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Abstract

The thymus is critical for the establishment of the adaptive immune system and the development
of a diverse T cell repertoire. T cell development depends upon cell-cell interactions with
epithelial cells in the thymus. The thymus is composed of two different types of epithelial cells;
cortical and medullary epithelial cells. Both of these express, and critically depend on, the
transcription factor Foxnl. Foxnlis also expressed in the hair follicle, and disruption of Foxni
function in mice results in severe thymic developmental defects and the hairless (nude) phenotype.
Despite its importance, little is known about the direct regulation of Foxn expression. In this
study, we identify a cisregulatory element critical for expression of Foxn1 in mouse thymic
epithelial cells, but dispensable for expression in hair follicles. Analysis of chromatin accessibility,
histone modifications, and sequence conservation identified regions within the first intron of
Foxnl that possessed the characteristics of regulatory elements. Systematic knockout of candidate
regions lead us to identify a 1.6kb region that, when deleted, results in a near total disruption of
thymus development. Interestingly, Foxn expression and function in the hair follicle were
unaffected. RNA-FISH showed a near complete loss of FoxnI mRNA expression in the embryonic
thymic bud. Our studies have identified a genomic regulatory element with thymic-specific control
of Foxnl gene expression.
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Introduction

The thymus is essential for T cell development. The thymus recruits lymphoid progenitors
from the bone marrow that settle within the thymus and give rise to T cell progeny. T cell
development requires interactions of T cell precursors with multiple cell types, including
dendritic and epithelial cells. Two thymic epithelial cell (TEC) subsets play distinct roles in
T cell development (1-6). Interactions with cortical TEC (cTEC) result in positive selection,
after which selected T cell precursors migrate to the medulla. Subsequently, high affinity
interactions with self-peptide processed and presented by medullary TEC (mTEC) or
presented by dendritic cells mediate negative selection or differentiation into regulatory T
cells (Tregs) (5, 7). This critical process prevents the development of self-reactive T cells
that would result in autoimmune syndromes. Naive T cells that pass both positive and
negative selection emigrate from the thymus into the periphery to protect the host. A fully
formed and functional thymus and its TEC compartments are therefore critical to the
development of a self-tolerant and diverse T cell repertoire.

Foxnl1 was first discovered by a spontaneous mutation in the third exon of Foxnz resulting in
the nude mouse (8, 9). Foxnl is expressed in the hair follicle and in TEC and, consequently,
the nude mouse is hairless and possesses a rudimentary thymus that is non-functional (10,
11). The thymus is endodermally derived and arises from the third pharyngeal pouch. Foxnl
expression initiates as early as E9.5 in the third pharyngeal pouch in the mouse embryo and
precedes the differentiation of the thymus epithelium (8). Both TEC types derive from a
common bipotent progenitor (12, 13). While these progenitor cells are maintained in the
nude mouse, differentiation of these precursor cells into the cTEC and mTEC lineage is
blocked (13, 14).

Foxnlis important postnatally for the maintenance of thymus function. FoxnZ is not only
critical for the expansion and differentiation of TEC, but also for inducing and maintaining
the expression of genes critical for the development of T cells, including D//4, Cxc/12, and
Ccl25(15). Declining Foxnl expression is thought to contribute to thymic involution; the
age-related reduction of thymus size and the reduction of naive T cell output (16-19).
Postnatal expression of Foxn1 is critical for the maintenance of TEC, and overexpression in
older mice can reverse age-related thymic involution (16, 17, 20, 21). Mutations in the
human FOXNI gene result in similar phenotypes wherein the patient exhibits congenital
alopecia and severe combined immunodeficiency syndrome (22). Study of the regulation of
Foxnl expression is therefore important to the identification of disease-related variants in
humans, and as a way to further understand the loss of TEC populations with age, leading to
the decline of thymus function.

Gene regulation is controlled by both proximal and distal cis-regulatory elements (RES).
Active genomic REs can be characterized by histone modifications including acetylated
lysine 27 of histone 3 (H3K27ac), methylated lysine 4 of histone 3 (H3K4mel), and
chromatin accessibility (23, 24). These elements are also highly conserved (25). Through the
examination of chromatin characteristics consistent with active REs, we have identified a
highly conserved 1.6kb region of the 14.5kb first intron of FoxnZ that is absolutely critical
for Foxn1 expression in TECs. Deletion of this element results in the complete abrogation of
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thymus development and T cell development. Interestingly, this region is not required for
hair morphogenesis and Foxn1 expression in keratinocytes is unaffected. We have therefore
identified the first thymus-specific RE essential for expression of Foxnin TEC.

Materials and Methods

Mice

Nude mice were purchased from The Jackson Laboratory (Stock No: 000819). gRNAs used
to generate the RE knockout mice were designed using the crispr.mit.edu website. The
injection strategy to generate each mutant mouse is outlined in Figure S4B. The gRNA
targeting sequence (Fig. SAC) was cloned into a plasmid containing the full gRNA backbone
and T7 promoter. gRNAs were transcribed using the MEGAshortscript T7 Transcription Kit
(ThermoFisher Scientific). Microinjections to generate knockout mice by CRISPR-Cas9
were performed by the Transgenics/Cryopreservation — Laboratory Animal Sciences
Program NCI core on a C57BL/6NCr background. The genomic coordinates of each
deletion are provided in Figure S4D.

Mice used in flow cytometry experiments were 4-8 weeks old and of either sex. The ages of
embryonic mice are specified with EQ.5 being noon of the day of the discovered plug.
Animal procedures were approved by relevant National Institutes of Health Animal Care and
Use Committees.

Tissue preparation

Thymus and spleen were dissected into RPMI (ThermoFisher Scientific) containing 5%
NCS (Atlanta Biologicals) and mechanically teased with forceps to acquire a single-cell
suspension. Splenocytes were treated with ACK Lysing Buffer (Lonza) for 3 minutes on ice
to eliminate red blood cells. When analyzing thymic epithelial cells, single-cell thymic
suspensions were enzymatically digested with Liberase TM (63ug/ml; Roche) and DNase |
(20ug/ml; Roche) for 40 minutes shaking at 37°C. Following digestion, epithelial cells were
enriched by centrifugation in a Percoll (GE) gradient. The cell suspensions were then further
processed and stained as described below.

Epidermal cell suspensions were prepared from mouse back skin. Hairs were shaved, and
skin samples were placed in PBS on ice. After mechanically removing subcutaneous tissue,
samples were floated on 10 ml of 0.15% trypsin and 0.75 mM EDTA (a mixture of 5 ml of
0.25% Trypsin-1mM EDTA and 5 ml of 0.05% Trypsin-0.5mM EDTA) (Gibco) and were
incubated at 37°C for 45 minutes. The epidermis was then gently scraped off with forceps
into PBS containing 2% FBS. Cell suspensions were further mechanically dissociated with a
50 ml syringe (Covidien) and then filtered through a sterile 100 pm cell strainer (BD). The
cells were washed with PBS containing 2% FBS and filtered through a 40 um cell strainer
into a new 50 ml conical tube. Hair follicles in anagen phase penetrate through the dermal
layer and extend into the hypodermis and can be macroscopically identified from the
hypodermal side of the skin. Growing portions of anagen hair follicles were dissected out
with scissors and incubated for 30 minutes in a mixture of 0.15% trypsin, 0.75 mM EDTA
and 1 mg/mL of Liberase TM (Roche).
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Livers were mechanically dissociated through 70 um filters and centrifuged at 400 g for 5
minutes. Following aspiration of the supernatant, the pellet was resuspended in 10 ml of
37.5% Percoll and then centrifuged at 800 g for 10 minutes. The supernatant was aspirated
and the cells were resuspended in complete RPMI containing 10% FBS.

For the isolation of lung lymphocytes, pairs of lungs were diced with a razor blade and
incubated in 2 ml of pre-warmed RPMI containing 0.05% DNase | (Sigma) and 0.2%
collagenase IV (Sigma) in a 37°C water bath for 20 minutes. The digested tissue was passed
through a 70 um filter and centrifuged at 400 g for 5 minutes. The cells were resuspended in
5 ml of 37.5% Percoll and centrifuged at 800 g for 10 minutes. The supernatant was
aspirated and the cells were resuspended in complete RPMI containing 10% FBS. The cell
suspensions were then further processed and stained as described below.

Flow cytometry

Thymaocyte and splenocyte cell suspensions were incubated with a mix of purified rat,
mouse, and hamster 1gG before addition of specific antibodies. Thymocytes and splenocytes
were stained and analyzed in FACS buffer (PBS containing 0.1% sodium azide, 1 mM
EDTA, and 0.5% BSA). Thymic epithelial cell preps were analyzed in MACS buffer (PBS
containing 2 mM EDTA and 0.5% FCS). Antibodies specific for Kit (2B8), CD25 (PC61.5),
CD45.2 (104), CD4 (GK1.5), CD8a (53-6.72), TCRB (H57), Ly51 (6C3), EpCAM (G8.8),
CD80 (16-10A1), MHCII (M5/114.15.2), were from eBioscience. Biotinylated UEA-1
(B-1065) was from Vector Labs, and Streptavidin (25-4317-82) was from Invitrogen.
Thymocyte lineage cocktail was a mix of the following antibodies from eBioscience: B220
(RA3-6B2), CD19 (1D3), Mac-1(M1/70), Gr-1 (8C5), CD11c (N418), Ter119 (TER119),
and NK1.1 (PK136). Splenocyte lineage cocktail was the same as thymocyte but did not
include antibodies against CD19 or B220. For intracellular staining, cells were first stained
for cell surface molecules, permeabilized using the eBioscience’s transcription factor
staining buffer set (cat: 00-5523-00) according to the manufacturer’s instructions and then
stained with antibodies specific to Aire (5H12) or FoxP3 (FIK-16s).

Epidermal cell suspensions harvested from telogen skin were stained with antibodies against
CD45.2 (104), EpCAM (G8.8), Sca-1 (D7), and CD34 (RAM34). CD45-Sca-1-EpCAM+
cells contain keratinocytes from the isthmus and bulge and excludes those from the
interfollicular epidermis and infundibulum. Anagen cell suspensions were sorted based on
the same cell-surface phenotype.

Liver and lung cell suspensions were stained with Thy1.2, CD45.2 (104), TCRy6 (GL3),
TCRP (H57), RORyt, MMR1 5-OP-RU tetramer, mCD1d PBS57 tetramer, TCR V 4
(UC3-10A6), and TCR V96 (17D1).

Samples were acquired on either a BD LSRFortessa or BD Cantoll and analyzed using
FlowJo software (Tree Star). Cells were sorted using a BD FACSAria flow cytometer.
Absolute cell numbers were calculated using a BD Accuri C6 PLUS flow cytometer.
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ATAC-Seq was performed as described previously (26) with minor modifications. Cells were
sorted, and 50,000 cells were pelleted (500 g, 4°C) and washed with PBS followed by
incubation in 50 pl of cold lysis buffer (10 mM TRIS-HCI, pH 7.4, 10 mM NaCl, 3 mM
MgCly, 0.1% lgepal CA-630) for 15 minutes while centrifuging (500 g, 4°C). Pelleted

nuclei were resuspended in transposition reaction mix with Tn5 Transposase (Illumina
FC-121-1030) and incubated for 45 minutes with gentle shaking at 37°C. Tagmented DNA
was purified using SPRIselect beads (Beckman Coulter B23317) and amplified by PCR.
Resulting libraries were size-selected and purified again by SPRIselect beads. Libraries were
sequenced by single-read (75 cycles) or paired-end (150 cycles), on the Illumina NextSeq
Series System.

Reads were trimmed to remove adapters, sequencing primers or any such unwanted
sequences. Trimmed reads were aligned to mm10 blacklisted regions and only reads not
aligning to the blacklisted regions were included for further analysis. These reads were
aligned to mm10 genome using bowtie2 aligner to generate a BAM alignment file.
Duplicates arising due to PCR artifacts were marked and removed using Picardtools package
from the Broad Institute. Custom R scripts were run to correct for differences in sequencing
depths across samples applying Cyclic Loess normalization. Resulting normalized bed files
were used to call peaks using macs2 with ENCODE recommended parameters for ATAC-
Seq data. ATAC-Seq data is accessible https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE131595. Transcription factor binding motifs located in peaks indicating open
chromatin were annotated using HOMER (27).

Tissue was flash frozen and stored at —80°C until RNA was extracted using a Qiagen
RNeasy Mini or Micro Extraction kit depending on cell quantity. Reverse transcription was
performed using the SuperScript VILO cDNA Synthesis Kit (Invitrogen). g°PCR was
performed on a StepOnePlus Real-Time PCR System (Applied Biosystems) using Tagman
probes designed against Foxn1 (Mm00433948; Applied Biosystems) and Gapadh
(Mm99999915; Applied Biosystems). Results were analyzed using the AACT method.

Embryos were dissected at the indicated ages and fixed in freshly prepared 4% PFA for 24—
36 hours at room temperature and then processed into paraffin blocks. Embryos were faced
until the thymic bud was visible, and then 5 micron sections were cut serially and mounted
onto positively charged glass microscope slides. Slides were stained with the RNAScope®
Multiplex Fluorescent V2 Assay (ACDBIo.) following the manufacturer’s instructions with
30 minute incubations for both the Target Retrieval and Protease Plus digestion steps.
Embryo sections were hybridized with either RNAScope 3-plex negative control (320871;
ACDBIO0.), 3-plex positive-Mm control probe (320881; ACDBI0), or Foxn1-Mm probes
(482021-C2; ACDBIO0.). Slide images were acquired at a 20X magnification using an Aperio
FL scanner.
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Thymus section analysis

Statistics

Results

Thymus tissues were fixed with 4% (g/vol) PFA and embedded in OCT compound (Sakura
Finetek). Frozen thymuses were sliced into 10 micron thick sections and stained with
eFluor660-conjugated anti-Aire antibody (Invitrogen, clone 5H12) and rabbit antibody
specific for beta5t (28) followed by AlexaFluor488-conjugated anti-rabbit 1gG antibody
(Invitrogen). Sections were also stained for the reactivity with UEA-1 (Vector Laboratories).
Images were visualized and analyzed with an ECLIPSE Ti2 (Nikon) confocal laser scanning
microscope.

Statistical significance was performed with GraphPad Prism. Differences between groups of
mice were determined by one-way ANOVA with multiple comparisons.

The first intron of Foxnl exhibits the characteristics of active REs

Promoter elements of FoxnI have been used previously to generate several transgenic
animals (29-31). One transgene includes the 28kb region of DNA from the S/c13a2gene
located 5” of the Foxn1 promoter to the second exon of FoxnI (Fig. 1A, gray bar)(29). By
reporter analysis, this transgene faithfully mimics endogenous Foxnz expression in TEC
(29), indicating that regulatory elements directing FoxnI expression in TEC are likely to be
located within this 28kb region.

We assessed chromatin accessibility, an indicator of active REs, using assay for transposase-
accessible chromatin by sequencing (ATAC-Seq)(26). Standard ATAC-Seq protocols require
only 50,000 cells making this a feasible method of testing chromatin characteristics in both
CcTEC and mTEC. We sorted TEC identified as EpCAM+CDA45- and acquired a sufficient
number of both ¢cTEC (Ly51+UEA-1-) and mTEC (Ly51-UEA-1+) from embryonic stages
(Fig. S1A). cTEC are difficult to isolate at post-natal stages and therefore only mTEC were
used for ATAC-Seq at later stages (Fig. 1A)(32). We found that regions of accessible
chromatin are present throughout the first intron of FoxnI (Fig. 1A). The 3’ side of the
intron (box “A”) shows a large peak, indicating accessible chromatin, in embryonic stages of
both cTEC and mTEC (Fig. 1A). The 5’ side of the intron (box “B”) contains a peak
indicating accessible chromatin in mTEC (Fig. 1A).

We next compared results from ATAC-Seq to conserved elements identified by the
PhastCons algorithm on the UCSC Genome Browser. Two conservation tracks (green)
represent conservation across placental animals and vertebrates with peaks in the track
indicating high levels of conservation (Fig. 1A). Each peak of accessible chromatin in the
first intron of Foxnl corresponds to PhastCons elements further suggesting that critical RES
are located in this region (Fig. 1A).

In addition, we examined previously published ChlP-Seq data for histone modifications
generated from mTEC collected from 4-6-week-old mice (33). We examined H3K4mel
(enriched at poised and active enhancers), H3K27ac (enriched at active enhancers), and
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H3K27me3 (linked to inactive gene expression) (24, 34). We found the first intron of Foxnl
to be enriched for H3K4mel and H3K27ac and devoid of signal for H3K27me3 in TECs
(Fig. S2A). This epigenetic profile is indicative of active regulatory elements in the first
intron of Foxnl.

CTCF binds to DNA and helps to form topologically associated domains (TADs). These
TAD:s are characterized by enhanced interactions between loci within a TAD and help to
facilitate enhancer-promoter interactions (35). CTCF ChIP-Seq data available from
ENCODE/LICR through the UCSC Genome Browser shows consistent CTCF binding
across many cell types at the FoxnI locus (Fig. S2B). Specifically, CTCF binding is located
at the 5” end of the FoxnI gene and on the last exon of S/c13a2, the gene immediately 5’ of
Foxn1 (Fig. S2B). This suggests that REs critical for Foxn1 expression are located in close
proximity to the Foxnl promoter.

Knockout of regions of the first intron of Foxnl severely disrupt thymus development, but
cause no defects in the skin

The previous observations together strongly suggested the presence of active REs within the
first intron of Foxnl. This informed the generation of knockout animals by CRISPR/Cas9 in
which each half of the first intron (shown as boxes labeled A and B) was deleted separately
(Fig. 1A). The resulting homozygous knockout animals were designated FoxnI444A or
Foxn125/2B hased on the region deleted (Fig. 1A). While total inactivation of Foxn results
in hairlessness exhibited by Foxn17/™ mice, both of the intron knockout mutants had a
normal fur coat (Fig. 1B). Examination of the thymus, however, showed a striking
phenotype as FoxnI42A mice contained no apparent thymus, and appeared
indistinguishable from Foxn1“/™ mice in which Foxn1 function is totally disrupted (Fig.
1C). Unlike the Foxn1444A mouse, the Foxn145/8 mouse had no gross anatomical thymic
defect (Fig. 1C).

Due to the apparent TEC specific phenotype of this knockout, we were curious if the Foxni
expressing cells of the hair follicles exhibited a chromatin accessibility landscape similar to
TEC. Foxnlis expressed in the anagen (growth phase) portion of hair follicles and is not
expressed in telogen (resting phase) hair follicles (36). We sorted CD45-Sca-1-EpCAM+
cells from the epidermis which contains the upper portion (isthmus) and the bulge region
from telogen hair follicles (37), as well as from dissected anagen hair follicles, and
examined chromatin accessibility by ATAC-Seq (Fig. 1D, Fig. S1B). Telogen hair follicle
keratinocytes exhibited inaccessible chromatin in the first intron and promoter of Foxnl
while anagen hair follicle keratinocytes showed accessible chromatin at the promoter;
consistent with active gene expression (Fig. 1D). We found that unlike TEC, the first intron
of FoxnI in hair follicle keratinocytes is not accessible (Fig. 1D). These data suggest that
REs critical for Foxnl expression in hair follicle keratinocytes are not located in the first
intron of Foxnl.

We also examined Foxnl expression by qRT-PCR with RNA extracted from sorted
keratinocytes from the anagen portion of hair follicles. Consistent with normal hair growth,
Foxn1 expression was unchanged in Foxn1444A mice compared to Foxn1™* (Fig. 1E).
These data show TEC specific regions of accessible chromatin in the first intron of Foxnl
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that are critically important for the expression of Foxn1 in the thymus, but unnecessary for
Foxnl expression in the skin.

Foxn12A2A mice lack thymic function and do not generate T cells

Foxn1™/™ mice have an almost complete absence of peripheral T cells due to a maturational
arrest of TEC development that renders the thymus unable to support T cell development
(38). As a readout to determine if any thymic function remains in Foxn444A mice and to
assess for potential functional thymic defects in Foxn14528 mice, we examined peripheral
T cell populations in the spleen (Fig. 2A and B). We assessed the abundance of T cells in the
periphery by staining splenocytes with antibodies against TCRB, CD4, and CD8 followed by
flow cytometric analysis. In addition, we stained splenocytes for CD19 to identify
extrathymic derived B cells as a control population that should be present in mice lacking a
functional thymus. As predicted, numbers of CD19+ B cells in all mutants were not
significantly different compared to Foxn1*/* controls (Fig. 2A). Foxn124AA mice had
almost no TCRB+ T cells compared to Foxn*/* mice (Fig. 2A). The loss of TCRB+ cells in
the Foxn122A mouse was as complete as that of the Foxn1™/™ mouse by overall cell
numbers (Fig. 2A). There was no change in the overall number of TCRp+ cells in
Foxn146/28 mice (Fig. 2A). Single-positive CD4+ (SP4) and CD8+ (SP8) cell proportions
and cell numbers were normal in Foxn14528 mice whereas SP4 and SP8 cells were nearly
absent from Foxn1442A mice (Fig. 2B).

Foxn12B/AB mice have mild TEC defects, but have normal T cell populations

There were no obvious gross anatomical thymus defects or changes in T cells in the
periphery; however, we wanted to further examine the potential for TEC specific defects in
Foxn14B/4B mice. We found that Foxn145/2E mice had reduced overall TEC numbers (Fig.
3A). This reduction was specific to the mTEC population, with the number of cTEC in the
Foxn146/28 mouse displaying a slight increase (Fig. 3B). We further examined the mTEC
population of the Foxn745/28 mouse and found fewer MHCI1+CD80+ (mTEChi) vs
MHCI11oCD80- (mTECIo) cells (Fig. 3C). This skewing in the frequency of mTEChi vs lo
populations was due to a significant reduction in the numbers of mTEChi in the Foxn146/A8
thymus, whilst mTEClo numbers remained unchanged compared to Foxn2*/* mice (Fig.
3C). We next examined Foxnl expression by qRT-PCR in sorted cTEC and mTEC from 6—
8-week-old mice. FoxnI expression was unchanged in the cTEC of Foxn145/4E mice (Fig.
3D). Consistent with a loss of mTEC numbers, Foxnl expression was significantly lower in
mTEC (Fig. 3D). This specific loss of MHCII+CD80+ mTECHhi cells is consistent with
previous reports of a hypomorphic phenotype resulting from reduced FoxnI expression in
TEC (15).

To further investigate the loss of mTEC in Foxn145/2E mice we examined overall thymic
architecture by immunofluorescent staining of cTEC by p5t and mTEC by UEA-I (Fig. 3E).
Thymic architecture appeared normal, with well-defined boundaries between the cortex and
medulla (Fig. 3E). As the Foxn145/28 thymus had a specific loss of mTEChi cells, which
contain the Aire expressing mTEC (5), we examined if the FoxnI45/48 mice had altered
Aire expression. Confocal microscopy confirmed the presence and normal localization of
Aire+ cells to medullary regions (Fig. 3E). Flow cytometric analysis revealed a significant
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reduction in the frequency and number of Aire+ cells within the already reduced mTECHhi
mTEC population in Foxn148/28 mice (Fig. 3F).

We then examined if this significant loss of Aire+ mTEChi cells resulted in disruptions in T
cell development in the thymus of FoxnI4828 mice. T cell precursors enter the thymus and
begin to differentiate in the cortex. CD4-CD8- double-negative (DN) early thymic
precursors (ETPs) progress through four stages of development before becoming
CD4+CD8+ double-positive (DP) and migrating to the medulla. ETP (defined as Kit+CD25-
CD4-CD8-TCRp- lineage- (Lin-) whereby Lin- is the absence of TER119, CD11c, CD11b,
CD19, B220, Gr1, Nk1.1, and Macl), DN2 (Lin- TCRB-Kit+CD25+), DN3 (Lin- TCRpB-
Kit-CD25+), and DN4 (Lin- TCRp-Kit-CD25-) cells showed no change in overall
proportions or absolute cell number (Fig. 3G). We then examined the CD4 versus CD8 cell
profile and found normal frequencies and numbers of DN, DP, SP4 and SP8 cells (Fig. 3H).
We also examined CD5 expression on DP, SP4 and SP8 cells to assess TCR signaling
intensity and found no difference between Foxn145/28 mice and FoxnI*/* mice (Fig. 31)
(39). Due to the loss of Aire+ mTEChi and the potential for autoimmune disease, we
examined thymic Tregs. Foxn148/28 mice had normal populations of CD25+FoxP3+ Tregs
by percentage and overall cell number (Fig. 3J). Thus, despite a significant reduction in the
number of Aire+ mTEChi cells, we found no changes in the overall proportions or numbers
of developing T cells, including Tregs, in the thymus; and no changes in the number of T
cells in the periphery of Foxn146/48 mice.

A ~1.6kb region within the Foxn1A region is critical for thymus development

Our initial knockouts of the first intron of FoxnZ removed very broad regions of DNA.
Within the Foxn1A region, which is absolutely critical for thymus development, we
identified multiple individual elements of accessible chromatin (Fig. 4A). We generated a
new cohort of knockout mice based on the ATAC-Seq data in an effort to identify a specific
region critical for Foxn expression in TEC. Each element of accessible chromatin within
the Foxn1A region was removed individually and we designated these Foxn14¢, Foxni4P,
and Foxn14E (Fig. 4A). Consistent with the Foxn442A mouse, all of these new mutant
animals had normal fur coats (Fig. S3A). While the Foxn4¢/AC and Foxn14E/2E mutants
had a gross anatomically normal thymus, the Foxn742AD mouse lacked a visible thymus
(Fig. S3B).

We next wanted to further characterize the FoxnI42AP mouse to determine if disrupted
thymus development and corresponding T cell defects were as severe as the Foxn17/n
mouse. Similar to Foxn1™/™ and Foxn1AAAA mice, Foxn14P/AD mice contained almost no
TCRB+ T cells in the spleen (Fig. 4B). Quantification of absolute numbers of TCRB+ cells
showed no difference between the Foxn1™/™ and Foxn14P"A0 mice, whereas overall
numbers of CD19+ B cells were unchanged for all genotypes (Fig. 4B). The Foxn14¢/AC
and FoxnI2E/2E mice were indistinguishable from Foxn1*/* mice and had normal
populations of TCRB+ cells in the spleen (Fig. 4B). FoxnIASAC and Foxn1AEAE mice
contained normal profiles and absolute numbers of TCRp+ SP4 and SP8 cells compared to
Foxn1*"* mice (Fig. 4C). Foxn12P2D mice had a near complete loss of SP4 and SP8 cells
similar to Foxn1™/™ mice (Fig. 4C).

J Immunol. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Larsen et al.

Page 10

Non-conventional T cell subsets are also dependent on the thymus for development (40-42)
and we therefore examined these populations as further confirmation of loss of thymus
function. Indeed, MAIT, NKT, V 4+, and V 6+ cells were absent in both the liver (Fig. 4D)
and the lung (Fig. 4E) of Foxn122AD mice. Therefore, the elements most critical for thymus
development and subsequently T cell development in the Foxn14 region are located within
the 1.6kb Foxn1P region.

In contrast to Foxn1™/M mice, FoxnI4P/AD mice have healthy body weights (Fig. S3C).
Foxn14P/AD mice are also born in normal Mendelian ratios (Fig. S3D). Overall, FoxnAP/AD
mice are more robust and easier to maintain than Foxn1™“™ mice while still exhibiting
thymic defects and T cell developmental defects as extreme as Foxn1™/™ mice.

Foxn12C/AC and Foxn12E/AE mice do not have TEC or T cells defects

Because of the severity of the Foxn7444A mutation and the potential for mild TEC specific
phenotypes such as in the Foxn145/2B mice, we further investigated the potential thymus
phenotypes of the FoxnIACAC and Foxn2E2E mice. Foxn1ASAC and Foxn1AEAE mice had
normal overall TEC numbers (Fig. S3E) and showed no difference in cTEC or mTEC
numbers (Fig. S3F). Foxn1A¢/AC and Foxn1AEAE mice also had a normal profile of
MHCI11o0CD80- mTEClo and MCHI1hiCD80+ mTECHhi cells and normal numbers of
mTEChi and lo cells compared to Foxn*/* mice (Fig. S3G).

To assess potential functional phenotypes, we examined T cell development in the thymus of
the FoxnIA</AC and FoxnIAE7AE mutants (Fig. S3H and S31). There was no alteration of any
DN stage cell population or overall numbers of each of the DN subtypes (Fig. S3H).
Examination of total DN, and the more mature DP, SP4, and SP8 subsets showed that
frequencies were the same as Foxn1** thymocytes and absolute cell numbers were also
unchanged (Fig. S3I). These data show that the thymus phenotype resulting in the
Foxn1444A mice can be entirely attributed to the Foxn1P region of the first intron.

Foxnl expression is dramatically decreased in the Foxn12P/2D embryonic thymus

Foxnl expression can be detected by RT-PCR as early as E9.5 in the third pharyngeal pouch
of the mouse embryo (8). We used a fluorescent /n situhybridization (FISH) method called
RNAScope (ACDBI0) to examine Foxn expression in the developing embryo of Foxn1*/*
control and intron knockout mice. We examined each mutant mouse at E11.5 and found
fluorescent signal from RNA probes designed against FoxnZ mRNA was readily detected in
the FoxnI*"* control, Foxn148/28, Foxn1AS’AC, and Foxn1AE/AE animals, whereas
expression in the Foxn14P/AD mutant embryo was almost completely absent (Fig. 5A). We
also examined FoxnI*/* control and Foxn14P"2D embryos at E10.5, soon after Foxn1 is first
expressed. Foxnl expression in the FoxnI*/* embryo was apparent throughout the
epithelium but Foxn2 expression was absent in the Foxn14P/AD thymic bud (Fig. 5B). At
E16.5, Foxnl expression was detected throughout both lobes of the thymus in the Foxn1*/*
embryo; however, no Foxn1 expression was detected in the Foxn242AD embryonic thymus
(Fig. 5C). The thymic buds were present but are greatly reduced in size (Fig. 5C). Overall,
we detected little to no expression of Foxn1 in the Foxn14P”A0 embryonic thymus and
thymus development was severely disrupted by E16.5 in the Foxn14P720 mutant embryo.
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The Foxnl intronic RE is specific to Foxnl and functions in cis

To determine whether the intronic regulatory element functions in cisor transwe bred the
Foxn12P2D mouse to the FoxnI™/M. The Foxn1™/M mutation is a single base pair
substitution in the third exon that results in a nonsense mutation (Fig. 6A)(8). The first
intron of the FoxnI™/M mouse is intact and the exons of the Foxn14P”A0 mouse are normal
(Fig. 6A). If the RE functions in #rans, the RE from the nude allele should be able to
promote the expression of the Foxn1 gene from the Foxn14P allele in the thymus.
Foxn14P/m mice have normal fur growth (Fig. 6B) but lack a normal thymus (Fig. 6C). We
assessed peripheral T cell numbers by flow cytometry and found almost no TCRp+ cells in
the spleen of FoxnI4P/M mouse and no difference in cell number between the Foxn140/m,
Foxn14P/8D and Foxn1™/™ mice (Fig. 6D). CD19+ B cell numbers were unchanged in all
mutants (Fig. 6D).

Altogether these data show that the Foxn1P regulatory element functions in cisand is
specific to the regulation of Foxn1 expression. The intact Foxni? regulatory element on the
nude allele is not sufficient or capable of functioning in #ransto induce expression of Foxnl
from the FoxnIP allele. Both the Foxn4P* and Foxn1™* mice have a thymus and
essentially normal T cell populations. Therefore, we would expect that if the Foxni4P
mutation affected any other gene, possibly an upstream regulator of Foxn1, we would not
see the thymus development phenotype observed in the Foxn42/ mouse. The Foxn14P
mutation and the FoxnI mutation function in concert to totally disrupt FoxnI expression
and function.

Discussion

Foxnl1is essential for the development of the thymus and ultimately, the adaptive immune
system. Herein, we have identified the first genomic RE critical for FoxnI expression. This
RE is remarkably tissue-specific as there is an almost total loss of expression of Foxn1 in the
thymic epithelium while leaving Foxn expression and function in the skin unaffected. Loss
of this RE results in defective thymus development and function and a near complete loss of
T cells in the periphery. The FoxniP RE is specific for Foxn1 expression as shown by the
Foxn12P/1 compound mutant mouse. The Foxn45/28 mouse identified a broader region of
DNA containing a RE(s) specific for Foxn1 expression in mTEC. However, this RE is
significantly weaker than the Foxn1P RE and despite a reduction in the overall number of
mTEChi cells, there were no identified T cell defects in the FoxnI4828 mouse.

We believe the Foxn14P/AD mouse to be a good model to study thymus independent immune
cell development. These animals are generally healthier than the nude mouse, breed like WT
mice, and maintain Foxnl expression in the skin allowing for the study of immune cells that
reside in the skin. The Foxn14P/AD mice breed as homozygotes unlike the traditional nude
mice which are known to have a poor capacity for breeding. This provides a robust and more
easily accessible model to study thymus-related immunological questions.

Transcription factors can bind to the promoter, genomic regulatory elements, or both, to
control gene expression. Studies have identified candidate regulators of Foxn expression as
several transcription factor knockouts result in mice lacking a functional thymus (6). Pax
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family genes are expressed in the endoderm and knockout of PaxZ results in a hypoplastic
thymus while knockout of Pax9dresults in athymia (43, 44). Loss of Hoxa3, Eyal, or Six1
results in severe thymic developmental defects (45-48). Signals from the surrounding
endothelium and mesenchyme including Bmp4 and Wnt signaling have been implicated in
regulation of Foxnl expression (49, 50). While many of these factors have been implicated
in Foxnl expression, none have been shown to directly bind to Foxn REs to induce Foxnl
expression in the early embryo. Several transcription factor binding motifs for Pax1, Six1,
and Smads are present in the Foxnl first intron regulatory element (Fig. S4A); however,
additional studies are needed to determine which of these transcription factors interact with
this intronic element to promote Foxn1 expression in TEC.

In humans, FOXNI mutations result in congenital alopecia, nail dystrophy and severe T cell
lymphopenia (22). The FoxniP RE exhibits a high level of sequence conservation with the
human FOXNI intron. BLAT of the Foxn1P RE sequence to the human genome identifies a
conserved region in the first intron of the FOXNZ gene with 89.7% identity (UCSC Genome
Browser BLAT). This suggests that the Foxn1 RE we have identified in mouse could be
critically important for FOXN1 expression in human TEC.

Genome-wide association studies (GWAS) have shown that a large proportion of variants
likely to cause human disease are located outside of the protein coding domains (51, 52).
There is potential for this study to inform genomic screening assays for mutations in human
FOXNI REs that currently remain undiagnosed. Whole exome sequencing and T cell
receptor excision circle (TREC) count assays are performed on patients with T cell
lymphopenia (53). It is likely that in some patients, FOXNI expression is disrupted due to
mutations in the REs rather than the exons. Further study of this RE and its conserved
human RE is therefore relevant for the proper identification and treatment of
immunodeficiency disorders resulting from aberrant FOXNI expression in human patients.
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Key Points
Regulatory elements critical for FoxnI expression are in the first intron of Foxnl.
These elements are necessary for FoxnI expression in thymic epithelial cells.

These elements are not required for Foxn expression in the skin.
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Figurel.

TEC specific chromatin accessibility identifies a functional regulatory element. (A) 50,000
CTEC (CD45-EpCAM+Ly51+UEA-1-) and mTEC (CD45-EpCAM+Ly51-UEA-1+) were
sorted for ATAC-Seq at the indicated ages. Conservation (PhastCons) tracks of placental and
vertebrate animals are shown from the UCSC Genome Browser. Knockouts of the first
intron were done by CRISPR-Cas9. The resulting knockouts are indicated by the gray boxes
and regions are identified as A and B. Mice resulting from the deletion of the A or B regions
were designated Foxn144 and Foxn14B respectively. The gray bar represents the 28kb of
DNA used to drive reporter expression in TECs in a previously described transgenic mouse
(29). (B) Gross fur coat morphology of intron knockouts aged 6-8 weeks and Foxn1/n
mice. (C) Images of the thymus of intron knockout mice and the Foxn1™/" mouse. (D)
50,000 cells from the hair follicle (CD45-Sca-1-EpCAM+) were sorted for ATAC-Seq. The
gray box indicates the deleted region in the Foxn1444A mouse. (E) Foxnl expression in
sorted hair follicle cells in anagen (4-5wk old mice) was measured by qRT-PCR. The bar
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plot represents mean + SEM for 7= 3-4 mice per genotype. ANOVA was performed to
determine statistical significance.
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Figure2.
FoxnIAV2A mice lack T cells. Flow cytometry was used to analyze T cell populations in the

spleen as a readout of thymus function. (A) Representative flow cytometry plots of Lin-
splenocytes comparing intron knockout mice to Foxn17“/™ mice. Numbers show the
percentage of cells in each gate. Total numbers of CD19+ cells and TCRp+ cells per spleen
calculated from DAPI- live cells. (B) Representative flow cytometry plots showing DAPI-
Lin- CD4+ and CD8+ populations in the spleen. Total number of CD4+ and CD8+ cells per
spleen was calculated from DAPI- live cells. All bar plots show mean = SEM for n=4-7
mice (5-8weeks old) per genotype. ANOVA was performed to determine statistical
significance. ** p<0.01, *** p<0.001.
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Figure 3.
Foxn145/2B mice have mild mTEC defects but no apparent defect in T cell populations or

cell numbers. Absolute numbers of total TEC (A) and cTEC and mTEC (B). (C)
Representative flow plots of CD45-EpCAM+Ly51-UEA-1+ gated mTECs showing
MHCI1hiCD80+ mTEChi vs MHCI11oCD80- mTECIo and calculations of overall cell
numbers. (D) EpCAM+CD45- cTEC (Ly51+UEA-1-) and mTEC (Ly51-UEA-1-) were
sorted and FoxnI expression was measured by gRT-PCR. (E) Immunofluorescence analysis
of thymic sections from indicated mice for p5t (green), Aire (magenta), and UEA-1 (blue).
Scale bars indicate 100 um. (F) Flow cytometry analysis of Aire expression in mTEChi
(EpCAM+CD45-UEA-1+Ly51-MHCI1hiCD80+). (G) Lin-TCRB-CD4-CD8- gated
representative flow cytometry plots and overall cell numbers for ETPs (Kit"iCD25-), DN2
(KithiCD25+), DN3 (Kit-CD25+), and DN4 (Kit-CD25-). (H) Lin- gated thymocytes
showing CD4 and CD8 profiles and overall cell numbers for each population. (I) Flow
cytometry of thymocytes showing CD5 expression on DAPI- DP, TCRBhi SP4 and TCRphi
SP8 cells (J) Flow cytometry analysis and quantification of Tregs (CD4+CD8-TCRp

J Immunol. Author manuscript; available in PMC 2020 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Larsen et al.

Page 21

+CD25+FoxP3+) in the thymus. All bar plots show mean £ SEM for n=4-7 mice (6-8
weeks old) per genotype. ANOVA was performed to determine statistical significance. *p <
0.05, **p< 0.01.
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Figure 4.

Foxn1AD/AD mice have severely reduced T cells in the periphery. (A) gRNAs were designed
to target potential regulatory elements within the A region of the first intron identified by
ATAC-Seq. ATAC-Seq data shown is of E17.5 cTEC and mTEC. The gray boxes indicate
regions that were deleted within the A region. The resulting mice were designated Foxn14<,
FoxnIAP, and Foxn14F. (B) Representative flow cytometry plots showing Lin- gated CD19+
B cells and TCRB+ T cells from the spleen. Total cell numbers were calculated from all
DAPI- live cells per spleen. (C) Flow cytometric analysis of DAPI-Lin- CD4+ and CD8+
cells in the spleen. Total cell numbers were calculated from DAPI- live cells. Absolute cell
numbers in the liver (D) and lung (E) of MAIT cells (CD45+Thy1.2+TCR 6-TCRB+mMR1
5-OP-RU tetramer+), NKT (CD45+Thyl1.2+ TCR y6-TCRB+mCD1dPBS57 tetramer+), and
¥6 T cell populations (CD45+Thy1.2+ TCR)8+ROR yt+) V 4+ and V y6+
(CD45+Thyl.2+ TCR¥6+ROR yt+ V y4-). All absolute cell counts are shown as mean +
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SEM for n= 3-8 mice (4-8 weeks old) per genotype. ANOVA was performed to determine
statistical significance. *p < 0.05, **p< 0.01, *** p< 0.001, **** p< 0.0001.
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Figure5.
Foxn1 expression is absent in the Foxn14P/A0 embryonic thymus. Foxnl mRNA was

visualized using fluorescent /in situ hybridization. (A) Sagittal sections were taken of E11.5
embryos for each genotype. (B) Sagittal sections were taken of E10.5 control and
Foxn14P/4D embryos. (C) Transverse sections were taken of E16.5 embryos. ao = aorta, tr =
trachea, es = esophagus. White dotted outline indicates the thymus in Foxn142/40 mice.
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Figure®6.
The FoxniP RE is specific to FoxnI and functions in cis. (A) Comparison of the mutations

of the FoxnI gene in Foxn14P2D and Foxn1™/M mice. (B) Images of FoxnI*!*,
FoxnIAP/nu and Foxn1™/™ mice showing normal overall fur coat in the FoxnI2P/ mouse.
(C) The FoxnIAP/™ mouse lacks a normal appearing thymus just like the Foxn27“/™ mouse.
(D) Flow cytometric analysis was used to examine TCRB+ cells in the spleen. Total cell
numbers were calculated from DAPI- cells. There is a significant loss of TCRB+ cells in the
FoxnI~P/M mouse however there is no difference in the overall number of TCRp+ cells in
the Foxn12P/™ mouse compared to the FoxnIAP/AD and Foxn1™/™ mice. Total cell
numbers were calculated from DAPI- live cells and shown as mean = SEM for 7= 3-4 mice
(4-8 weeks old) per genotype. ANOVA was performed to determine statistical significance.
*** p<0.001.
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