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Abstract

Thymus function requires extensive cross-talk between developing T-cells and the thymic
epithelium, which consists of cortical and medullary TEC. The transcription factor FOXN1 is
the master regulator of TEC differentiation and function, and declining Foxn1 expression
with age results in stereotypical thymic involution. Understanding of the dynamics of Foxn1
expression is, however, limited by a lack of single cell resolution data. We have generated a
novel reporter of Foxn1 expression, Foxn1€, to monitor changes in Foxn1 expression during
embryogenesis and involution. Our data reveal that early differentiation and maturation of
cortical and medullary TEC coincides with precise sub-lineage-specific regulation of Foxn1
expression levels. We further show that initiation of thymic involution is associated with
reduced cTEC functionality, and proportional expansion of FOXN1-negative TEC in both
cortical and medullary sub-lineages. Cortex-specific down-regulation of Foxn1 between 1
and 3 months of age may therefore be a key driver of the early stages of age-related thymic
involution.

Introduction

The thymus is required for T cell commitment, differentiation and repertoire selection. These
functions are mediated by the epithelial component of the thymic stroma, which is composed
of cortical (c) and medullary (m) thymic epithelial cells (TECs). cTECs and mTECs are spa-
tially separated and functionally distinct. The early stages of T cell development, from commit-
ment to positive selection, occur in the cortex, while central tolerance—including negative
selection and T regulatory cell induction—is imposed in the medulla [1].
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The transcription factor FOXN1 is required throughout ontogeny for TEC production and
function. Null mutations in Foxnl result in the nude phenotype, characterised by hairlessness
and athymia in mice, rats and humans [2-6]. The nude thymic primordium forms normally,
but TEC development is blocked at the thymic epithelial progenitor cell (TEPC) stage [7, 8].
FOXNT1 is also required to maintain the postnatal thymus [9-11]. Age-related thymic involu-
tion, a stereotypical process of age-related degeneration, is associated with a progressive decline
in Foxnl expression [9, 10, 12]. Overexpression of Foxnl in young mice is sufficient to delay
involution [10], and TEC-specific up-regulation of Foxn1 in the fully involuted thymus is suffi-
cient to drive robust regeneration that returns the architecture, gene expression and function
of the organ to a pre-involution state [13]. Regulation of FoxnI mRNA expression is thus a pri-
mary component of the mechanism of age-related thymic involution [13].

Orchestration by FOXN1 of the gene expression program that controls TEC differentiation
and function depends on precise control of Foxnl expression levels [9, 14]. During develop-
ment, lineage progression of both TEC sub-lineages requires an increasing amount of FOXN1,
such that each successive stage of development occurs at a certain threshold dose [14]. Low-
level Foxnl expression is permissive for exit from the TEPC state and initiation of TEC differ-
entiation, but insufficient to support acquisition of specialist TEC functions including the
attraction of lymphoid progenitors [14]. Maintenance of TEC in the adult thymus is similarly
sensitive to FOXNT1 level, such that reduction of Foxn1 expression to 30% of wild-type (WT)
levels results in premature involution [9]. Despite its importance in establishing and maintain-
ing functional TEC, understanding of the dynamics of FoxnI expression level remains limited
due to a lack of single cell data.

To interrogate FoxnlI expression at single cell resolution, we generated and analyzed a novel
transgenic mouse line in which activation of the Foxnl promoter is faithfully reported by GFP
expression. Our data reveal that Foxn1 is differentially expressed and dynamically regulated in
both the fetal and adult thymus. In particular, initiation of age-related thymic involution occurs
concurrently with cTEC-specific down-regulation of Foxnl and the rapid proportional expan-
sion of a population of FoxnI-negative TEC. Collectively, our data implicate dynamic regula-
tion of Foxnl as a requirement for both TEC sub-lineage development and the initiation of
age-related thymic involution, and suggest that reduced cTEC functionality resulting from
decreased Foxnl expression is a primary instigator of the age-associated decline in thymic cel-
lularity and output.

Materials and Methods
Animal Research

Ethics statement. This study was carried out in strict accordance with UK Home Office
guidelines, as established in the ANIMALS (SCIENTIFIC PROCEDURES) ACT 1986. The
experimental protocol was approved by the UK Home Office under Project Licence PPL60/4435.

Mice. Male C57BL/6 or Foxn1* mice were used for isolation of postnatal TEC. For timed
matings, Foxn1“* females were housed with CBA males and noon of the day of the vaginal
plug was assumed to be E0.5. All animals were housed and bred at University of Edinburgh
animal facilities.

Genotyping. Mice were genotyped by PCR using the following primers (shown 5' to 3'):

Forward: CAAGTCCTCGTTCAGCATCA; Reverse: GCTTCTCGTACTTGCCGTTC.

Flow cytometry

Fetal and postnatal thymi were prepared for flow cytometric analysis and sorting as previously
described [13-15]. Briefly, postnatal thymi were dissociated in RPMI-1640 HEPES medium

PLOS ONE | DOI:10.1371/journal.pone.0151666 March 16,2016 2/14



@’PLOS ‘ ONE

Dynamic Regulation of Foxn1 in Thymic Epithelial Cells

(Life Technologies) with 1.25mg/ml collagenase D (Roche) and 0.05mg/ml DNase I (Roche)
for 3x15 minutes at 37°C. The remaining tissue was digested in RPMI-1640 HEPES medium
with 1.25mg/ml collagenase/dispase (Roche) and 0.05mg/ml DNase I for 30 minutes at 37°C.
CD45" cells were depleted using o-CD45 magnetic beads (Miltenyi Biotech) in conjunction
with LS columns (Miltenyi Biotech) and a QuadroMACS (Miltenyi Biotech) according to the
manufacturer’s instructions. CD45" cells were not depleted for analyses requiring absolute
numbers of TEC. Antibodies used in flow cytometry are shown in S1 Table. Isotype controls
were included in analyses where appropriate. DAPI was used to discriminate dead cells in
experiments not involving intracellular staining. Lineage+ cells (Lineage = CD3, CD4, CD8,
Ter119, CD11c, CD31) were excluded (except for Fig 1C). For Ki67 and active caspase-3 analy-
ses, GFP-positive and GFP-negative TEC were isolated by FACS prior to analysis by flow
cytometry. Fixable viability dye eFluor450 (eBioscience) was used to identify dead cells. Sam-
ples were fixed with BD CytoFix/CytoPerm (BD Biosciences) and permeabilized using BD
Perm/Wash (BD Biosciences) according to the manufacturer’s instructions. All flow cytometry
data were analyzed using FlowJo Version 9.7.7 (Tree Star, Inc).

RT-gPCR

100 cells of the required phenotype were sorted by flow cytometry into 10ul CellsDirect 2x
Reaction Mix (Life Technologies) and 4U SUPERase In RNase inhibitor (Ambion). cDNA was
synthesized and pre-amplified in one step by addition of 1ul CellsDirect SuperScript III reverse
transcriptase / Platinum Taq mix (Life Technologies) and target-specific primers at a final con-
centration of 50nM. Primer sequences are shown in S2 Table. Thermal cycling conditions were
as follows: 50°C for 15 minutes; 95°C for 2 minutes; 18 cycles of 95°C for 15 seconds, 60°C for
4 minutes. qPCR was conducted using the Roche Universal Probe Library (Roche) and Light-
Cycler 480 real-time PCR instrument (Roche) according to the manufacturer’s instructions.
Amplification conditions were as follows: 95°C for 5 minutes; 40 cycles of 95°C for 10 seconds,
60°C for 20 seconds. Data were normalised to the geometric mean of three housekeepers (Hprt,
Ywhaz, Hmbs). All samples were run in triplicate and no RT and no template controls were
included in all experiments. Data were analyzed using LightCycler 1.5 software (Roche) and
the ACt method.

Statistical analysis

Statistical analysis was performed using Student’s T-test. p-values <0.05 were considered sig-
nificant. Errors shown are standard deviations throughout. Sample sizes of at least n = 3 inde-
pendent biological experiments were used for statistical analyses. For adult analyses, n is a
single mouse or a single group of mice. For fetal analyses, n is a pool of genetically identical
TEC isolated from a single litter.

Results
Generation and validation of a Foxn1-eGFP reporter mouse line

To determine Foxnl expression levels in individual TEC, we generated a transgenic mouse line
in which a LoxP site-flanked cassette containing the eGFP cDNA, an IRES element, the cDNA
encoding puromycin resistance and a transcriptional stop sequence, was knocked into intron
1b of the Foxnl locus (NCBI Gene ID: 15218) by homologous recombination in ES cells gener-
ating a revertible functionally null allele, Foxn1“ (Fig 1A and S1 Fig). Preliminary analysis
demonstrated GFP expression in the fetal thymus and adult hair shafts of Foxn1%* and
Foxn1%“ mice (not shown). To test fidelity of reporter expression, we analyzed fetal TEC at
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Fig 1. Generation and validation of Foxn1C reporter mice. (A) Schematic representation of the Foxn1¢
allele. A LoxP flanked cassette containing the 5’ engrailed 2 splice acceptor site (SA), eGFP, an internal
ribosome entry site coupled to the puromycin resistance fusion protein (IRES-Puro®), and the CMAZ
transcriptional pause (Stop) [19] was inserted into intron 1b of the Foxn1 locus of mouse ES cells. E, exon.
(B) Flow cytometric analysis of E13.5 Foxn1%* thymic primordia. Plots show data after gating against
Lineage* cells (Lin) and on total EpCAM®* cells. Left plot shows analysis with UEA1 and anti-CD205. WT, wild
type. Red line shows FMO. (C) Flow cytometric analysis of thymi from 1 month old Foxn1%* or WT mice.
Plots display data from total EpCAM®Lin” or EpCAMLin™, as shown. Absolute number of EpCAM™ cells for 1
month old Foxn1%"* mice, 6.06x10%+2.10 x 10*. (D) Flow cytometric analysis of 3 month old Foxn1%’* thymi
after staining with the markers shown. Plots show subpopulations of EpCAM* cells, as shown. Absolute
number of EpCAM* cells for 3 month old Foxn1%~* mice, 5.41x10%+6.97x103. (E) Median fluorescence
intensities (MFI) for data shown in (D). (F) RT-gPCR analysis showing relative Foxn7 mRNA expression level
in the populations shown, after purification by flow cytometry. (B)n=4, (C)n=5, (D,E)n=6, (F)n=5
independent biological experiments.

doi:10.1371/journal.pone.0151666.g001

day 13.5 of embryonic development (E13.5). At this stage, 99.6+0.3% of EpCAM" epithelial
cells were GFP™ (Fig 1B), consistent with earlier reporter and expression analyses [16, 17] and
with the finding that all TEC in the adult thymus are derived from a Foxn1™ lineage [11]. As
expected, GFP was not expressed in T-cells or endothelial cells at any developmental stage
(shown for 1 month old in Fig 1C). We next compared Foxnl mRNA and eGFP levels in four
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subsets of postnatal TEC: cTEC MHC Class II" (cTEC™), ¢cTEC MHC Class II'° (cTEC"),
mTEC MHC Class II" (mTEC™) and mTEC MHC Class II'® (mTEC"), defined using the cell-
surface markers UEA1 (mTEC), Ly-51 (cTEC) and MHC Class IT (MHCII). As previously
described [14, 18], MHCII™ TEC expressed more Foxnl mRNA than MHCII" TEC in both
cortex and medulla, and cTEC expressed Foxnl more highly than mTEC of equivalent MHCII
status (Fig 1D and 1E). GFP expression in each TEC subset correlated closely with Foxnl
mRNA levels (Fig 1E and 1F). These data validated the Foxn1“* reporter line and demon-
strated its capacity to reliably detect differences in Foxnl expression of as little as 1.7-fold

(Fig 1F).

Heterogeneity of Foxn1 expression is established during fetal
development

To investigate the origin of the differential FoxnI expression characteristic of different postna-
tal TEC sub-lineages, Foxn1“* thymi were analyzed at E13.5, E15.5 and E17.5 (Figs 1B and 2).
By E13.5, the thymus and parathyroid domains of the common primordium have resolved into
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Fig 2. Dynamic regulation of Foxn1 is evident in the early stages of TEC differentiation. (A-D) Flow
cytometric analysis of E13.5, E15.5 and E17.5 fetal Foxn1%/* thymic primordia for the markers shown. Plots
show data after gating against Lineage* and on total EpCAM* cells. WT, wild type. (A-C)n=3, (D) n=4
independent biological experiments.

doi:10.1371/journal.pone.0151666.9002
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two discrete organs, preventing contamination of TEC analyses by FoxnI-negative parathyroid
cells. At each stage, more than 99% of EpCAM™ TEC were GFP" (Figs 1B and 2A, [20]) and
MHCII™ cells expressed more GFP than MHCII" cells (Fig 2B). At E17.5, when an appreciable
UEA1" population is first apparent in Foxn1°* embryos, GFP expression was higher in
CD205" cTEC than in UEA1" mTEC with equivalent MHCII levels (Fig 2C and 2D). Downre-
gulation of Foxn1 expression in Foxn1™ TEPC may therefore be required for mTEC divergence
or expansion, or alternatively, UEA1* TEC may be derived from a FoxnI' lineage. In sum, the
graded expression of Foxnl observed in the adult thymic epithelium is present from the earliest
stages of TEC differentiation, linking Foxn1 dosage to the early differentiation and maturation
of cortical and medullary TEC.

Foxn1 negative TEC in the postnatal thymus

The above analyses revealed a GFP-negative subpopulation in postnatal Foxn1“* TEC, repre-
senting 24.8+7.6% of total TEC in 3 month-old mice (Fig 3A). These FoxnI-negative cells were
present in the MHCII™ and MHCII" fractions of both cTEC and mTEC, but were predomi-
nantly MHCII' (90.7+3.1% of total GEP-negative cells were MHCII'®) (Fig 3B). Downregulation
of Foxnl is a primary component of age-related thymic involution [13], and the presence of
Foxnl-negative postnatal thymic epithelial stem cell (TESC), derived from a FoxnI-negative line-
age has also been suggested [21]. The GFP-negative TEC observed in Foxn1“* mice may there-
fore result from down-regulation of Foxnl in FoxnI-positive TEC or expansion of a rare FoxnI-
negative TEC population (>99% of EpCAM" TEC are GFP (Foxnl1)* throughout fetal thymic
development, Figs 1B and 2A). Previous lineage tracing of FoxnI-negative TEC using a Foxnl::
Cre mouse line suggested that these cells arise from FoxnI-positive precursors [11]. However,
Cre was driven from a Foxnl promoter fragment, which may not precisely recapitulate endoge-
nous Foxnl expression. Therefore, to test the origins of the postnatal GFP(Foxn1I)-negative TEC
identified here, Foxn1“™ mice were crossed with G{(ROSA)265°"m#(ACTB-tdTomato-EGFP)Luo/]
reporter mice (mT/mG mice) [22] in which tdTomato expression is extinguished and eGFP
expression activated upon Cre-mediated recombination of the reporter locus. Of TEC isolated
from 9 week to 3 month-old Foxn1“"**;mT/mG mice, 0.5+0.3% were GFP-negative (shown for 3
month-old in Fig 3C). In comparison, 24.8+7.6% of TEC in 3 month-old Foxn1“*mice are GFP
negative (Fig 3A). These data establish that expansion of a minor TEC subpopulation that never
expresses Foxnl cannot account for the GFP (Foxn1)-negative TEC population present in the
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Fig 3. Foxn1"°? TEC subpopulations emerge postnatally in both cTEC and mTEC compartments.
(A-C) Flow cytometric analysis of thymi from 12 week-old adult Foxn1%* (A,B) or Foxn1"®;mTmG (C) mice,
for the markers shown. Data are shown after gating against Lineage™ and on total EpCAM™ cells (A-C) and
further gating on GFP"®9 cells (B). Absolute number of GFP"? cells in 3 month old mice, 1.31x10%£3.01x10°.
WT, wild type. Red line in (A) shows FMO. (A,B) n = 6, (C) n = 3 independent biological experiments.

doi:10.1371/journal.pone.0151666.9g003

PLOS ONE | DOI:10.1371/journal.pone.0151666 March 16,2016 6/14



@’PLOS ‘ ONE

Dynamic Regulation of Foxn1 in Thymic Epithelial Cells

adult Foxn1“" thymus: if this was the case, the proportion of GFP" cells in the Foxn1“"*;mT/
mG reporter mice and Foxn1“"* mice would be equivalent. Thus, the GFP-negative TEC in the
adult Foxn1“" thymus must be generated by down-regulation of Foxn1 in previously Foxn1-
positive TEC.

Proportional expansion of Foxn1 negative TEC is associated with thymic
involution

Down-regulation of Foxn1 has been implicated as a cause of thymic involution [9, 10, 12, 13],
but the dynamics of Foxnl expression during ageing have not been reported at the single cell
level in defined TEC subsets. Age-related decline in thymus weight and cellularity occurred
with the same kinetics in Foxn1“* as in WT mice (Fig 4A). Therefore, to investigate the rela-
tionship between the FoxnI-negative TEC population and postnatal thymus function, we inter-
rogated GFP (Foxnl) expression at a range of ages spanning the initiation and progression of
thymic involution. The absolute number of both GFP* and GFP™ TEC decreased in Foxn1“*
mice between 1 month and 2 years old (p = 0.0007, p = 0.0003 for GFP* and GFP™ TEC respec-
tively) (Fig 4B). However the proportion of GFP-negative TEC increased; at 1 month, 3
months, 12 months and 24 months old, 18.0+4.1%, 24.8+7.6%, 28.7+3.2% and 29.3+7.9% of
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Fig 4. Proportional expansion of Foxn1"°? TEC occurs at the onset of age-related thymic involution.
(A) Thymus involution in Foxn1* mice occurs with normal kinetics. (C, D, E) Flow cytometric analysis of
Foxn1S/* thymi at the ages shown; the proportion of GFP- TEC increases with age. Red (C, D) and grey (E)
lines show FMO. (B) Absolute number of GFP* and GFP™ TEC isolated from Foxn1%/* thymi at the timepoints
shown. Absolute numbers are as follows: 1 month; GFP* 4.94x10*+1.81x10% GFP 1.06x10*£3.07x10°. 3
months; GFP* 4.03x10%£8.86x10%, GFP™ 1.31x10%+3.01 x 10°%. 12 months; GFP* 1.55x10%+2.36x10° GFP"
6.55x10%+1.88x10°%. 24 months; GFP* 4.52x10%+2.75x10%, GFP~ 1.81x10%+1.10x10%. (A,B,C) n = 3, (D,E)

n = 2 independent biological experiments.

doi:10.1371/journal.pone.0151666.9g004
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TEC were GFP-negative respectively (p = 0.05, p = 0.43, p = 0.90 for 1 month v 3 months, 3
months v 1 year, 1 year v 2 years respectively)(Fig 4C). Thus, the proportion of GFP-negative
TEC increases rapidly between 1 month and 3 months postnatal and is stable thereafter, consis-
tent with a recent report based on antibody staining [20]. These two phases correlate inversely
with the initially fast and then slower decrease in thymus size characteristic of the onset and
progression of thymic involution (Fig 4A), suggesting that involution is a consequence of a pro-
portional increase in subfunctional, Foxnl-negative TEC. However, our data demonstrate that
age-related down-regulation of FoxnI is not uniform in all TEC; some TEC continue to express
high Foxnl (GFP) levels even in very old mice (Fig 4D and 4E).

Initiation of thymic involution correlates with decreased Foxn1
expression in cTEC

The rapid proportional expansion of GFP-negative TEC between 1 month and 3 months of age
suggested a link between this process and the initiation of age-related thymic involution. We
therefore investigated whether age-associated changes in GFP expression occurred with the
same kinetics in cTEC and mTEC. The proportion of GFP-negative TEC was equivalent in the
cortex and medulla at 1 month and 3 months, and increased in both subsets between 1 and 3
months of age (p = 0.0031, p = 0.0004 for cTEC and mTEC respectively) (Fig 5A). In mTEC,
this proportional change reflected a significantly decreased number of GFP* mTEC in 3- com-
pared to 1-month old mice (4.13x10%+1.59x10* and 2.47x10*+2.77x10°> GFP* mTEC at 1
month and 3 months respectively, p = 0.018). In cTEC, both GFP™ and GFP" cells increased
numerically between 1 and 3 months of age (p = 0.004, p = 0.00001 respectively) (Fig 5B).

To investigate how thymic epithelial composition is altered during early involution, we ana-
lysed cell death in GFP+ and GFP- ¢cTEC and mTEC at 1 month and 3 months, and also deter-
mined proliferation rate in the same TEC subsets. At 1 month, a higher proportion of GFP*
than GFP" mTEC was apoptotic (51.7%+2.5% and 25.0%+3.0% of GFP* and GFP" mTEC
respectively, p = 0.0003), whereas at 3 months the frequency of apoptosis was equivalent in
GFP" and GFP" mTEC (21.6%%10.6% and 19.9%+3.3% of GFP* and GFP" mTEC respectively,
p = 0.803) (Fig 5C and 5C’). Additionally, GFP* mTEC were less proliferative than GFP"
mTEC in 6 week-old mice (p = 0.05) (Fig 5D). These data indicate that apoptosis of GFP*
mTEC contributes to the proportional expansion of GFP" mTEC between 1 and 3 months of
age, and suggest that a difference in proliferative index may also contribute to the increased
proportion of GFP" mTEC at 3 months old.

In cTEC, the proportion of apoptotic cells was not significantly different in the GFP™ and
GFP" subsets at 1 month (13.9%+9.6% and 9.6%+3.1% of GFP™ and GFP™ cTEC respectively,

p = 0.50), but was increased in GFP~ compared to GFP* cTEC at 3 months (2.65%+0.6% and
7.31%1.2% of GFP™ and GFP™ cTEC respectively, p = 0.004). Additionally, GFP" cTEC were
more proliferative than GFP™ cTEC at 6 weeks old (p = 0.009, Fig 5D). Thus in contrast to
mTEC, the increased proportion of GFP™ ¢TEC in 3 month old mice cannot be explained by
apoptosis of GFP™ cells and differences in proliferation rate between GFP* and GFP™ TEC. Fur-
ther analysis indicated that the median level of GFP expression in GFP" ¢TEC declines between
1 and 3 months (p = 0.008, Fig 5E and 5F). These data suggest that the accumulation of GFP”
cTEC in 3 month old mice primarily results from specific downregulation of Foxn1 in a GFP*
cTEC subpopulation that subsequently persists in the epithelium. This broad Foxnl down-reg-
ulation was not observed in GFP™ mTEC. Thus, our data collectively indicate that the earliest
stages of involution are driven by different mechanisms in the cortex and medulla.
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as determined by flow cytometric analysis. (C) Flow cytometric analysis showing proportion of active
caspase-3* cells in the populations shown. (C’) shows data in (C) presented to indicate the relative levels of
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doi:10.1371/journal.pone.0151666.9g005

Down-regulation of Foxn1 results in loss of cTEC function at the onset of
involution

In keeping with the observed decrease in median GFP expression levels in GFP* ¢cTEC, RT-
qPCR analysis of WT mice showed significantly reduced Foxnl mRNA levels in cTEC

(p =0.008) but not in mTEC (p = 0.485) between 1 and 3 months of age (Fig 6A). FOXNI1 in
cTEC regulates the expression of several factors required for attraction, specification and pro-
liferation of thymocytes, including DIl4, Ccl25 and KitL [13, 14]. RT-qPCR analysis showed a
significant reduction in expression of DIl4 and Ccl25 in WT c¢TEC between 1 and 3 months old
(p=0.013 and p = 0.001 respectively)(Fig 6B and 6C). KitL and Ccrll, in contrast, were not
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Fig 6. Changes in gene expression with age. (A-H) Graphs show RT-qPCR analysis of the markers shown
in WT mice at 1 month and 3 months. Error bars show SD. (A-G) n = 5, (H) n = 3 independent biological
experiments.

doi:10.1371/journal.pone.0151666.g006

significantly down-regulated (p = 0.224 and p = 0.362 respectively)(Fig 6D and 6E). In the
medulla, Foxnl expression was maintained between 1 and 3 months of age but the expression
of Aire and Cd80 decreased (p = 0.029 and p = 0.017 respectively)(Fig 6F and 6G). Cd40 was
significantly down-regulated in cTEC (p = 0.041), but not in mTEC (p = 0.128)(Fig 6H). Thus
cortex-specific down-regulation of Foxnl between 1 and 3 months of age may be a key driver
of the early stages of involution.

Discussion

Using the Foxn 1€ reporter mouse, we have conducted a single cell resolution analysis of the
level and dynamics of Foxn1 expression in defined subsets of fetal and postnatal TEC. Our data
reveal that early fetal mTEC express lower levels of FoxnI than their cTEC counterparts, sug-
gesting either that downregulation of FoxnlI expression in FOXN1-high TEPC is required for
mTEC divergence or expansion, or that a Foxnl-lo mTEC progenitor is present from the earli-
est stages of thymus organogenesis. We further show that the onset of thymic involution corre-
lates with rapid proportional expansion of FoxnI-negative TEC in both TEC sublineages, and
broad down-regulation of FoxnI in ¢cTEC. Finally, we show that c-TEC specific downregulation
of Foxnl is associated with reduced expression of genes required to promote thymocyte com-
mitment, proliferation and differentiation, suggesting that age-related thymic involution is ini-
tiated by reduced cTEC function.

Lineage progression of postnatal mTEC correlates with regulation of
Foxn1 expression

The lineage relationships between the different subpopulations of postnatal mTEC have not yet
been clearly defined in vivo. However adult mTEC MHCII'® can give rise to mTEC MHCII™
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when combined with single positive thymocytes in reaggregate thymic organ culture [23]. Simi-
larly, 70% of postnatal Cldn3/4" SSEA1* TEC, which have some mTEC progenitor activity, are
MHCII'™8 in 4 week old mice [24]. Our single cell resolution data show that almost all
MHCII® mTEC express less FoxnlI than MHCII™ mTEC, and therefore indicate that the transi-
tion from MHCII'® mTEC to MHCII™ mTEC is associated with up-regulation of Foxn1.
Recently, it was also shown that MHCII'™® ¢cTEC can give rise to both ¢cTEC and mTEC in ectop-
ically grafted reaggregates. Consistent with mTEC'® being precursors of mTEC" TEC, UEA1*
cells appeared in these grafts before MHCII was up-regulated in either sub-lineage [25]. Our
data show that, per cell, Foxn1 is expressed at an equivalent or higher level in Ly-51*MHCII'
TEC compared to UEAT*MHCII TEC, demonstrating that differentiation of UEA1-positive
cells from their UEA1-negative precursors does not require up-regulation of FoxnI. This obser-
vation is consistent with the FoxnI-independent divergence of the mTEC lineage in embryo-
genesis [14], and demonstrates that lineage progression of postnatal mTEC proceeds via two
distinct stages, which are respectively independent of and dependent on up-regulation of Foxnl
expression.

AIRE* mTEC in the postnatal thymus are MHCII™ and CD80™ and are usually considered
to be terminally differentiated [23]. However recent lineage tracing has revealed the existence
of a post-AIRE population in the thymic medulla [26]. These cells previously expressed AIRE
and maintain intermediate levels of tissue specific antigen (TSA) expression, but are MHCII'®
and CD80' [26, 27]. Involucrin, a marker of terminally differentiated epidermis, is enriched in
post-AIRE mTEC, and Hassall’s corpuscles contain cells that previously expressed AIRE [27].
Post-AIRE TEC are therefore thought to be a distinct stage of terminal mTEC development.
However, our data suggest an alternative possibility, that at least some of these cells are sub-
functional TEC produced as a result of involution-associated down-regulation of Foxnl and
MHCIL.

Thymic involution is initiated in cTEC

The total cellularity of the postnatal thymus is dependent on the number and function of TEC
[14, 28]. TEC functionality is particularly important, as increased epithelial proliferation can-
not fully compensate for sub-optimal gene expression [14]. Our analyses show that at the onset
of involution, down-regulation of Foxn1 occurs more broadly in ¢TEC than in mTEC. ¢cTEC-
specific targets of FOXN1 include Ccl25 and DIl4, which are required for attraction and specifi-
cation of thymocytes respectively. Reduced expression of FOXNI1 targets in cTEC may thus be
the primary driver of declining total cellularity at the initiation of involution. This is consistent
with the observation that cortical thinning occurs early in involution and precedes CM] disor-
ganisation and altered mTEC:cTEC ratio when Foxnl is downregulated postnatally [9]. Identi-
fication of factors able to modulate FOXN1 expression or function specifically in cTEC could
thus provide a novel approach to preventing or reversing thymic involution.

Rescue of Foxn1 negative cTEC may facilitate thymus regeneration

The size of the involuted thymus can be at least transiently restored by several approaches,
including sex steroid ablation (SSA) and up-regulation of FOXN1. SSA results in thymic
rebound through relieving the direct repression of DIl4 by androgen receptor (AR). Although
Dll4 is expressed in both ¢cTEC and endothelial cells, AR represses DIl4 specifically in cTEC
[29]. SSA-mediated rebound therefore occurs, at least in part, by modulating cTEC activity.
cTEC function may also be an important feature of FOXN1-mediated thymic regeneration.
When FOXNI1 activity is up-regulated in the thymic epithelium of old mice, all TEC popula-
tions (cTEC MHC™, cTEC MHC'°, mTEC MHC", mTEC MHC") expand. However, there is
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no increase in proliferation of cTEC MHCII™ cells. One possible source of new MHCII™ ¢TEC
is a postnatal progenitor, either bipotent or restricted to the cTEC lineage. Alternatively, some
new cTEC MHCIT™ could be derived from cTEC that have down-regulated FoxnI and MHCIL.
These cells accumulate in the thymic epithelium as involution progresses, suggesting that func-
tional rescue of FoxnI-negative TEC may contribute to thymic rebound. Thus, competence to
restore optimal gene expression to sub-functional cTEC may partly explain both the notable
regenerative capacity of the thymus and the transient nature of some thymus-regenerating
interventions.

Taken together, our single cell-level analyses show that FoxnI is tightly and differentially
regulated at two stages of thymus ontogeny: first as FOXN1-low mTEC emerge during early
thymus organogenesis; and second at the onset of age-related involution. These data suggest
that precise manipulation of Foxnl expression levels will be necessary for both directed differ-
entiation of the TEC sub-lineages, and sustained endogenous regeneration of the thymus.
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