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SUMMARY

Evidence suggests that a stem-cell-driven differenti-
ation hierarchymaintains the dynamic thymic epithe-
lial cell (TEC) network that governs T lymphocyte
development. The identification of TEC stem/pro-
genitor cells has been a major focus in the field,
and several candidates with contrasting phenotypes
have been described. We sought to determine the
provenance and function of the only population re-
ported to exhibit TEC stem cell properties in the
adult, a Foxn1� EpCAM� cell that generates so-
called thymospheres. We provide evidence that the
thymosphere-forming cell (TSFC) is not a TEC stem
cell but can incorporate bystander TECs into thymo-
spheres, providing an explanation for the epithelial
activity ascribed to these structures. TSFCs were
found to share a phenotype, transcriptional profile,
and developmental origin with thymic fibroblasts
and can generate adipocytes. In summary, this study
redefines the nature of bipotent TEC stem/progenitor
cells in the adult thymus and highlights a potentially
important mesenchymal progenitor population.

INTRODUCTION

The structural and functional foundation of the thymus is a retic-

ular network of diverse thymic epithelial cells (TECs) (Boyd et al.,

1993). Together with other stromal elements, such as mesen-

chymal fibroblasts, endothelial cells, and dendritic cells, TECs

of the outer cortex (cTECs) and inner medullary regions (mTECs)

orchestrate T lymphocyte differentiation (Boyd et al., 1993; Pet-

rie and Zúñiga-Pfl€ucker, 2007). However, at a relatively young

age the thymus undergoes progressive involution, resulting in

impaired naive T cell production that is associated with dimin-

ished adaptive immune response in later life (Chaudhry et al.,

2016). The involuted thymus is marked by alterations in epithelial

cell composition and function, as well as fibrosis and adipogen-

esis (Chaudhry et al., 2016). Understanding how the stromal cell
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types interrelate and their role in the maintenance, loss, and

regeneration of the thymus is an important goal toward correct-

ing these clinically important processes.

It has been hypothesized that a stem cell-based hierarchy

maintains the thymic epithelium. Several lines of evidence sup-

port the existence of an adult TEC stem cell, and the character-

ization of the putative stem cell and the lineage relationships that

might support thymic function has been a major focus in the field

(Boehm and Swann, 2013). Retrospective clonal analyses have

demonstrated the existence of postnatal bipotent thymic epithe-

lial progenitor cells (TEPCs) and lineage-restricted progenitors of

unknown phenotype in the postnatal thymus (Bleul et al., 2006;

Rodewald et al., 2001). However, attempts to prospectively

identify adult TEPC populations analogous to those observed

in the fetal thymus have met with limited success (Mayer et al.,

2016; Ohigashi et al., 2015; Sekai et al., 2014). Similarly, while

lineage tracing studies have demonstrated an ontological rela-

tionship between fetal TEPCs and major mTEC and cTEC popu-

lations in the adult thymus, postnatal lineage tracing has

provided little insight beyond the neonatal period (Mayer et al.,

2016; Ohigashi et al., 2013, 2015).

Recently, several groups have prospectively identified popula-

tions that harbor bipotent differentiation capacity (Ucar et al.,

2014; Ulyanchenko et al., 2016; Wong et al., 2014). The

greatest resolution has been achieved using an EpCAM+

LY51posMHCIIhiPLET-1+ phenotype to identify a rare Foxn1-ex-

pressing population capable of long-term contribution to grafted

thymic organoids, perhaps involving an EpCAM+LY51+MHCIIlo

intermediary (Ulyanchenko et al., 2016; Wong et al., 2014). How-

ever, no FOXN1+EpCAM+ cells have yet been definitively shown

to exhibit the cardinal stem cell characteristics of both differen-

tiation and self-renewal.

Intriguingly, a postnatal FOXN1� lineage cell has been re-

ported to exhibit stem cell traits (Ucar et al., 2014). This was un-

expected, since previous studies had demonstrated that TECs

arise from a domain of the third pharyngeal pouch endoderm

that expresses Foxn1 (Corbeaux et al., 2010; Gordon et al.,

2001, 2004; Le Douarin and Jotereau, 1975). Using a strategy

pioneered in other tissues to enrich stem/progenitors cells,

Foxn1� EpCAM�MHCII�SCA-1+ cells were found to generate

non-adherent colonies, termed thymospheres, when cultured
creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Two Phenotypically Distinct TSFC

Populations in the Adult Thymus

(A) Flow cytometric analysis of EpCAM versus

SCA-1 staining on CD45�TER-119�CD31� (Lin�)
thymus cells (representative of 10 experiments).

See also Figure S1.

(B) Representative image of thymosphere culture

derived from Lin�EpCAM�SCA-1+ cells plated at

15,000 cells/mL. Inset: magnified region showing

thymospheres with typical morphology. Scale bar,

100 mm.

(C) Flow cytometric analysis of Lin�EpCAM�

thymus cells showing SCA-1 versus MTS-15

staining (representative of 7 experiments).

(D) Frequencies of MTS-15+ cells and MTS-15�

cells as a percentage of total Lin�EpCAM�SCA-1+

population (mean ± SEM, n = 7 experiments).

(E)Limitingdilutionanalysisof Lin�EpCAM�SCA-1+

subpopulations. Indicated numbers of cells were

plated in thymosphere cultures and maintained for

7 days. Numbers of thymosphere-containing wells

at each cell dose was used to calculate TSFC

frequency. Estimates of frequency ± 95% confi-

dence intervals are given; data are from 4 experi-

ments (p = 0.703).
under certain conditions (Ucar et al., 2014). With an apparent

capacity to self-renew ex vivo, thymospheres were found to

contribute to mature TEC subsets when placed in thymic orga-

noids and grafted into mice (Ucar et al., 2014). This finding

suggested that the TSFC could be the foundational unit of a

postnatal TEC differentiation hierarchy, which is dependent

upon initiation of FOXN1 expression for differentiation to func-

tional maturity. In this study, we sought to refine the identity of

this candidate TEC stem cell and define its relationship to

FOXN1+ TEPCs and mature TECs. Our data challenge the notion

that TSFCs are TEC stem cells. Instead, we find that TSFCs are

non-epithelial stromal cells that share a phenotype and ancestry

with thymic fibroblasts, and resemble mesenchymal stem cells

in their expression profile and differentiation capacity. These

findings redefine the postnatal TEC differentiation hierarchy

and clarify the origin, composition, and differentiation capacity

of the non-epithelial stromal cell compartment.

RESULTS

Adult EpCAM� TSFCs Share a Phenotype with Thymic
Fibroblasts
To elucidate the TEC progenitor hierarchy in the postnatal

thymus, we sought to better define what was presumably the

most proximal of these, the recently identified Foxn1� TSFC.

As a starting point, we fractionated adult thymic stromal cells us-

ing expression of the cell-surface proteins EpCAM and SCA-1

and tested for thymosphere-forming capacity under conditions

previously described (Figures 1A and S1A) (Ucar et al., 2014).

As reported, thymosphere generation was limited to the

CD45�CD31�TER-119� (Lin�) EpCAM�SCA-1+ stromal fraction

(Figure 1B; data not shown) (Ucar et al., 2014). We next sought to
enrich for sphere-forming potential by excluding fibroblasts from

our analysis; these are prevalent in the EpCAM� population but

do not share an ancestry with TECs (Foster et al., 2008; Gordon

et al., 2004; Le Douarin and Jotereau, 1975; Le Lièvre and Le

Douarin, 1975). Flow cytometric analysis with the fibroblast

marker MTS-15 (Gray et al., 2007) revealed that two populations

comprise the EpCAM�SCA-1+ thymosphere-forming popula-

tion: a large population of MTS-15+ presumptive thymic fibro-

blasts (72.8% ± 3.8) and a smaller MTS-15� population (27% ±

3.7%) of unknown identity (Figures 1C and 1D).We hypothesized

that excluding the MTS-15+ fibroblast population would result in

greater than 3-fold enrichment of TSFCs. Surprisingly, we

observed no significant difference in sphere-forming efficiency

between these populations (p = 0.703); thus, depletion using

MTS-15 did not enrich TSFCs (Figure 1E). Based on population

size and TSFC frequencies, we deduced that the MTS-15+

population, previously characterized as being fibroblastic and

keratin�, contained the majority (80.5%) of TSFCs (Figures 1D

and 1E) (Gray et al., 2007).

TSFCs Are Not Thymic Epithelial Stem Cells
Thymospheres have been reported to stain with anti-keratin

antibodies (Ucar et al., 2014), a definitive feature of epithelial

cells (Moll et al., 2008). However, since MTS-15 had previously

been described to label non-epithelial cells and we found that

both MTS-15+ and MTS-15� cells generated thymospheres,

we asked how keratin expression might arise in these structures.

We generated spheres from purified Lin�EpCAM�SCA-1+ cells

to confirm that they contained keratin+ cells by immunofluores-

cent detection. In contrast to previously published data on

thymospheres that were generated from unfractionated CD45�

stromal cells (Ucar et al., 2014), using the same broad-spectrum
Cell Reports 21, 934–942, October 24, 2017 935
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Figure 2. TSFCs and Their Thymosphere

Progeny Are Not Epithelial

(A) Maximal intensity projection immunofluores-

cence image of a thymosphere generated from

Lin�EpCAM�SCA-1+ cells showing anti-keratin

staining (red) counterstained with DAPI (nuclei,

blue). Scale bar, 25 mm. Data are representative of

6 independent experiments.

(B) Representative flow cytometric analysis of Lin�

thymus cells showing EpCAM versus keratin

expression. Numbers indicate the percentage of

cells within the respective regions and are repre-

sentative of greater than 3 samples in 3 indepen-

dent experiments. See also Figure S2.

(C) Representative immunofluorescence images

of flow cytometrically purified Lin�EpCAM+,

Lin�EpCAM�MTS-15+, andLin�EpCAM�MTS-15�

subpopulations stainedwith anti-keratin antibodies

(green) and DAPI (nuclei, red). Scale bars, 40 mm.

Data are representative of 3 independent experi-

ments.

(D) Frequency (%) of keratin+ cells in individual

populations as determined by flow cytometry

(black) and immunofluorescence (white) (mean ±

SEM; representative of 3 independent experi-

ments).

(E) Flow cytometric analysis of a grafted RTOC

generated from E15.5 BALB/c thymus cells

(H-2Kb�) spiked with or without thymospheres

derived from EpCAM�YFP� cells (H-2Kb+) from

Foxn1cre;R26R-EYFP mice. Identification of thy-

mosphere-derived cells in the Lin� compartments

using anti-H-2Kb antibody in thymosphere-con-

taining (left, center) and carrier-only graft (right).

(F) Comparison of YFP expression induced by

Foxn1cre activity, and EpCAM versus MHC class II

expression on carrier (H-2Kb�) and thymocyte-

derived (H-2Kb+) cells in a graft (identified with an

asterisk [*] in Table S1).
anti-keratin antibody, we found few (if any) keratin+ epithelial

cells in thymospheres (Figure 2A).

To determine whether keratin+ TSFCsmight extinguish keratin

expression in culture, we looked for evidence of epithelial cells

within the TSFC populations using flow cytometric analysis.

Contrary to the data presented by Ucar et al., we found that

few Lin�EpCAM� cells expressed keratins (1.7% ± 0.33%) (Fig-

ures 2B, 2C, and S2). Our flow cytometry data were confirmed by

immunofluorescent analysis of keratin expression in purified

thymic cell populations (2.5% ± 1.1% of Lin�EpCAM� cells) (Fig-

ures 2C and 2D), and both detection methods showed that

keratin+ cells were almost entirely confined to the Lin�EpCAM+

population (Figure 2D). Although these data are contrary to the

findings of Ucar et al. (which showed that approximately one-
936 Cell Reports 21, 934–942, October 24, 2017
third of EpCAM� cells were keratin+),

they are consistent with several other

studies that found that keratin expression

is almost exclusive to the EpCAM+MHCII+

compartment (Gray et al., 2008; Rossi

et al., 2007). These data indicated that

TSFCs were not epithelial.
To test the possibility that TSFCs could contribute to mature

thymic epithelial subtypes following culture, we turned to a reag-

gregation thymic organ culture and grafting system. We crossed

mice expressing Cre recombinase under the control of Foxn1

gene promoter (Foxn1Cre) (Zuklys et al., 2009) with those

expressing a Cre-inducible YFP reporter (R26R-EYFPmice) (Sri-

nivas et al., 2001) to indelibly label differentiated TECs with YFP.

As expected, thymospheres from these mice were YFP�, since
TSFCs and their immediate progeny do not express Foxn1

(Ucar et al., 2014). Foxn1YFP thymospheres (H-2Kb) were reag-

gregated with major histocompatibility complex (MHC) mis-

matched BALB/c (H-2Kd) fetal thymus carrier cells then grafted

under the renal capsule of recipient mice. After 4–10 weeks,

thymic grafts were analyzed by flow cytometry to determine
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Figure 3. EpCAM� Cell-Derived Thymospheres Can Incorporate

EpCAM+ TECs

(A) Maximal intensity projection image of immunofluorescent staining of

thymospheres generated from purified Lin�EpCAM� cells (left) and un-

fractionated CD45� cells (right) showing nuclei (DAPI, blue) and keratin (red).

Data are representative of 6 experiments. Scale bars, 20 mm.

(B) Quantification of keratin+ bodies per thymosphere. 18–24 z stacks were

scored per group from 5–6 experiments. Groups were compared using an

unpaired t test with Welch’s correction (****p = < 0.0001).

(C) Maximal intensity projection of immunofluorescent staining of a thymo-

sphere generated from wild-type Lin�EpCAM� cells cultured in the presence

of YFP+EpCAM+ TECs (DAPI [nuclei], blue; anti-YFP, green). Scale bar, 25 mm.
whether H-2Kb thymosphere-derived cells had contributed to

MHCII+ thymic epithelium. Two out of thirteen grafts showed

evidence of thymosphere contribution above the background

levels exhibited by grafts containing only carrier cells (Figure 2E;

Table S1). In these grafts, the contribution of thymosphere-

derived cells remained below 2% of total Lin� stromal cells,

despite inclusion of thymospheres generated from the equiva-

lent of 3.5–4 mice (Figure 2E; Table S1). Foxn1Cre-mediated

YFP expression was not observed in thymosphere-derived cells,

indicating that TSFCs were not capable of generating Foxn1+

progeny (Figure 2E; Table S1). Importantly, we found no evi-

dence of thymosphere differentiation into functionally competent

MHCII+EpCAM+ TEC compartments (Figure 2F; Table S1).

EpCAM� Thymospheres Can Incorporate ‘‘Passenger’’
TECs
Since the thymospheres containing keratin+ cells generated by

Ucar et al. were formed from unfractionated CD45� stromal cells

(which include EpCAM+ TECs) (Ucar et al., 2014), we reasoned

that those keratin+ cells could have been formed under the influ-

ence of cells outside of the EpCAM� compartment. For instance,
EpCAM� cells may be induced to express keratin by other cell

types in mixed cultures. Alternatively, while it is clear that con-

ventional EpCAM+ TECs are unable to generate thymospheres

de novo, they might be incorporated into thymospheres gener-

ated by EpCAM� cells (Ucar et al., 2014). To investigate these

possibilities, thymic cells were depleted of CD45+ hematopoietic

cells and either directly placed in thymosphere culture as total

CD45� stroma or subjected to fluorescence-activated cell sort-

ing (FACS) purification of Lin�EpCAM� cells and then estab-

lished in parallel cultures. Immunofluorescence analysis

revealed that in contrast to thymospheres generated solely

from Lin�EpCAM� cells, those generated from CD45� stromal

cells showed substantial keratin expression (Figures 3A and 3B).

To determine whether keratin+ cells were TECs incorporated

into the thymospheres, we analyzed thymospheres derived

from 1:1.5 mixtures of wild-type EpCAM� stromal cells and

YFP+EpCAM+ TECs (this ratio reflects the proportions in the

unfractionated CD45� population). YFP+ cells were observed

in resultant thymospheres, confirming that conventional TECs

had been incorporated as ‘‘bystander’’ cells (Figure 3C).

TSFCs Are Mesenchymal Stromal Cells
Since TSFCs exhibited properties incompatible with an epithelial

identity, we next sought to determine their true nature using line-

age tracing and gene expression profiling. Previous studies have

shown that TECs are derived from the endoderm, while thymic

fibroblasts are derived from the mesoderm and neural crest cells

(NCCs) (Foster et al., 2008; Gordon et al., 2004; Komada et al.,

2012; Le Douarin and Jotereau, 1975). To investigate the origin

of TSFCs, we crossed mice expressing the Cre recombinase

under the control of different gene promoters with the R26R-

EYFP line to indelibly label (1) endoderm-derived TECs (using

Foxn1Cre; Zuklys et al., 2009), (2) ectodermal NCC-derived cells

(using Wnt1Cre; Danielian et al., 1998), or (3) mesoderm-derived

cells (Mesp1Cre; Saga et al., 1999). As expected, YFP+ cells

were confined to the EpCAM+ compartment in Foxn1Cre;R26R-

EYFP mice, while the frequency of Wnt1cre YFP+ and MesP1cre

YFP+ cells in the EpCAM+ fraction was not above background

levels (p = 0.93 and p = 0.66, respectively) (Figures 4A and 4B).

NCC-derived cells constituted approximately half (57.8% ±

7.2%) of the TSFC population, whereas mesoderm-derived cells

were a minor component (9.5% ± 2.3%) (Figures 4A and 4B).

Interestingly, most (82.5% ± 0.85%) MTS-15+ cells were derived

from NCCs (Figures 4A and 4B) and given the limits of Cre-

dependent recombination, it remains possible that all MTS-15+

cells are NCC derived. In contrast, almost all mesoderm-derived

cells were MTS-15� and constituted approximately one-quarter

of cells (25.7 ± 3.5%) in this compartment, which is comparable

to the NCC contribution (18.9% ± 3.1%) (Figures 4A and 4B).

These data raise the possibility that two distinct populations of

TSFCs exist within the postnatal thymus. Notably, purified

Lin�EpCAM�SCA-1+YFP+ cells from Wnt1cre;R26R-EYFP mice

readily generated YFP+ thymospheres (Figure 4C). This finding

confirms that the majority of TSFCs are NCC derived and do

not share an endodermal origin with conventional EpCAM+

TECs.

Accumulating evidence suggests that thymic fibroblasts play

an important role in the maintenance of postnatal thymic
Cell Reports 21, 934–942, October 24, 2017 937
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Figure 4. TSFCs Are Mesenchymal Cells with Adipocyte Differentiation Capacity
(A) Flow cytometric analysis of adult thymus cells from Foxn1cre;R26R-EYFP (top), Wnt1cre;R26R-EYFP (middle) and MesP1cre;R26R-EYFP (bottom)

mice showing YFP expression in Lin�EpCAM+ and Lin�EpCAM�SCA-1+ subpopulations. Profiles are representative of 5 individual mice from two ex-

periments.

(B) Frequency (%) of YFP+ cells in Lin�EpCAM+, Lin�EpCAM�SCA-1+, Lin�EpCAM�SCA-1+MTS-15+, and Lin�EpCAM�SCA-1+MTS-15+ populations

for indicated Cre recombinase mouse lines crossed with the R26R-EYFP mouse line (mean ± SEM; n = 3–8 mice from 2–4 independent experiments).

Control group composed of Foxn1cre+/+; R26RYFP/+, Wnt1cre+/+; R26RYFP/+, and MesP1cre+/+; R26RYFP/+ mice. Lin�EpCAM+: control versus Foxn1cre,

p = < 0.0001; control versus Wnt1cre, p = 0.48; control versus MesP1cre, p = 0.99. Lin�EpCAM�SCA-1+: control versus Foxn1cre, p = 0.1; control versus

Wnt1cre, p = 0.001; control versus MesP1cre, p = 0.017. Groups were compared using an unpaired t test with Welch’s correction (*p % 0.05; **p = % 0.01;

****p % 0.0001).

(legend continued on next page)

938 Cell Reports 21, 934–942, October 24, 2017



architecture and function (Lax et al., 2012; Sun et al., 2015); how-

ever, we have little understanding of how this compartment is

maintained. Interestingly, a rare population with the capacity to

retain a DNA label was found to have an overlapping phenotype

with TSFCs (Osada et al., 2013; Ucar et al., 2014). Cell lines

expanded from these cells had anMSC-like capacity to generate

osteoblasts, adipocytes, and chondrocytes (Osada et al., 2013).

These data support the hypothesis that a thymic mesenchymal

stromal/stem cell (MSC) population maintains non-epithelial

stromal populations, including fibroblasts and adipocytes. To

investigate the possibility that TSFCs might fulfill this role, we

compared gene expression profiles of TECs, thymospheres,

and MSCs. We found that thymospheres shared a gene expres-

sion signature withmesenchymal cells (including Pdgfra, Pdgfrb,

extracellular matrix [ECM] components, and growth factors), but

not those characteristic of TECs (E-cadherin, occludin, keratins,

MHC class II, and delta-like 4), and overall were more similar

to MSCs than TECs (Figures S3A and S3B). Moreover, we

observed robust adipocyte differentiation from TSFCs, suggest-

ing that TSFCs are capable of giving rise to both thymic fibro-

blasts and adipocytes in the postnatal thymus (Figure 4D).

DISCUSSION

A postnatal TSFC of the Foxn1� lineage has been proposed as a

candidate for the elusive TEC stem cell (Ucar et al., 2014). The

phenotype of this putative TEC stem cell was consistent with

data showing that FOXN1 is not required for initial specification

events but is necessary for the subsequent differentiation to

mature subsets (Nowell et al., 2011). TECs with experimentally

reduced FOXN1 levels can retain thymic epithelial identity and

persist for at least 6 months as ‘‘trapped’’ progenitors (Jin

et al., 2014). The demonstration that Foxn1� TSFCs seemingly

contributed to mature FOXN1+ TEC subsets implied that TSFCs

were more primitive than all other adult TEPC populations

described.

We could readily form thymospheres using the strategies

reported by Ucar et al. and confirm that thymospheres are

derived only from the Lin�EpCAM�SCA-1+ compartment. How-

ever, our experiments indicate that TSFCs are not TEC stem cells

but rather non-epithelial stromal cells that share an ancestry and

transcriptional profile with thymic fibroblasts. Although it remains

formally possible that a FOXN1� TEC stem cell exists in the

EpCAM� fraction, our results demonstrate that the TSFC does

not fit this description. In light of these new data, the parsimo-

nious hypothesis is that TEC regeneration capacity lies in the

EpCAM+ compartment, since this is the only population that con-

tinues to demonstrate TEC differentiation capacity in the adult

thymus (Ulyanchenko et al., 2016; Wong et al., 2014).

Our finding that TSFCs do not differentiate into TECs is at odds

with a previous report (Ucar et al., 2014). In that study, individual

thymospheres generated from unfractionated CD45� thymic
(C) Maximal intensity projection images of thymospheres generated from puri

Wnt1cre;R26R-EYFP mice. Data are representative of 3 independent experiment

(D) Representative images of oil red O immunocytochemistry (left) and immunofl

Lin�EpCAM�SCA1+ TSFCs cultured for 14 days under maintenance (control) or ad

of 3 independent experiments.
stromal cells plated at high densities expressed bothmTEC-spe-

cific and cTEC-specific keratin types. In conjunction with

evidence suggesting that thymospheres could be clonally

derived at low plating densities, the authors concluded that

these findings together provided evidence of stem cell differen-

tiation (Ucar et al., 2014). We have shown that thymospheres

from cells plated at higher densities, such as those used for

phenotyping and functional testing by Ucar et al., typically

form polyclonally. This finding is directly analogous to data

from spheres in other organ systems that are prone to aggrega-

tion yet form clonally at extremely low densities (Pastrana et al.,

2011). Importantly, these data undermine the conclusion that a

single EpCAM� TSFC is necessarily the ancestor of the diverse

keratin+ TECs observed in thymospheres. Our demonstration

that EpCAM+ TECs can contribute as passengers to spheres

generated by EpCAM� TSFCs is sufficient to explain the appear-

ance of keratin+ cells in thymospheres generated from popula-

tions that contain TECs (Ucar et al., 2014). Moreover, the

passenger phenomenon is the simplest explanation for the

apparent (but very limited) contribution of thymospheres to

TEC subsets upon grafting observed by Ucar et al., without

invoking the possibility that ex vivo culture had resulted in

changes to cellular function or phenotype. This passenger TEC

scenario is supported by our data with purified EpCAM� cell-

derived thymospheres and a lineage tracing strategy, which

did not provide evidence for the contribution of EpCAM�-derived
thymosphere cells to TEC populations.

Our lineage tracing and phenotypic analysis establish that

TSFCs share a common phenotype and ancestry with thymic

fibroblasts that reside in the EpCAM� compartment. While we

cannot rule out other minor TSFC populations, our data

demonstrate that the majority of TSFCs are MTS15+ NCC-

derived cells and confirm that TSFCs do not belong to the

same ontological lineage as the endoderm-derived adult TEC.

This finding was corroborated by our microarray expression

analysis showing that thymospheres share greater similarity to

MSCs than TECs.

Although our analyses indicate that TSFCs do not belong to a

TEC differentiation hierarchy, they may be important for the

maintenance of the thymic stroma. It is well established that

mesenchymal fibroblasts provide growth factors (such as fibro-

blast growth factor 7 [FGF-7], FGF-10, epidermal growth factor

[EGF], and retinoic acid) to developing epithelial cells (Jenkinson

et al., 2003; Revest et al., 2001; Shinohara and Honjo, 1996; Sit-

nik et al., 2012) and essential cytokines and extracellular matrix

components to thymocyte precursors (Anderson et al., 1997;

Gray et al., 2007). Postnatally, fibroblasts, including those in

the perivascular region, have been shown to support mTECs in

the steady-state thymus and are important for thymic vasculari-

zation and regeneration following damage by infection or cyclo-

phosphamide treatment (Lax et al., 2012; Sun et al., 2015).

Although the mechanisms of these activities remain obscure,
fied Lin�EpCAM�SCA-1+ YFP+ cells from the thymus of 8- to 10-week-old

s. Scale bar, 25 mm.

uorescent anti-FABP4 (green) and DAPI nuclear counterstain (blue) (right) on

ipocyte differentiation conditions. Scale bars, 100 mm. Data are representative

Cell Reports 21, 934–942, October 24, 2017 939



the continued postnatal expression of TEC trophic factors

suggests an ongoing role in growth factor provision. It is un-

known whether a thymic resident stem or progenitor population

maintains the non-epithelial stromal compartment, but our

demonstration that TSFCs are mesenchymal with progenitor-

like capacities, together with the recent demonstration that

TSFCs are long-lived (Ucar et al., 2016), suggests that they are

candidates for this role. The regulation of such a population

might play a key role in the compositional changes associated

with age-related involution (including increased fibroblast and

adipocyte presence) and poor thymic function (Taub and Longo,

2005). That this population can be propagated as thymospheres

in vitro opens up the possibility that they might be amenable to

interrogation in a screening platform to better understand their

requirements and role, as has been performed with other

sphere-compatible systems (Saxe et al., 2007; Sheridan et al.,

2015).

EXPERIMENTAL PROCEDURES

Unless otherwise stated, all reagents were purchased from Sigma or Thermo

Fisher Scientific.

Mice

Mutant mice were generated on a C57BL/6 or 129/C57BL/6 background

and backcrossed at least 10 times to a C57BL/6 background. Foxn1Cre/+

R26REYFP/+, Wnt1Cre/+ R26REYFP/+ and Mesp1Cre/+R26REYFP/+, mice were

generated by crossing R26RYFP/YFP (Srinivas et al., 2001) females with

Foxn1Cre/+ (Zuklys et al., 2009), Wnt1Cre/+ (Danielian et al., 1998) or

Mesp1Cre/+ (Saga et al., 1999) males, respectively. For embryos, noon of the

day of vaginal plug detection was taken as embryonic day 0.5 (E0.5). All

mice were raised under specific-pathogen-free housing conditions according

to the regulations of theWalter and Eliza Hall Institute of Medical Research, the

Swiss Federal Government, and the Weatherall Institute of Molecular

Medicine.

Adult Thymic Stromal Cell Purification and FlowCytometric Analysis

Flow cytometric analysis and/or purification of adult stromal populations were

performed as previously described using an optimized protocol with highly

purified enzyme preparations and the antibodies detailed in Table S2 (Jain

and Gray, 2014; Seach et al., 2012). Placement of regions was guided by fluo-

rescence minus one controls or location of reference populations where

appropriate. For a detailed protocol, see Supplemental Experimental Proced-

ures and Figures S1 and S2.

Reaggregate Thymic Organ Culture Generation and Grafting

Reaggregate organ cultures were generated as described previously (Sheri-

dan et al., 2009). Briefly, thymospheres were mixed with 500,000–1,000,000

BALB/c E15.5 thymic cells with or without 50,000 BALB/c primary embryonic

fibroblasts and reaggregated at the gas-liquid interface in RTOC medium

(DMEM/F12 with Glutamax supplemented with 10% fetal calf serum [FCS],

15 mM HEPES, 55 mM 2-mercaptoethanol, 13 non-essential amino acids

with or without 50 U/mL penicillin, and 50 mg/mL streptomycin). Following

overnight incubation, reaggregates were grafted under the renal capsule of

7- to 9-week-old male BALB/c recipient mice and analyzed 4–10 weeks later.

Thymosphere Culture

Thymosphere cultures were performed as previously described (Ucar et al.,

2014). Briefly, cells were plated in ultra-low-attachment plates (Corning) at

various densities (1,000–100,000/mL in MEBM medium [Lonza] or DMEM/

F12 supplemented with B27 supplement, 0.5 mg/mL hydrocortisone, and

5 mg/mL insulin [Roche], 4 mg/mL heparin, 20 ng/mL basic FGF [bFGF], and

EGF (R&D Systems). Medium was changed every 3 days, and thymospheres

were analyzed after 6–8 days.
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Immunofluorescence and Immunohistochemistry

Thymospheres or cells were fixed in 2% paraformaldehyde (PFA) then per-

meabilized and blocked in immunofluorescence wash buffer (PBS containing

0.6% Triton X-100) containing 5% (v/v) goat or donkey serum for 30 min.

Following incubation with primary antibodies (Table S2) overnight at 4�C, sam-

ples were washed and incubated with secondary antibody conjugates (Table

S2) for 2 hr before counterstaining with 2 mg/mL DAPI. For imaging, samples

were suspended in ProLong Diamond mountant and deposited into coverslip-

ped bottom chamber slides (Ibidi). Adipogenic cultures were fixed with 4%

PFA, blocked with donkey serum, and stained with anti-FABP4 primary anti-

body and anti-goat Alexa 488 antibody and DAPI (Table S2). For immunocyto-

chemistry, adipogenic cultures were fixedwith formalin and stained with oil red

O as per the manufacturer’s protocols. All images were captured on a LSM780

using Zen 2012 SP2 (black) software v11.0 (Zeiss) or Olympus CKX41 bright-

field microscope. Single optical sections and maximal intensity projection

images were processed for presentation using OMERO (Allan et al., 2012).

Limiting Dilution Analysis

Cells were plated in replicate at multiple densities and allowed to grow for

1 week. Wells were imaged on an Eclipse Ti microscope (Nikon) using

MetaMorph v7.8.2.0 software (Molecular Devices), and tiled composites

were generated using Fiji (scripts by Lachlan Whitehead, Walter and Eliza

Hall Institute). Wells were scored for the presence of thymospheres, and the

frequency of positive wells at each dilution was used to calculate TSFC fre-

quency using extreme limiting dilution analysis (ELDA) (Hu and Smyth, 2009).

Statistical Analysis

Statistical analysis was performed using GraphPad Prism software (version 6).

Data are reported as mean ± SEM unless otherwise specified. Where appli-

cable, the non-parametric Mann-Whitney U test (two tailed) or unpaired

Student’s t test with Welch’s correction was used, and a p value % 0.05

was considered statistically significant.
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