specifically, gene expression ratios

of mTEC:cTEC and Aire*/Aire™~ mTEC cells were used to identify mTEC-specific and
Aire-dependent pathways. Complete expression of metabolic pathways needed to synthesize
steroids (androgens, estrogens, corticosteroids, and progestins), prostaglandins, retinoids,
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thyroid hormone, and catecholamines was mTEC specific and Aire dependent (Fig. 4E).
In contrast, expression of the cholesterol biosynthetic pathway, required for basal cell
functions, was largely unaltered (fig. S7, C and D). Therefore, Aire not only is responsible
for driving synthesis of steroids but also drives mTEC synthesis of a large number of non-
gene-encoded biologically active products.

DISCUSSION

Steroids function largely as systemic hormones, with glucocorticoids and mineralocorticoids
being secreted by the adrenals and progestins, androgens, and estrogens secreted by the
gonads. Glucocorticoids can also be synthesized in peripheral tissues such as the thymus

(3, 16), intestine (47), and skin (48). These autonomously generated glucocorticoids act in

a paracrine fashion, signaling other cells in the nearby environment. In the gut, Cypl1bl

is expressed in intestinal epithelial cells (47) and is up-regulated in response to immune
activation, particularly the proinflammatory cytokine tumor necrosis factor (49). Local
induction of and signaling by glucocorticoids result in potent immunosuppression that
mitigates the damaging effects of excessive inflammation while avoiding the costs that
would be incurred by adrenal glucocorticoid production and systemic metabolic changes
and immunosuppression (50). In the skin, Cyp11b1 is expressed in keratinocytes and
up-regulated in response to inflammatory signals (51). Keratinocyte Cypl1bl-dependent
production of glucocorticoids inhibits spontaneous inflammation and, in particular, reduces
psoriatic inflammation and contact hypersensitivity (51), similar to Cyp11b1 function in

the intestine. Paracrine glucocorticoid signaling is thus an adaptation that allows spatially
targeted glucocorticoid immunosuppression and perhaps other functions, while avoiding the
global effects of systemic glucocorticoid elevation.

In the thymus, the first identified source of extra-adrenal glucocorticoid synthesis, initial
studies found that steroids were produced by radioresistant stromal cells (3, 13). Blockade
of glucocorticoid synthesis or reduction in thymocyte glucocorticoid receptor (GR) levels
resulted in the antigen-specific loss of thymocytes that would otherwise be positively
selected (52, 53). The importance of glucocorticoids in selection was confirmed with
thymocyte-specific knockout of the GR, which resulted in altered antigen-specific selection
and impaired peripheral immune responses (39). The source of the glucocorticoids, thymus
or adrenal, was addressed using epithelial cell-specific deletion of Cyp11b1. The resulting
immune phenotype was similar to that of the thymocyte GR knockout, demonstrating

that locally produced, paracrine glucocorticoids were essential to thymocyte selection

(16). Because Cyp11bl deletion was targeted using Credriven by the Foxn1 promoter,
deletion occurred in both cTEC and mTEC, so the cellular source and thymic location of
glucocorticoid synthesis remained undetermined. In the present study, a Cyp11b1 reporter
mouse was created to address this issue, and it was found that Cyp11b1 is expressed
exclusively in mTECs. This specificity was explained by the finding that expression of
Cypllbl, as well as that of upstream enzymes in the glucocorticoid synthetic pathway, was
dependent on the transcription factor Aire, which in the thymus is expressed by mTECs only
and not by other cell types.

Sci Immunol. Author manuscript; available in PMC 2023 December 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Taves et al.

Page 9

Aire is a central component in the generation of an adaptive immune system and is present
across vertebrates from bony fish to mammals (54). The hallmark of adaptive immunity,
random generation of distinct antigen receptors by developing lymphocytes, inevitably
generates autoreactive specificities that must be purged from the repertoire. Removal

of autoreactive thymocytes by negative selection is primarily mediated by self-antigen—
bearing mTECs and dendritic cells present in the corticomedullary junction and medulla.
MTECSs express Aire, which drives ectopic gene expression of about 4000 tissue-restricted
genes. In cooperation with other transcription factors, this results in TEC expression of
more than 19,000 gene products, the most of any cell type (37). Ectopic expression of
tissue-restricted gene products ensures that thymocytes are tested against antigens that are
normally expressed only outside of the thymus. Thymocytes overly reactive to antigens
expressed at specific sites, such as the eye or pancreas, will thus be eliminated. Mutations
in Aire that impair its function result in survival of such autoreactive cells (10), causing
systemic autoimmunity in mice and humans, in the latter termed autoimmune polyendocrine
syndrome type 1. Rather than acting by binding a specific DNA consensus sequence, Aire
is thought to regulate gene expression by a variety of nonspecific activities, including

the release of stalled polymerases (55), activation of superenhancers (35), and control of
open chromatin (56). Although most work on Aire has focused on TRA as mediators of
negative selection, it has also been shown to have another important role in up-regulating
expression of chemokines, including XCL1 and CCL5. mTEC expression of XCL1 is
important for recruitment of dendritic cells to the thymic medulla and effective generation
of thymic T regulatory cells (Tregs). In the absence of Aire-driven XCL1, a lack of Tieg
results in spontaneous autoimmunity, especially of the lacrimal glands (57). Aire-dependent
expression of CCL5 and other ligands of CCR4 and CCR7 promotes normal thymocyte
migration into the medulla (58). The production of steroids and other non—-gene-encoded
molecules found in this report indicate an additional function of Aire. Whereas Aire
affects development and survival by promoting negative selection (10, 11), Aire-driven
mTEC-synthesized glucocorticoids antagonize signals generated by the TCR, altering a
thymocyte’s perceived strength of signaling and increasing the affinity for peptide:MHC that
is required to induce negative selection (16, 17). In this way, Aire could be considered to
have opposing effects on selection: induction of negative selection against TRAS on one
hand and antagonism of negative selection by glucocorticoids on the other. These functions
might work in concert to optimize fitness of the TCR repertoire, with TRAs expanding

the pool of potentially recognized antigens and glucocorticoids regulating the threshold of
TCR affinity for antigen required for survival. Although less studied than glucocorticoids,
the other Aire-dependent mTEC-synthesized steroids identified in this report can also
affect T cell development and T cell responses: Progestins suppress T cell activation and
promote Tyeq immunosuppression (59, 60), androgens inhibit T helper cell 1 (Ty1) (61)
while promoting T2 differentiation and interleukin-10 production (62, 63), and estrogens
promote thymocyte maturation (64, 65) and Tw1 differentiation (66).

The finding that expression of Cyp11b1 is present in mTECs rather than cTECs

also resolves a long-standing question about the spatial coordination of glucocorticoid-
TCR antagonism within the thymus. cTEC-mediated positive selection occurs on
thymoproteasome-, cathepsin L—, and TSSP-generated self-antigen fragments, which are
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largely distinct from the self-antigen fragments generated in the periphery by constitutive
proteasomes and immunoproteasomes (4-8). The cortex is thus adapted to promote positive
selection of a maximally diverse TCR repertoire (8, 67), although it can also be a site of
negative selection (68). Glucocorticoid antagonism of TCR signaling in the cortex, therefore,
would be expected to also maximize positive selection by reducing the number of negatively
selected TCRs in the cortex. In contrast, glucocorticoid production by mTECs suggests

that antagonism of TCR signaling largely occurs in the context of TCRs recognizing
self-peptides, an environment optimized for negative and agonist selection. This means
glucocorticoids increase the autoreactivity of the TCR repertoire, which might be expected
to increase tonic TCR signaling and perhaps result in a more reactive or “stronger” TCR
repertoire. This is consistent with the reduction in fitness (39) and loss of particular TCR
specificities (69) of GR-deficient T cells.

Although studies of Aire have focused on its role in the ectopic generation of peptides,

those peptides are themselves derived from gene products that have roles in a wide array

of biologic functions. It is perhaps expected, therefore, that the Aire-coordinated expression
of enzymes involved in biosynthetic pathways results in the production of mediators that
affect the thymocytes in their vicinity. Our analyses of single-cell and bulk transcriptomes
suggest that there is coexpression of glucocorticoid synthetic enzyme cascades within
individual Aire-expressing cells, which might be mediated by Aire-dependent expression

of an upstream transcriptional regulator that promotes steroidogenesis. One limitation of

the present study is that we were unable to identify what molecule, if any, performs this
orchestrative function. Identification and manipulation of such a factor, in addition to
providing a mechanistic understanding of enzyme coexpression, would also allow direct
examination of the aggregate effects of mTEC-synthesized steroids—androgens, estrogens,
progestins, mineralocorticoids, and glucocorticoids—on thymus development and thymocyte
selection. Another limitation is the difficulty in linking Cyp11b1 expression in one mTEC to
altered selection outcomes in adjacent thymocytes. Development of steroid sensors and their
use in combination with TCR signaling reporters, such as calcium indicators, might be used
to spatiotemporally link these processes within the thymus.

The present study focused on steroid hormone production, but other Aire-dependent
biosynthetic pathways were identified as well, including those producing other lipid
hormones with known functions in thymocyte development. Oxysterols (Ebi2 ligands)
promote negative selection via increased motility of SP thymocytes within the medulla (42),
multiple eicosanoid species inhibit thymocyte proliferation (70, 71), and retinoids (RAR
and RXR ligands) induce apoptosis via induction of Nur77 and Bim expression (72) and
enhance glucocorticoid signaling in thymocytes (73). Together, these suggest that steroid
generation represents only one example of the antigen-independent functions of Aire in

the thymic medulla. Generation of TEC-specific deletions of enzymes in these and other
pathways would be useful in exploring their individual and combinatorial functions and thus
potentially identify additional roles for Aire in the thymus.
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MATERIALS AND METHODS

Study design

Mice

The main objectives of this study are to (i) identify the cellular source of thymus
glucocorticoid synthesis, (ii) identify upstream molecules controlling synthesis, and (iii)
determine whether glucocorticoids are the only lipid signaling molecules produced in the
thymus or whether there are others. We generated a KI Cyp11b1 reporter mouse expressing
a Cypllbl-mScarlet fluorescent fusion protein to identify glucocorticoid-synthesizing cells
and used a combination of transcriptomic analyses and mutant mouse models to further
identify and perturb gene expression programs within cells of interest. Key reagents used in
the study can be found in table S1.

WT C57BL/6 mice and Fox/NI-Cre-transgenic mice were obtained from the Jackson
Laboratory. Aire-deficient and Fezf270xX/flox mice were gifts of Y. Takahama and N. Sestan,
respectively (57, 74). Fezf2FoxNI-Cre mice were generated by crossing Fezf2" and FoxN1-
Cre mice. Mice were used between embryonic day 18.5 and 7 weeks of age, depending on
the experiment. Embryonic mice were collected from timed pregnancies of 2- to 3-month-
old females. Males were added to the cage and removed after detection of a vaginal plug
(embryonic day 0.5). We did not detect any sex differences in 3- to 7-week mice and
therefore pooled female and male mice for all analyses. Mice were housed on a 12-hour
light/12-hour dark cycle, with ad libitum access to standard chow (NIH-31, Teklad). For
experiments examining tissue steroid production, mice were collected between 10 a.m. and
3 p.m. (Zeitgeiber time 4 to 9). Sample sizes were selected on the basis of previous studies
performed by the laboratory. Mouse genotypes were not randomized, and experimenters
were not blinded. All protocols and procedures were approved by the National Cancer
Institute (NCI) Animal Care and Use Committee (LICB-008) and followed the National
Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals guidelines.

Cyplibimscarlet K| reporter mice

The Cyp11b1mScarlet mice were generated using CRISPR-Cas9 to create a double-strand
DNA break immediately upstream of the Cypl11bl stop codon followed by introduction

of the mScarlet coding sequence by homologous recombination. Single-stranded DNA
(ssDNA) donor was generated as follows: A gBLOCK DNA fragment encoding 997 base
pairs (bp) of mouse genomic sequence directly upstream of the Cyp11b1 stop codon

(left homology arm) was synthesized by Integrated DNA Technologies (IDT) and cloned
into the pLifeAct-mScarlet-N1 plasmid (Addgene, 85054) immediately upstream of the
mScarlet coding sequence using Xho | and Age | restriction sites. A gBLOCK DNA
fragment (IDT) encoding 1270 bp of genomic sequence directly downstream of the Cypl11bl
stop codon (right homology arm) was cloned into the pLifeActmScarlet-N1 plasmid
immediately downstream of the mScarlet stop codon using Sgr Al and Mfe I restriction
sites. Correct assembly was verified by Sanger sequencing, and the fragment containing
mScarlet and flanking homology arms was amplified by PCR and converted to sSDNA
using the Guide-it Long ssDNA Strandase kit (Takara Bio, 632645). Mouse embryos were
injected with Cas9 protein, 2”-modified synthetic short guide RNA (Synthego, AGGCT
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GTGTGACTAGTTGAC), and donor ssDNA. Founders were screened by PCR genotyping
and Sanger sequencing and crossed to WT mice to create the Cyp11b1mScarlet K| reporter
mouse line.

HEK 293T cells were maintained in Dulbecco’s modified Eagle’s medium supplemented
with 10% heat-inactivated fetal bovine serum (FBS), 2 mM L-glutamine, 25 mM Hepes, and
gentamicin (50 mg/ml). Cells were transfected using Lipofectamine 2000 and commercially
available pPCMV6 plasmids encoding mouse Cypl11bl-GFP (OriGene, MG219439) or
Cypllbl-Myc-FLAG (OriGene, MR219439) fusion proteins. Cells were used for analysis
(flow cytometry) 72 hours after transfection.

Flow cytometry

Thymi were dissected into ice-cold phosphate-buffered saline (PBS), and adipose and
connective tissue were removed, transferred into 2 ml of basic medium [RPMI 1640
supplemented with 2 mM r-glutamine, 1 mM sodium pyruvate, 25 mM Hepes, 1x
nonessential amino acids, and gentamicin (50 mg/ml)], and minced into 1-mm3 pieces.
Minced thymi were then transferred into round-bottom 15-ml tubes; supernatants were
removed and replaced with 2 ml of digestion buffer [basic medium supplemented with
Liberase TM (62.5 mg/ml) and deoxyribonuclease | (20 mg/ml)] and stirred gently at 37°C
for 40 min. Tissue fragments were gently aspirated with a wide-bore pipet, dispersed cells
were collected into ice-cold tubes, and enzymes were inactivated with 5 mM EDTA. Fresh
digestion buffer was added to the remaining thymus fragments, which were stirred at 37°C
for an additional 20 min; dispersed cells were combined with the previously collected

cells, and enzymes were inactithrough with EDTA and incubated on ice for 15 min. Cells
were passed a 100-mm strainer and washed with PBS. Postnatal thymus samples were
resuspended in isotonic Percoll (1.115 g/ml), which was overlaid with isotonic Percoll
(1.065 g/ml) and an additional layer of PBS. Epithelial cells were enriched by centrifuging
at 2700 rpm for 30 min at 4°C with brakes off and collection of the interface between the
Percoll and PBS layers. Embryonic thymus cells were not Percoll-separated because of the
small number of cells. Cells from all thymi were washed twice with magnetic-activated cell
sorting buffer (PBS with 5% FBS and 2 mM EDTA), resuspended in fluorescence-activated
cell sorting (FACS) buffer (PBS containing 2% FBS and 0.05% sodium azide), and counted
on a hemocytometer using Trypan blue, and about 5 x 10° cells were aliquoted into FACS
tubes. Cells were resuspended in 100 ml of surface stain mix for 30 min on ice, washed,
stained with fluorophore-conjugated streptavidin or secondary antibodies for 15 min on
ice, washed, and, in some cases, fixed and permeabilized for intracellular staining using
the eBioscience Foxp3 Transcription Factor staining Kit. Intracellular staining was done
overnight at 4°C, cells were washed twice with perm/wash buffer, and cells were kept on
ice or at 4°C until data acquisition. Data were acquired with a BD LSRFortessa or a BD
FACSymphony and analyzed using FlowJo (Tree Star Inc.). Markers used to define cell
subsets are described in the text and figure panels, and mTEC!® and mTECN cells were
distinguished by expression of MHCII, gated on the bottom 30 to 40% and top 30 to 40% of
MHCII fluorescence, respectively.
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Immunofluorescence microscopy

Tissues were dissected into ice-cold PBS and fixed by rocking overnight in 4%
paraformaldehyde at 4°C. Tissues were then washed with PBS for 10 min at room
temperature and cryopreserved by rocking in 10% sucrose in PBS for 1 hour at 4°C, 20%
sucrose in PBS for 3 hours at 4°C, and 30% sucrose in PBS overnight at 4°C. Cryopreserved
tissues were embedded in optimal cutting temperature compound (Tissue-Tek), frozen on
dry ice, and stored overnight at —80°C. Ten- to 20-mm cryosections were obtained at —20°C
on a Leica cryostat, slide-mounted, and dried onto slides by incubating at room temperature
for 15 to 30 min. Dried tissues were rehydrated in PBS for 5 min at room temperature, fixed
in 4% paraformaldehyde for 30 min at room temperature, quenched in 0.1 M glycine in PBS
for 10 min at room temperature, washed three times with 0.1% Tween-20 in PBS (PBS-T)
for 5 min at room temperature, and blocked with 5% BSA in PBS for 60 min at room
temperature. All tissue sections were incubated with Hoechst 33342 (1:1000; Invitrogen) for
5 to 10 min at room temperature in the dark and washed three times with 0.1% Tween-20

in PBS-T. Thymus lobe sections were stained with UEA1-fluorescein isothiocyanate (FITC)
(1:300; Vector), Ly51-Alexa Fluor 647 (1:100; BioLegend), Aire-eFluor 660 (1:500),
Aire—Alexa Fluor 488 (1:250; Invitrogen), and cytokeratin 10 recombinant rabbit (1:100;
Invitrogen) for 1 hour at room temperature; washed three times with PBS-T; stained with
secondary anti-rabbit Alexa Fluor 647 (1:1000; Invitrogen) for 1 hour at room temperature;
washed three times with PBS-T; stained with mScarlet-Atto 565 (1:200; FluoTag-X2,
NanoTag) for 1 hour at room temperature; washed three times in PBS-T; and washed once in
0.5 M NaCl in PBS. All slides were rinsed with PBS and rinsed with water, and coverslips
were mounted with ProLong Glass Antifade Mountant (Invitrogen) and kept overnight at
4°C. Images were acquired on a Nikon SoRa Spinning Disk confocal microscope and
processed using Imaris 9.6.0 software.

Western blot

Cell samples were boiled in SDS sample buffer for 5 to 10 min, and proteins were separated
by SDS—polyacrylamide gel electrophoresis and transferred using a Bio-Rad Trans-Blot
Turbo. Blots were blocked with 5% dried milk, incubated overnight with primary antibodies
against Cypl1b1 (bs-3898R, Bioss) or B-actin (AC-15), and detected with horseradish
peroxidase—conjugated secondary antibodies and enhanced chemiluminescence substrate
(SuperSignal West Dura or SuperSignal West Femto, Thermo Fisher Scientific) using a
ChemiDoc imaging system (Bio-Rad).

Bulk transcriptome analyses

Data comparing steroidogenic enzyme gene expression in thymocytes and TECs were
obtained from the ImmGen database (https://immgen.org) using the Databrowser tool with
Gene Skyline ULI RNA-seq and selecting the subpopulations of interest. Data comparing
steroidogenic gene expression in TEC subsets were obtained from the ImmGen database
using the Databrowser tool with Gene Skyline Microarray and selecting the subpopulations
of interest. For each analysis, the highest expression of a particular gene was set equal to

1, and expression of the same gene in other cell types is presented as a proportion of this
maximal expression.
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Single-cell SMART-seq transcriptomes from 174 isolated mTEC are described in (37).
Coexpression was calculated for each of the five glucocorticoid synthetic genes: Star,
Cypllal, Hsd3b6, Cyp2lal, and Cypl1bl. For a given gene, e.g., Star, the proportion

of coexpression was calculated as the number of Star-expressing cells also expressing one
or more other steroidogenic genes, divided by the total number of Star-expressing cells.
Baseline coexpression was calculated in the same way using the AJre- and Fezf2-dependent
TRA genes /ns1, Fabp9, Krt10, Maoa, Mup4, Respl8, S100a8, and Sptl. For a given

TRA gene, e.g., /ns1, the proportion of coexpression was calculated as the number of /ns2-
expressing cells expressing one of more steroidogenic genes, divided by the total number of
Insi-expressing cells.

Data comparing TEC transcriptomes of WT and Aire”/~ or WT and Fezf2"/~ mice

are described in (35-37). For each analysis, the WT expression of a particular gene

was set equal to 1, and expression of the same gene in mutant mouse strains is

presented as a proportion of WT expression. Aire-dependent expression of biosynthetic
pathways was further analyzed in two complementary ways. First, the complete gene
expression (fragments per kilobase per million mapped fragments) data from Aire*
mTECs and Aire™~ mTECs (37) were imported into MetaCyc (metacyc.org) and
analyzed by calculating differential perturbation pathway scores (DPPS) in which changes
in expression of metabolic pathway genes were used to predict changes in activity

of that metabolic pathway (75). A DPPS score was generated using the formula

DPPS = \/((RPS,2 +RPSZ+ ...+ RPSNz)/N), where RPS; is the maximum differential

expression of genes in one reaction of a pathway with N distinct reactions. Second,

we generated two gene lists, one containing genes whose expression was greater than
threefold higher in Aire* mTECs than Aire™”~ mTECs, and one containing genes whose
expression was greater than threefold higher in mTECs than in cTECs. Both lists were
entered into Database for Annotation, Visualization and Integrated Discovery (DAVID)
(v6.8, david.ncifcrf.gov), and biosynthetic/metabolic pathways independently identified by
both gene sets were used for further analysis. All analyses returned androgen, estrogen, and
corticosteroid biosynthetic pathways as among the most highly altered pathways.

Single-cell RNA-seq analyses

Single-cell RNA-seq data of mouse Aire- and post-Aire mTECs (GSM5831744) were
downloaded from the Gene Expression Omnibus GSE194253 (32). The corresponding
gene matrix, features, barcode, and metadata files were used to create a Seurat Object
through the CreateSeuratObject function. Downstream analysis was performed within the
NIH Integrated Data Analysis Platform (NIDAP) using R programs developed on the
Palantir Foundry Platform (Palantir Technologies). Web-based visualization of the data was
done using a ShinyCell (76) application published on the NIH RStudio Connect Server.
Cells were preprocessed according to unique molecular identifier (UMI) counts, number of
expressed genes, and mitochondrial content; cells having low UMI counts (>500) or low
complexity (<0.8 genes/UMI) were filtered from the data, along with cells whose gene

or mitochondrial content exceeds 3 absolute deviations above the respective medians. The
gene expression data were then normalized using the Seurat sctransform (77) function.
Highly variable genes were summarized by principal components analysis, and the first
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19 principal components were further projected using uniform manifold approximation and
projection (UMAP) (78). Unsupervised clustering was performed using Seurat FindClusters
function. We chose a resolution value of 0.7 to separate cell populations because it
contained a similar number of clusters as those published in the original analysis of this
dataset, and we were interested in obtaining similar cell clusters. Gene expression data

of cells from the sctransform scale.data slot were aggregated and rescaled across clusters
before visualization using the pheatmap function. Differential gene expression analysis was
performed using Model-based Analysis of Single-cell Transcriptomics (MAST) (79). Cell
clusters not mapping to signatures from the original analyses were further analyzed using
the top differentially expressed genes. These genes were then explored in BioGPS to show
tissue-specific expression patterns and identify potential cell types. Correlation analyses
were used to identify cluster-specific enrichment of TRA and non-TRA genes following
previously published TRA and non-TRA gene sets (37).

Reverse transcription quantitative PCR

Thymi were dissected into ice-cold RNAlater and incubated at 4°C for at least 24 hours.
Total RNA was extracted using RNeasy Mini kits (Qiagen), complementary DNA was
synthesized using a SuperScript IV First Strand synthesis kit (Thermo Fisher Scientific), and
gPCR was performed using PowerUp SYBR Green Master Mix (Applied Biosystems) on

a QuantStudio 6 quantitative PCR thermocycler. Gene expression was normalized to 185
RNA, and results are expressed relative to WT thymi.

Ex vivo steroid production

Thymi were dissected into ice-cold PBS, and adipose and connective tissue were removed,
transferred into about 5 ml of steroid-free culture medium [RPMI 1640 supplemented with
10% charcoalstripped heat-inactivated FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, 25
mM Hepes, 0.1 mM nonessential amino acids, and gentamicin (50 mg/ml)], and minced
into 1-mm3 pieces using forceps and scalpel. Fragments were left for at least 10 min to
deplete endogenous steroid substrates and then transferred with forceps to 24-well plates
containing 400 ml of steroid-free culture medium. Samples were cultured for 72 hours at
37°C in 5% CO,, and then supernatants were collected and immediately assayed or stored at
—20°C until assayed for steroids. Steroids were quantified using commercial enzyme-linked
immunosorbent assay (ELISA) Kits (corticosterone, Arbor Assays, K014; progesterone,
Cayman Chemical, 582601, testosterone, Cayman Chemical, 582701; estradiol, Cayman
Chemical, 501890) according to the manufacturer’s protocol, with standards diluted in
steroid-free culture medium. One outlier subject, with all steroid measurements greater than
threefold higher than all other subjects, was omitted from these analyses. Inclusion of this
subject did not alter the results of these experiments.

Statistical analyses

Analyses were performed using Excel, GraphPad Prism, and R, using ftests to compare
two groups or linear mixed-effects models to compare more than two groups with post

hoc pairwise comparison tests as appropriate. Multiple pairwise comparisons applied the
Holm-Sidék correction to control for family-wise error rate at 0.05. Error bars indicate SEM
unless otherwise stated, and significance was set at Z=0.05.
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Fig. 1. Cyp11b1mScarlet k| reporter miceindicate that mTECs are the source of de novo
synthesized glucocorticoidsin the thymus.

(A) Simplified metabolic pathway for de novo synthesis of glucocorticoids in the mouse. (B)
CRISPR-Cas9 targeting strategy to generate Kl reporter mice expressing an mScarlet-tagged
Cyp11b1 fusion protein (Cyp11b1mScarlety A guide RNA was selected to cut at the end

of the last Cyp11b1 exon to induce homology-directed repair with a single-strand DNA
donor containing the mScarlet coding sequence immediately preceding the Cyp11b1 stop
codon. (C) Thymi from 2-week-old WT and Cyp11b1mScarfet K| mice were digested, and
cells were analyzed by flow cytometry (thymocytes: CD45*EpCAM~MHCII"Ly51"UEAL™;
APCs: CD45"EpCAM~MHCII*Ly51"UEAL™; cTEC: CD45~
EpCAM*Ly51*UEAL"MHCII*; mTEC!%: CD45"EpCAM*Ly51 " UEA1*MHCII*; mTECH:
CD45"EpCAM*Ly51"UEA1*MHCIIN). Contour plots show each subset, and numbers
indicate the percentage of cells within the mScarlet* gate. Data are representative of three
independent experiments. (D) Pooled frequencies determined as in (C), presented as mean

+ SEM. (C and D) The data are representative of or show data from seven WT and six
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KI mice, pooled from three independent experiments with 1- to 3-week-old mice. (E) Flow
cytometry contour plots of total CD45"EpCAM*MHCII* TEC isolated from 2-week-old
mice were gated for the absence or presence of mScarlet expression, according to fig. S3B
(mScarlet™ = bottom 70% and mScarlet"i = top 5 to 10% of mScarlet fluorescence), and
evaluated for expression of Ly51 and UEA-1. (F) Thymi from 1-week-old WT and KI mice
were fixed, stained with antibodies against Ly51 (cortex, Alexa Fluor 647), UEA-1 (medulla,
FITC), and mScarlet-Atto 565. Confocal images were taken at x20 magnification, with a
20-pum zstack. Scale bars, 100 pm. The dashed white lines indicate the corticomedullary
junction. Data are representative of two independent experiments, with V=3 WT and 3 Kl
mice. (G and H) Gene expression of glucocorticoid biosynthetic enzymes in thymocyte and
TEC subsets of the thymus. Bulk RNA-seq data were acquired from the ImmGen database,
and each gene is shown relative to its maximum expression level across the analyzed cell
types, as indicated by the color scale. Significance between KI subsets in (D) was tested
using a mixed linear model with follow-up paired Student’s ftests applying Holm-Sidéak
correction for multiple comparisons. *P < 0.05 and **P< 0.01. 3'UTR, 3" untranslated
region.
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Fig. 2. Cyp11b1isexpressed by Aire" mTECsand keratin 10* post-AiremTECs.
(A) Single-cell transcriptomes from sorted Pdpn~ CD104™ mTEC!® (32) were analyzed for

expression of Cypl1b1and Aire, and the relative expression, indicated by the color scale,
was mapped onto a UMAP plot. Numbered populations indicate different cTEC and mTEC
cell populations as defined in fig. S4. (B) Thymi from 1-week-old WT and Cyp11b1mScarlet
KI mice were fixed, stained for Ly51 (cortex), UEA-1 (medulla), mScarlet-Atto 565, and
Aire. Confocal images were taken at x60 oil immersion magnification. (C) Data from 3936
Aire* and/or mScarlet* cells (114 fields from three KI mice) collected as in (B) were
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analyzed for coexpression of Aire and Cyp11b1™Scarlet shown as mean = SEM. (D) Thymi
from 2-week-old KI mice were fixed and stained for Aire (Alexa Fluor 488), keratin 10
(K10, Alexa Fluor 647), and Cyp11b1mScarlet (Atto 565), and confocal images were taken

at x60 oil immersion magnification. (E) Data from 872 Cypl1bimScarlett ce||s (114 fields
from three KI mice) collected as in (D) were analyzed for expression of Aire and keratin

10. (F) Thymi from 2-week-old KI mice were digested, and cells were analyzed by flow
cytometry. Representative contour plots showing mTEC (CD45"EpCAM*UEAL*; left) and
Cypl1bl-mScarlet” MHCIIM mTEC (right) subsets. (G) Pooled data for samples analyzed
as in (F) of 10 KI mice from two independent experiments, presented as mean + SEM. (H)
Thymi collected from 2- and 7-week-old KI mice were digested, and cells were analyzed

by flow cytometry. Representative contour plots show Cyp11b1 expression in MHCII*Aire™,
MHCII*Aire™, and MHCII'°Aire™ mTEC (CD45"EpCAM*UEAL*) cell subsets. (1) Pooled
data collected and analyzed as in (H), from four independent experiments with 2-week-old
(N=14) and 4- to 7-week-old (N = 6) mice, presented as mean £ SEM. Pvalues were
calculated using a mixed linear model analysis (*/~ < 0.05). Significance in (C), (E), (G), and
(1) was assessed using mixed linear models with post hoc paired tests applying Holm-Sidak
corrections for multiple comparisons. *P< 0.05, **P< 0.01, and ***P< 0.001; n.s., hot
significant.
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Fig. 3. Aireisrequired for mTEC glucocorticoid synthesis.

(A) Gene expression of glucocorticoid biosynthetic enzyme genes in mTEC cells of WT
and Aire”'~ mice. Bulk RNA-seq data from Aire”’~ mTEC are shown for each gene relative
to WT expression of the same gene. (B) Gene expression of glucocorticoid biosynthetic
enzyme genes in mTEC cells of WT and Fez£2”/~ mice. Bulk RNA-seq data from Fezf2/~
mTEC are shown for each gene relative to WT expression of the same gene. (C) Expression
of glucocorticoid biosynthetic enzyme genes in bulk mTEC subset samples of WT and
Aire”!~ mice. The expression level of each gene is presented as a proportion of its maximal
expression (1.0) across analyzed cell types as indicated by the color scale. (D) Single-

cell transcriptomes obtained from deep sequencing of 174 mTECs were analyzed for the
coincident expression of glucocorticoid synthesis genes (Star, Cypllal, Hsd3b6, Cyp2lal,
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and Cyp11b1) with each other or with Aire- and Fezf2-dependent TRA genes (/ns1, Spt1,
Mup4, S100a8, Respl18, Rabp9, Krt10, and Maod) in the same cell (see Materials and
Methods for calculation details). Data are presented as means + SEM. (E) Thymi from 2-
week-old WT, KI, and K1 Aire”’~ mice were digested and cells analyzed by flow cytometry.
Representative contour plots show each subset, and humbers indicate the percentage of cells
within the Cypl1b1mscarlet+ gate (F) Data collected and analyzed as in (E), pooled from
two experiments with 2- and 3-week-old mice, presented as means + SEM. Data in (E)

and (F) are representative or pooled from two independent experiments with V=7 WT, 9
KI, and 7 KI Ajre”"~ mice. (G) WT, KI, and K1 Aire™’~ thymi from 1-week-old mice were
fixed, sectioned, and stained for UEA-1 (mTEC, FITC) and Cypl1lbimscarlet (Atto 565).
Confocal images were taken at x60 oil immersion magnification and are representative of
two independent experiments. Scale bars, 100 um. (H) Total RNAwas extracted from whole
thymus lobes of WT and AJre’~ mice, and RT-gPCR was used to quantify Cyp11b1 gene
expression. Expression was normalized to 18 SRNA and is shown relative to WT expression.
Data are pooled from four independent experiments, shown as means + SEM with

=17 WT and 9 Aire”/~ thymi. (1) Thymus lobes were dissected, minced, and cultured

for 72 hours in steroid-free medium. Supernatants were collected, and corticosterone was
quantified by a commercial ELISA kit. Data are pooled from four independent experiments,
with /=19 WT and 11 Ajre”~ thymi. Statistical significance in (D), (H), and (1) was
determined by one-tailed ¢tests and that in (F) was determined by a mixed linear model with
post hoc unpaired ttests applying the Holm-Sidak correction for multiple comparisons. *P <
0.05, **P<0.01, and ***P < 0.001. n.s., not significant.
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Fig. 4. AiredrivesmTEC biosynthesis of multiple steroids and other lipid hormones.
(A) Single-cell RNA-seq analysis of mTEC expression of androgen (Hsd17b3) and estrogen

(Cyp19al) biosynthetic enzymes, with relative expression, as indicated by the color scale,
mapped onto a UMAP plot. Numbered populations indicate different cTEC and mTEC

cell populations as defined in fig. S4. (B) mTEC specificity and Aire dependence of

gene expression in biosynthetic pathways of progestins, corticosteroids (glucocorticoids
and mineralocorticoids), androgens, and estrogens. Relative gene expression in bulk Aire*
versus Aire”’~ mTEC samples is presented to show Aire-dependent expression, and relative
expression in mTECs versus cTECs is presented to show mTEC specificity. Each point
represents one gene in the biosynthetic pathway, and the gray box highlights genes with
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at least twofold higher expression in mTECs versus cTECs and twofold higher expression

in Ajre* vs Aire”’~ mTEC. A large pink point at the top right represents two or more

genes. (C) Total RNAwas extracted from whole thymus lobes of WT and AJre”~ mice, and
RT-gPCR was used to quantify gene expression. /ns2and SptI are Aire-dependent TRA
genes, and others encode steroidogenic enzymes. Expression was normalized to 18 SRNA
and is shown relative to WT expression. Data are pooled from four independent experiments,
shown as means + SEM with A= 17 WT and 9 AJre/~ thymi. (D) Thymus lobes were
dissected, minced, and cultured for 72 hours in steroid-free medium. Supernatants were
collected, and steroids were quantified by commercial ELISA kits. Data were pooled

from four independent experiments, with /= 19 WT and 11 Ajre”'~ thymi. (E) mTEC
specificity and Aire dependence of enzyme gene expression in biosynthetic pathways of
lipid signaling molecules (prostaglandins, retinoic acid, and thyroid hormone) and amino
acid—derived molecules (catecholamines). Relative expression in bulk Ajre* versus Aire =
mTEC samples is presented to show Aire-dependent expression, and relative expression in
MTECSs versus cTECs is presented to show mTEC specificity. The gray box highlights genes
with at least a twofold expression difference on both axes. Statistical significance in (C) was
determined using unpaired ftests with the family-wise error rate set to 0.05 and determined
using the correction of Benjamini, Krieger, and Yekutieli and in (D) using one-tailed #tests.
*P<0.05, **P<0.01, and ***P< 0.001. n.s., not significant.
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