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SUMMARY

Medullary thymic epithelial cells (mTECs) are crucial
for central T cell self-tolerance. Although progeni-
tors of mMTECs have been demonstrated in thymic
organogenesis, the mechanism for postnatal mTEC
maintenance remains elusive. We demonstrate that
implantation of embryonic TECs expressing clau-
din-3 and claudin-4 (Cld3,4) in a medulla-defective
thymic microenvironment restores medulla for-
mation and suppresses multiorgan autoimmunity
throughout life. A minor SSEA-1* fraction within the
embryonic Cld3,4" TECs contained self-renewable
clonogenic TECs, capable of preferentially gener-
ating mature mTECs in vivo. Adult SSEA-1*Cld3,4"
TECs retained mTEC reconstitution potential,
although the activity decreased. The clonogenicity
of TECs also declined rapidly after birth in wild-type
mice, whereas it persisted in Rag2"‘ adult mice
with defective thymopoiesis. The results suggest
that unipotent mTEC-restricted stem cells that
develop in the embryo have the capacity to function-
ally reconstitute the thymic medulla long-term, thus
ensuring lifelong central T cell self-tolerance.

INTRODUCTION

The thymus is a central lymphoid organ that is responsible for
the production of self-restricted and self-tolerant T cells. It
has a characteristic three-dimensional meshwork structure of
epithelial cells and consists of two distinct anatomical regions,
the cortex and the medulla, each containing distinct types of
thymic epithelial cells (TECs) as major stromal components (An-
derson and Jenkinson, 2001). Medullary TECs (mTECs) play a
crucial role in establishing central T cell tolerance by promiscu-
ously expressing tissue-specific self-antigens (TSAs), in part via
an autoimmune regulator (Aire) (Anderson et al., 2002). The gen-
eration and maintenance of a thymic microenvironment requires
complex interplay between the lymphoid and stromal compart-
ments, and Aire* mTEC development crucially depends on
the signaling involving tumor necrosis factor receptor (TNFR)
superfamily members (Akiyama et al., 2012; Anderson and
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Takahama, 2012). Defects in this pathway, for example the
Nik mutation in aly/aly mice, result in impaired generation of
Aire* mTECs and development of multiorgan autoimmunity
(Kajiura et al., 2004).

The TECs of both compartments develop from common pro-
genitors during thymic organogenesis (Bleul et al., 2006; Rossi
et al., 2006). On the other hand, the existence of unipotent TEC
progenitors for each lineage has also been demonstrated
(Bleul et al., 2006; Hamazaki et al., 2007; Rodewald et al.,
2001; Shakib et al., 2009). The thymic medulla has been shown
to develop as small islets of TECs, with each islet arising
from a single progenitor cell (Rodewald et al., 2001). We previ-
ously identified embryonic TEC progenitors highly expressing
claudin-3 and claudin-4 (Cld3,4™) that exclusively give rise to
mature mTECs within 3 weeks after implantation (Hamazaki
et al., 2007). These results suggest the derivation of unipotent
mTEC progenitors from common progenitors, and recent
studies demonstrate that mTECs derive from progenitors
initially expressing cTEC lineage markers during thymic organ-
ogenesis (Baik et al., 2013; Ohigashi et al., 2013; Peterson and
Laan, 2013). However, the mechanism for the maintenance of
functional thymic medulla at the postnatal stage remains un-
known. Tissue cell turnover might occur either via stem-cell-
based regeneration in the tissues bearing high turnover rates,
such as hematopoietic, skin, and intestinal tissues, or mainly
by duplication of differentiated cells in those showing slower
turnover rates, such as liver and pancreas (Barker et al,
2010; Manley et al., 2011). Recent studies have revealed that
the thymus structure is much more dynamic than previously
thought; specifically, mTECs have turnover rates in a matter
of weeks, comparable with keratinocytes (Gray et al., 2006).
Although the results might imply the stem-cell-based regener-
ation of mTECs, their putative stem cells have not been
identified.

In the current study, we found that embryonic Cld3,4" TECs
are sufficient for maintaining functional mTEC regeneration
and assuring lifelong central T cell tolerance. We further showed
that a minor SSEA-1* fraction of the embryonic Cld3,4" TECs
contains the self-renewable TECs with the capacity to generate
mature mTECs, consistent with the presence of mTEC stem
cells (NTECSCs). The clonogenic activity of SSEA-1*Cld3,4"
TECs was rapidly decreased after birth in wild-type (WT) mice
but was sustained in adult Rag2”~ mice, suggesting that
concomitant thymopoiesis profoundly affects the mTECSC
activity.
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Figure 1. Embryonic Cld3,4" TECs Restore and Maintain the Thymic Medulla throughout Life in an mTEC-Defective aly/aly Thymic

Microenvironment

(A) Immunostaining of the ectopic thymi formed by aly/aly TECs alone (top) and aly/aly plus Cld3,4" TECs (middle) at 12 months after implantation. Abbreviations
are as follows: M, medulla; C, cortex. An arrow indicates a cystic structure of Cld3,4" TECs. Bottom panels indicate two-color staining with the indicated
antibodies of the medullary region of ectopic thymus formed by aly/aly plus Cld3,4" TECs. Scale bars represent 50 pm.

(B) Expression of Aire, Aire-dependent (Ins2, Fabp2, Sp1), and Aire-independent (Gad67, Crp) tissue-specific self-antigen (TSA) genes with semiquantitative
RT-PCR at 4 months after implantation. Ecad and Actb served as controls. Representative results of at least three independent experiments are shown.

See also Figure S1.

RESULTS

Embryonic Cld3,4" TECs Can Contribute to the Lifelong
Maintenance of Functional mTECs

We first investigated the durability of embryonic Cld3,4" TECs
for sustaining the generation of mature mTECs in an aly/aly
thymic microenvironment in vivo. The aly/aly mice with a muta-
tion in Nik show a selective defect in mTEC development,
particularly Aire* mTECs (Boehm et al., 2003; Kajiura et al.,
2004). Total thymic cells (1 x 10°) from aly/aly mice at embry-
onic day 14.5 (E14.5) were reaggregated with or without CId3,4"
TECs (1 x 10% sorted from E14.5 enhanced green fluorescent
protein (EGFP) transgenic (Tg) mice and then implanted under
the renal capsules of nude (nu/nu) mice (Figure S1A available
online). The ectopic thymi formed by aly/aly TECs alone showed
poorly developed medulla with sparse Keratin-5 (K5)" reticular
mTECs; Cld3,4* mTECs with no Aire expression were detected
only scarcely, often forming cystic structures (Figure 1A, top). In
contrast, ectopic thymi developed from aly/aly plus Cld3,4"
TECs revealed the presence of GFP* TECs selectively in the
medulla even at 12 months after implantation, including both
K5* reticular and Cld3,4*Aire* globular mTECs (Figure 1A, mid-
dle and bottom). Similar results were obtained from 3 months to
18 months after implantation. In agreement with the findings,
the ectopic thymi of aly/aly plus Cld3,4" TECs expressed both
Aire-dependent and Aire-independent TSA genes in similar
amounts to WT ectopic thymus, whereas the same genes
were hardly expressed by aly/aly thymi alone (Figure 1B).
The same results were obtained by reaggregation of the

754 Immunity 41, 753-761, November 20, 2014 ©2014 Elsevier Inc.

Cld3,4" TECs with E14.5 WT total thymic cells (Figure S1B),
eliminating the possibility that the long-term reconstitution
by implantation of embryonic Cld3,4" TECs was attributable
to the mTEC-defective microenvironment. Thus, embryonic
Cld3,4" TECs are sufficient for maintaining lifelong functional
mTEC regeneration.

Embryonic Cld3,4" TECs Prevent the Development of
Autoimmunity Caused by aly/aly Thymic Stoma

The ectopic implantation of aly/aly thymi alone and aly/aly plus
Cld3,4" TECs in nu/nu recipients supported the T cell develop-
ment similar to WT thymi, including generation of regulatory T
(Treg) cells, and proportions of peripheral T cells were also indis-
tinguishable (Figure S2). However, the recipients with aly/aly
thymi alone eventually developed marked lymphocytic infiltra-
tions in multiple organs, which were reminiscent of the original
aly/aly mice (Figure 2A, top, and Figure 2B; Tsubata et al.,
1996). Moreover, these mice had development of anti-nuclear
as well as various tissue-cell-reactive autoantibodies, which
are rarely observed in the original aly/aly mice because of the
additional effects of the Nik mutation on B cell function (Fig-
ure 2C, top; Shinkura et al., 1996). In contrast, the mice bearing
the ectopic thymi of aly/aly plus Cld3,4" TECs showed minimal
cellular infiltrations in these organs until 18 months after implan-
tation, with no detectable autoantibody production (Figure 2A,
bottom, Figure 2B, and Figure 2C, bottom). The results demon-
strate that embryonic Cld3,4" TECs can rescue the effects of aly/
aly mutation in thymic stroma and ensure lifelong central T cell
self-tolerance.
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Figure 2. Inclusion of Embryonic ClId3,4" TECs in an aly/aly Thymic
Microenvironment Prevents the Development of Multiorgan Autoim-
munity

(A) Organs from the nu/nu mice with ectopic thymi of aly/aly (top) and aly/aly
plus Cld3,4" TECs (bottom) at 3 months after implantation were stained with
hematoxylin and eosin. An arrow indicates B-islet with cellular infiltration. Scale
bars represent 100 um.

(B) Extent of cellular infiltration in organs was scored at 3 to 18 months after
implantation. The recipients bearing ectopic thymi with aly/aly TECs becameiill
during varying periods before 8 months and were euthanized when they were
moribund. Individual scores (n = 15 for WT; n = 20 for aly/aly; n = 19 for aly/aly
plus Cld3,4" TECs) and means (bars) are indicated.

(C) Anti-nuclear and tissue-reactive autoantibodies in the recipient sera at
3 months after implantation of aly/aly (top) and aly/aly plus Cld3,4" thymi
(bottom) were examined using fixed HEp-2 cells (scale bars [left] represent
20 um) and various tissue sections of Rag2~/~ mice (scale bars [others]
represent 50 um), respectively. Dotted line indicates a B-islet.

See also Figure S2.

An Embryonic SSEA-1*Cld3,4" Fraction Contains mTEC
Stem Cells

Lifelong regeneration of mTECs prompted us to investigate
whether the embryonic Cld3,4™ TECs display mTEC stem cell
activity. Because ClId3,4 is expressed through the mature
mTECs (Hamazaki et al., 2007), we sought to identify a more
restricted marker to define the putative stem cell population.
We found that a minor proportion of the E14.5 Cld3,4" TECs ex-

pressed SSEA-1, but not SSEA-3 (Figure 3A). In mice, SSEA-1
is expressed in embryonic stem cells, whereas SSEA-3 ex-
pression is induced on their differentiation (Solter, 2006). The
SSEA-1* cells were UEA-1~ and rarely expressed mTEC-related
maturation markers such as CD40, major histocompatibility
complex class Il (MHC-II), and CD80, although they exhibited
lymphotoxin-p receptor (LTBR) expression that is crucial for
early mTEC development (Figure 3A; Mouri et al., 2011). We
then compared the reconstitution capacity of SSEA-1* and
SSEA-1~ fractions of E14.5 CId3,4™ TECs in vivo by using a reag-
gregation/transplantation system. At 8 weeks after implantation,
the SSEA-1* fraction showed remarkably greater reconstitution
efficiency than SSEA-1~ fraction (12% versus <1% of the input
cells) (Figure 3B). Moreover, the GFP* TECs derived from the
SSEA-1*Cld3,4" TECs contained MHC-II" mature TECs compa-
rable to the GFP™ host TECs in the same graft (Figure 3B), indi-
cating that mTEC regeneration capacity was highly enriched in
the minor SSEA-1* fraction of Cld3,4" TEC population.

We next intended to examine the self-renewal activity in vitro
with the use of a newly developed clonogenic culture system un-
der serum-free conditions (Figures S3A and S3B). The E14.5
SSEA-1*Cld3,4" TECs developed discrete colonies (1.3% of
the input cells) densely packed with small cells (Figure 3C). The
single-cell-derived colonies could be propagated up to three
passages (Figure 3C). The SSEA-17CId3,4" TECs developed
much fewer colonies (0.4% of the input cells), most of which
were smaller (<2 mm) and propagated only once (Figure 3C).
The replating efficiency of SSEA-1" TEC-derived colonies ap-
peared rather low compared with that previously reported for
rat TEC colonies of undefined phenotype (Bonfanti et al,
2010). Because the Cld3,4 expression profiles in the embryonic
and adult thymi were identical between rats and mice (Figures
S3C and S3D), we also used rat TECs to confirm the self-renewal
activity of embryonic Cld3,4™ populations in our culture condi-
tion. The Cld3,4™ TECs from E17.5 rat thymus developed
much greater numbers of colonies than the corresponding
mouse TECs (Figures S3E and S3F); moreover, the large col-
onies could be propagated at least five passages with nearly
80% efficiency (Figure S3G). Hence, seemingly low replating
efficiency of the colonies appears to be an intrinsic property of
murine TECs in culture. Nonetheless, the results of clonogenic
assay in both rats and mice are consistent with the notion that
TECs with self-renewal activity are present in the embryonic
Cld3,4" TECs; the self-renewable activity is highly enriched in
the SSEA-1* fraction in mice.

The colony cells derived from the embryonic SSEA-1*Cld3,4™
TECs largely retained the original phenotype, with negligible
expression of maturation-related markers (CD40, CD80, MHC-
Il) (Figure S3H). They also expressed genes characteristic of
immature TECs, including Foxn1 and Plet1 (Corbeaux et al.,
2010; Depreter et al., 2008) with no Aire expression (Figure S3l).
We then examined the differentiation potential of the colony cells
invivo. The pooled colony cells (1 x 10%) derived from a single col-
ony were reaggregated with E14.5 WT thymic cells (1 x 108 and
implanted. At 6 weeks after implantation, the GFP* cells were in-
tegrated exclusively inthe medulla, and a portion of them strongly
expressed MHC-II and Aire (Figure 3D). Because the reconstitu-
tion efficiency was rather low, partly because of the inefficient
incorporation of colony cells into the reaggregates, we also
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(B) Freshly isolated SSEA-1* or SSEA-1~ Cld3,4™
TECs (2 x 10% from E14.5 EGFP Tg mice were re-
aggregated with E14.5 WT thymic cells (1 x 10),
followed by implantation under the capsule of the

same kidney. Two months later, all TECs from the
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black and green lines indicate anti-MHC-II staining
in GFP~ (internal control of host TECs) and GFP*
cells (SSEA-1*Cld3,4" input TECs), respectively.
(C) SSEA-1* and SSEA-1~ fractions of Cld3,4"
cells were sorted from E14.5 WT thymi and
cultured in a defined clonogenic culture system for
10 days. A representative picture of the colony
from the SSEA-1*Cld3,4" TECs (left; scale bar
represents 500 pm) and the means and SE of col-
ony numbers per 10% cells in nine independent
experiments are shown (middle). Filled and open
columns indicate the colonies of >2 mm diameter
and <2 mm diameter, respectively. The primary
large colonies (>2 mm) from SSEA-17 (filled circles)
and SSEA-1~ (open circles) Cld3,4" fractions were
isolated individually and replated serially in the
clonogenic culture. At least six individual colonies
(initial input colonies) were plated in an experiment,
and the replating efficiencies (proportions of
passaged colony numbers per initial input colony
numbers) are shown (right). The means and SE of
five independent experiments are indicated.

(D) Secondary colonies derived from a single pri-
mary colony from SSEA-1*Cld3,4™ TECs of E14.5
EGFP Tg mice were isolated, pooled (1 x 10%,
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(E) Colonies from SSEA-1*Cld3,4" TECs of E14.5 EGFP Tg mice were pooled and directly injected into newborn (NB) WT thymic lobes in the organ culture. Five
days later, the lobes were harvested and analyzed with flow cytometry using the indicated antibodies in the EpCAM* gate. Shaded regions indicate the profiles of
colony cells before injection, solid lines indicate the GFP* cells in the cultured thymic lobes, and fine lines indicate primary NB TECs. The means and SE of the
proportions of UEA-1*MHC-II* and Ly51* cells in GFP* TECs of five independent experiments are shown.

See also Figure S3.

injected the colony cells directly into the thymic lobes in organ
culture. Fluorescence-activated cell sorting (FACS) analysis re-
vealed that as much as 15% of the GFP* cells retained in the
thymic lobes were UEA-1*MHC-II* after 5 days, whereas Ly51*
TECs were negligible (Figure 3E). Essentially similar results
were obtained by injecting the colony cells derived from rat em-
bryonic Cld3,4" TECs into the adult thymus in vivo (Figure S3J).
Altogether, these results strongly suggest that the embryonic
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SSEA-1*Cld3,4" cell population contains the self-renewable clo-
nogenic TECs generating mature mTECs in the thymic microen-
vironment, which is consistent with the presence of mTECSCs.

SSEA-1*Cld3,4" mTECSCs Persist but Show Reduced
mTEC Generation Activity in the Adult Thymus

We sought TECs potentially equivalent to the embryonic
mMTECSCs in the adult thymus. The proportions of SSEA-1* cells
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(B) The expression profiles of the indicated
markers in GFP* (implanted) and GFP~ (host)
populations recovered from the ectopic thymus
implanted with the SSEA-1* fraction are shown
(left). The relative proportions of UEA-1"MHC-II"
TECs, UEA-1"MHC-II* mature mTECs, and
Ly51*UEA-1~ cTECs in the GFP* fraction recov-
ered from the ectopic thymus are shown. The
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are indicated (right).
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planted with E14.5, NB, and adult SSEA-1*Cld3,4" TECs (4 weeks old) are shown (solid line). Shaded regions indicate control staining of host TECs in the graft of
adult SSEA-1*ClId3,4" TECs. The proportions of MHC-II" TECs are shown. Representative results in three experiments are shown. The analysis was also
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See also Figure S4.

in the Cld3,4" TEC fraction tended to increase after birth (Fig-
ure S4A). However, approximately 70% of them in 4-week-old
mice were MHC-II'"~ (Figure 4A) and often expressed keratin
10 (Figure S4B), resembling post-Aire mTECs (White et al.,
2010; Yano et al., 2008), whereas MHC-II'SSEA-1*Cld3,4"
TECs were rare (Figure S4A). We sorted the SSEA-1* and
SSEA-1~ Cld3,4" TECs from the pooled thymi of 4-week-old
EGFP Tg mice, reaggregated them with E14.5 WT total thymic
cells, and implanted them in nu/nu mice. At 8 weeks after implan-
tation, the recovery of GFP* TECs in the grafts of the SSEA-1*
fraction was again remarkably greater than that in the grafts of
the SSEA-1~ fraction (9.2% versus 1.3% of the input cells on
average) (Figure 4A). The GFP™ cells in the former grafts con-
tained a significant proportion of UEA-1*MHC-II" mature mTECs
(14.4%) with minimal UEA-1"Ly51* ¢TECs (1.1%). The MHC-II'°
TECs corresponding to the majority of TECs in the initial fraction,
most of which might be terminally maturated, post-Aire mTECs,
were negligible (Figure 4B). Most notably, the majority of the
GFP* TECs were MHC-II"'UEA-1", the same phenotype as the
embryonic mTECSCs (Figure 3A); such a population was
detected at a much lower proportion (4.1%) in the GFP™ TECs
derived from the embryonic host TECs in the same grafts
(Figure 4B). We then compared the potential of mMTECSCs for
generating mature progenies at different ages. We sorted the
SSEA-1*Cld3,4" TECs from the thymi of E14.5, newborn (NB),
and 4-week-old EGFP Tg mice and examined the reconstitution
profiles via a reaggregation/implantation system. At 8 weeks af-
ter implantation, the GFP* population in the grafts of adult SSEA-
1*Cld3,4" TECs contained a smaller proportion of MHC-IIM
TECs (14.8%) with a much greater proportion of MHC-II” TECs
(72.6%) than that of E14.5 (MHC-II", 55.1%; MHC-II", 2.8%)
and NB (MHC-II, 41.1%; MHC-II, 3.7%) SSEA-1*Cld3,4"

TECs (Figure 4C). These results suggest that the TECs bearing
the equivalent surface phenotypes and properties to the embry-
onic MTECSCs persist in the adult thymus, but the potential of
generating mature mTECs is remarkably compromised.

mTECSC Activity Decreases Rapidly after Birth due to
Active Thymopoiesis

Because it was suggested that the potential of SSEA-1*Cld3,4"
mTECSCs changes remarkably after birth, we investigated the
TEC clonogenic activity in vitro at various developmental stages.
The total TEC colony numbers per thymus were rapidly dimin-
ished after birth in WT mice, and macroscopic large colonies
became undetectable after 4 weeks of age (Figure 5A, left).
Age-dependent decrease of the TEC clonogenic activity was
similarly observed in rats (Figures S5A and S5B). To investigate
whether the effect was TEC autonomous, we examined the clo-
nogenic activity in the thymi of Rag2~'~ mice, which lack mature
thymocytes and have poor development of medulla (Hollander
et al., 1995) with minimal Cld3,4* and Aire* mTECs (Figure S5C).
The total TEC colony numbers in E14.5 Rag2~/~ thymi were
comparable with those in the WT thymi; however, the colony
numbers per thymi were sustained at much higher frequency
than in WT thymi at least until 8 weeks of age (Figure 5A, left).
As in WT mice, the clonogenic activity in Rag2~/~ thymi was en-
riched in the SSEA-1* fraction in the Cld3,4™ TECs throughout
the adult stage, and the colony number per thymus derived
from the SSEA-1*Cld3,4" TECs of Rag2™'~ thymi at 12 weeks
old was sustained at higher frequency comparable with that of
WT NB stage (Figure 5A, right), in agreement with the increased
proportion of MHC-II"'SSEA-1*Cld3,4" TECs compared with
WT mice (Figure S4A). We then sorted SSEA-1*Cld3,4" TECs
from NB WT and Rag2~'~ EGFP Tg mice and compared the
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Figure 5. Clonogenic Activity of mTECSCs
Rapidly Declines after Birth in WT Mice but
Is Sustained in Adult Rag2™~ Mice

(A) Clonogenic TEC activity in the total thymi from
WT and Rag2~’'~ mice at varying ages (left). The
colonies were stained with Rhodamine-B and
counted. Solid and pale columns in blue (WT) and
red (Rag2~’") indicate the colonies of >2 mm
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diameter and <2 mm diameter, respectively (left).
SSEA-1* and SSEA-1" Cld3,4" TECs were sorted
from WT and Rag2~'~ mice at the indicated ages
and subjected to the clonogenic culture system
(right). The mean colony numbers and SE of four to
six dishes are shown.

(B) SSEA-1*Cld3,4" TECs (1 x 10° sorted from
NB WT and Rag2~/~ EGFP Tg mice (boxed re-
gions) were reaggregated with E14.5 WT thymic
cells (1 x 10°), followed by implantation under the
capsule of the same kidney (left). Four weeks later,
the ectopic thymi were analyzed with flow cy-

Ages

Rag2-SSEA-1* Cld3,4"¢" graft

GFP*

tometry. The means and SE of GFP™* cell recovery
in two independent experiments are shown (mid-
dle). The representative expression profiles of the
indicated markers in GFP* and GFP~ populations

GFP- (right) are shown (solid lines). Shaded regions

P=0.049

NB Rag2 ™~

Ly51

0.84]

indicate control staining of both groups. The
analysis was also performed at 8 weeks after im-
plantation and yielded essentially identical results.
See also Figure S5.

o
1

SSEA-1

Recovered GFP* cells (% input)

Cell counts

" WT Rag2™

wald et al., 2001), evidence for mTEC
stem cell activity has been missing
(Swann and Boehm, 2007). In the current

o’ high
SSEA-1" Cld3,4 VIR

reconstitution capacity via a reaggregation/implantation system.
At 4 weeks after implantation, the SSEA-1* TECs from Rag2™/~
mice revealed much greater reconstitution efficiency than the
SSEA-1" TECs from WT mice (25% versus 6% of the input cells)
(Figure 5B). The GFP* TECs in the former grafts were mostly
UEA-1"MHC-II*" mature mTECs with negligible Ly51* cTECs
(Figure 5B), confirming that the SSEA-1*Cld3,4" TECs in
Rag2~'~ mice had the same functional property as the embry-
onic SSEA-1*Cld3,4" TECs in WT mice. Essentially similar re-
sults were obtained at 8 weeks after implantation. The results
suggest that the rapid decrease of mMTECSC activity after birth
in WT mice is closely linked to the concomitant active
thymopoiesis.

DISCUSSION

It has long been an issue of argument whether TEC maintenance
in adults depends on a stem-cell-based or a stem-cell-indepen-
dent mechanism (Manley et al., 2011; Swann and Boehm, 2007).
Embryonic common TEC progenitors that give rise to both
mTECs and cTECs during thymic organogenesis are suggested
to have restricted self-renewal capacity, if any (Corbeaux et al.,
2010; Jenkinson et al., 2008; Peterson and Laan, 2013). Although
it has been shown that embryonic TECs are detectable for as
long as 4 months after transplantation as medullary islets (Rode-
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study, we demonstrated that the em-
bryonic Cld3,4" TECs implanted in a
medulla-defective microenvironment are
capable of specifically maintaining mTECs and ensuring central
T cell tolerance nearly throughout life. We previously reported
that the generation of mature mTECs from the embryonic
Cld3,4" TECs is accompanied by their proliferation (Hamazaki
et al., 2007). It has also been reported that mTECs show rela-
tively high turnover rates of several weeks (Gray et al., 2006).
Thus, it seems quite unlikely that mature mTECs differentiated
from the implanted immediate progenitors persisted for more
than 18 months. Rather, our current results strongly suggest
the presence of mTECSCs in the embryonic Cld3,4" TEC
population, continuously generating mature mTECs almost
throughout life.

The activity of long-term mTEC reconstitution in vivo was
associated with a minor SSEA-1* fraction of the E14.5 CId3,4"
TECs. An important property of stem cells that distinguishes
them from committed progenitor cells is the self-renewing activ-
ity. To demonstrate this property, we developed a clonogenic
assay culture system of mouse TECs; by using it, we found
that the TECs with clonogenic activity were also enriched in
the SSEA-1*Cld3,4" fraction of embryonic TECs. Although the
replating efficiency of the TEC colonies seemed to be rather
low, we confirmed that rat TEC colonies derived from the embry-
onic Cld3,4" TEC fraction showed remarkably high replating ef-
ficiency and were propagated for many passages in the same
culture condition. Thus, it appears that the clonogenic TECs of

MHC Il
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mice are less adjustable and/or stable in the culture or have
intrinsically lower self-renewing activity than those of rats. None-
theless, the results in two systems were quite consistent, and we
conclude that the embryonic SSEA-1*Cld3,4" fraction includes
the TECs bearing a self-renewing activity. Moreover, the TEC
colony cells propagated in vitro were capable of generating
mature mTECs, but rarely cTECs, in the thymic microenviron-
ment in vivo, thus fulfilling the properties of stem cells specified
for an mTEC lineage. Minimal estimates of the frequency of
mTECSCs based on the clonogenic units were 1.0% to 1.5%
of the E14.5 SSEA-1*Cld3,4" TEC population. The reported
frequency of keratinocyte stem cells in the skin is approximately
0.4% of the CD34" cells (Blanpain et al., 2004). Considering that
the turnover rate of mTECs in situ is comparable with that of
keratinocytes (Gray et al., 2006), the estimated frequency
of mTECSCs might be reasonable. If the embryonic SSEA-1*
Cld3,4" mTECSCs continue to support the mTEC regeneration
and medullary function throughout the adult stage, then it would
be expected that the TECs with similar phenotype and properties
are present in the adult thymus as well. Our current results
indicated that a minor SSEA-1*Cld3,4" TEC fraction from
4-week-old mice showed efficient reconstitution capacity and
were capable of preferentially generating MHC-II"" mature
mTECs in vivo. The results further support the notion that
SSEA-1*Cld3,4" mTECSCs generated in the embryonic stage
are capable of supporting mTEC regeneration and medullary
function throughout adult stages. Most recently, presence of
progenitors (Wong et al., 2014) and stem cells (Ucar et al.,
2014) with bipotency or multipotency have been reported in
the adult thymus, although their lifelong reconstitution potential
for maintaining mTECs and cTECs remains to be seen. These
TEC populations were defined by markers and assay systems
different from those of our mTECSCs, and the relationship
among them is currently unclear.

It was recently reported that the cTEC lineage cells have their
own potent regenerative capacity after the specific ablation of
CcTECs in the adult thymus, although it remains to be seen
whether the activity depends on the cTEC stem cells or common
TEC progenitors (Rode and Boehm, 2012). Thus, it might be
possible that the maintenance and regeneration of cTECs and
mTECs, which have quite different turnover rates (Dumont-La-
gace et al., 2014), are supported autonomously and indepen-
dently mainly via respective lineage-restricted stem cells
throughout the adult stage. Such a mechanism might be feasible
and secure for assuring the distinct functions of the thymic cor-
tex and medulla in T cell development. Multipotency is consid-
ered an important aspect of stem cells. However, it is suggested
that specific epithelial cell lineages in certain adult tissues such
as skin are maintained mainly by their own stem cells, although
these restricted stem cells might retain multipotency and reveal
their potential of plasticity to reconstitute all the lineages when
tissue homeostasis is severely disrupted (Barker et al., 2010).
Regarding the adult mammary gland, it was recently reported
that the maintenance of different types of epithelial cells de-
pends on unipotent stem cells for each cell type, rather than
embryonic common multipotent progenitor/stem cells (Van Key-
meulen et al., 2011). A developmental shift from multipotent to
unipotent compartment-specific stem cells might be a common
feature in certain organs, including the thymus.

The thymic organ shows progressive involution beginning
early in adult life and is eventually replaced by fat tissues at a
later stage (Manley et al., 2011). Although its exact mechanisms
still remain elusive, it is implied that qualitative and quantitative
changes in the thymic stroma including TECs play crucial roles
and that such changes actually begin soon after birth, much
before the recognizable thymic tissue involution (Gray et al.,
2006; Shanley et al., 2009). Our current results indicate that
mTEC clonogenic units decrease rapidly after birth. At the age
of 4 weeks or older, the macroscopically visible large TEC col-
onies became undetectable, although smaller TEC colonies
continued to be detected in very low numbers. The effect could
be attributable to the loss of clonogenic TECs or their decreased
self-renewal potential, or both. In this aspect, it is noteworthy
that the SSEA-1*CId3,4™ TECs isolated from 4-week-old mice
showed remarkably lower potential for generating mature
mTECs in vivo in a thymic microenvironment than the corre-
sponding TECs in the embryonic thymi, and the majority of
them retained immature phenotypes. The results suggest that
the activity and/or rate of generating mature progenies of
SSEA-1*Cld3,4" mTECSCs is markedly reduced after birth, in
concordance with the rapid decrease of their clonogenic activity
in the culture. Age-dependent changes in stem cell activity have
been reported in other tissue systems, even during early post-
natal stages. For instance, it was shown that hematopoietic
stem cells show extensive self-renewal until 3 weeks of age in
mice to expand the stem cell population, but that these
cells are switched to a more quiescent state at later stages
(Bowie et al., 2006, 2007). Thus, in the adult stage, lower self-re-
newing activity and slower progeny-generating potential of the
mTECSCs, which have robustly expanded during perinatal
stage, might suffice for generating functional mTECs enough to
maintain T cell self-tolerance.

The differentiation and maturation of mTECs crucially depend
on mature T cells (Shores et al., 1991) and, accordingly, the
thymus of Rag2~'~ mice show poor development of mTECs (Hol-
lander et al., 1995). Intriguingly, however, the mTEC clonogenic
activities in Rag2~'~ mice were sustained at much higher levels
than in WT mice, even during the adult stage. Moreover, the
SSEA-1*Cld3,4" TEC fraction of NB Rag2~'~ mice revealed
much more efficient reconstitution and generation of mature
mTECs in vivo in a WT thymic microenvironment than the coun-
terpart TEC fraction of NB WT mice. Therefore, the rapid
decrease of mTECSC activity after birth in WT mice should be
closely linked to the concomitant active thymopoiesis. It could
be a direct consequence of the strong and persistent drive
toward mTEC differentiation by thymic T cells (Anderson and Ta-
kahama, 2012) or an indirect effect attributable to “unusual”
microenvironmental stresses related to the robust thymocyte
proliferation and massive cell death (Shortman et al., 1990).
In either case, we propose that a rapid postnatal change in
mTECSC activity might be an inevitable cost of highly active thy-
mopoiesis occurring during the perinatal stage to establish the
functional T cell immune system soon after birth. This might be
also reminiscent of the long persistence of bipotent TEC progen-
itors in the adult FoxN1-deficient thymus with the complete
defect of thymopoiesis (Bleul et al., 2006).

Because TECs, particularly mTECs, are highly susceptible to
cytoablative treatments (Fletcher et al., 2009; Kelly et al,
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2008), thymic renewal by TEC regeneration is an important part
of immune reconstitution after various cytoablative therapies
such as bone marrow transplantation (Hakim et al., 2005; Mack-
all et al., 1995). Importantly, significant regenerative potential of
the involuted or injured thymus has been reported (Alpdogan
et al., 2006; Kelly et al., 2008; Min et al., 2007). Our results might
provide a clue for novel strategies to restore immune function in
various clinical settings and to control immune dysfunction and
autoimmunity related to diseases and aging.

EXPERIMENTAL PROCEDURES

Thymic Reaggregation and Implantation

Thymic lobes were enzymatically treated in single-cell suspension, followed by
staining with various antibodies, and the TEC fraction was defined as
CD45 Ter119"EpCAM™. TEC subpopulations were sorted with FACSAria Il
(BD Biosciences) or MoFlo Astrios (Beckman Coulter) as described (Hamazaki
et al., 2007; Seach et al., 2012). Sorted TECs (0.1-2 x 10* cells) were incu-
bated together with total thymic cell suspensions (1 x 10° cells) from E14.5
WT or aly/aly mice on filters (Whatman) floated in RPMI-1640 medium
with 10% fetal calf serum (FCS) for 24 hr, and the resulting cell reaggregates
(organoids) were implanted under the kidney capsules of anesthetized nude
mice. This study was conducted according to the principles expressed in
the Declaration of Helsinki. The study was approved by the Animal Research
Committee, Graduate School of Medicine, Kyoto University (MedKyo14049).

Cell Culture

STO cells (obtained from Riken BRC) were cultured in DMEM supplemented
with 10% fetal calf serum at a density of 2.5 x 10* cells cm™2 in a 60 mm
dish and treated with 10 pg ml~" mitomycin-C (Kyowa Hakko Kirin) before be-
ing used as feeder cells.

TEC Clonogenic Assay

Single-cell suspensions of total CD45~ thymic cells or TEC subpopulations
were cultured in 60 mm dishes in the presence of STO feeder cells pretreated
with 10 ug mi~" mitomycin C in serum-free medium, 3:1 mixture of DMEM, and
Ham’s F-12 and supplemented with 10% KnockOut Serum Replacement (KSR)
(Invitrogen), 0.4 ug mi~" hydrocortisone, 10~'° M choleratoxin (Wako), 5 ug
mi~" insulin, 2 x 10~° M 3,3,5-triido-L-thyronine (Sigma), and 10 ng mI~" re-
combinant mouse epidermal growth factor (Invitrogen). Unless otherwise spec-
ified, initial plating density of purified TECs was approximately 1,000 cells per
6 cm plate to make sure that each colony was derived from a single cell. Me-
dium was changed every 3 days. To enumerate the colonies, the cultures
were fixed with 3.7% formalin and stained with 1% Rhodamine-B. For further
passages, individual large colonies (<2 mm) were isolated with cylinder rings,
and the cells of single colonies were transferred to the secondary cultures. Re-
plating of the colony was defined as appearance of at least five secondary large
colonies. For the functional study, the cultures were treated with mild CTK so-
lution containing 1 mg/ml collagenase, 0.25% trypsin, 20% KSR, and 1 mM
CaCl, in phosphate-buffered saline to detach the feeder cells, and remaining
colonies were collected with regular trypsin (0.25%)/EDTA (0.91 mM).

Intrathymic Injection in Organ Culture

Primary TEC colony suspensions from E14.5 EGFP Tg mice were injected into
NB WT thymic lobes (5,000 cells in 2 ul per lobe), and the lobes were cultured
on filters floated in RPMI-1640 medium with 10% FCS. Five days later, 12to 16
lobes were pooled, digested in single-cell suspension, and analyzed with
FACS Cantoll (BD Biosciences) with FACS DIVA.

Histological Examination

Organs from nu/nu recipients bearing ectopic thymi were fixed and stained
with hematoxylin and eosin, and the degrees of cell infiltration were scored
as follows: 0, no detectable infiltration; 1, a focus of perivascular infiltration;
2, several foci of perivascular infiltration; 3, cellular infiltration in more than
50% of vasculature; 4, cellular infiltration in more than 80% of vasculature;
and 5, massive infiltration throughout the interstitial regions.
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Semiquantitative RT-PCR

Total RNA was isolated from freshly prepared or cultured TECs with TRIzol re-
agent (Invitrogen), reverse-transcribed with SuperScript Il with random
primers (Invitrogen), and amplified with Takara Ex Taq (Takara Bio).

SUPPLEMENTAL INFORMATION

Supplemental Information includes five figures and Supplemental Experi-
mental Procedures and can be found with this article online at http://dx.doi.
org/10.1016/j.immuni.2014.10.011.
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