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Non-Epithelial Stromal Cells in
Thymus Development and Function
Kieran D. James, William E. Jenkinson and Graham Anderson*

Institute of Immunology and Immunotherapy, University of Birmingham, Birmingham, United Kingdom

The thymus supports T-cell development via specialized microenvironments that ensure a
diverse, functional and self-tolerant T-cell population. These microenvironments are
classically defined as distinct cortex and medulla regions that each contain specialized
subsets of stromal cells. Extensive research on thymic epithelial cells (TEC) within the
cortex and medulla has defined their essential roles during T-cell development.
Significantly, there are additional non-epithelial stromal cells (NES) that exist alongside
TEC within thymic microenvironments, including multiple subsets of mesenchymal and
endothelial cells. In contrast to our current understanding of TEC biology, the
developmental origins, lineage relationships, and functional properties, of NES remain
poorly understood. However, experimental evidence suggests these cells are important
for thymus function by either directly influencing T-cell development, or by indirectly
regulating TEC development and/or function. Here, we focus attention on the contribution
of NES to thymic microenvironments, including their phenotypic identification and
functional classification, and explore their impact on thymus function.
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INTRODUCTION

The production of a diverse ab-T-cell pool is vital to establishing and maintaining a functional
adaptive immune system. While adult lymphoid progenitor cells are produced by the bone marrow,
their lineage commitment and development into mature T-cells is dependent on their migration
into the thymus, where essential interactions with heterogeneous thymic stromal cells take place (1).
Arguably, the most recognized and well-studied stromal populations in thymus biology are thymic
epithelial cells (TEC) within the cortical and medullary areas, which are defined by their anatomical
separation and function. Cortical epithelial cells (cTEC) support the earliest thymocyte progenitor
populations, guiding them through the cortex, directing them to a T-cell lineage fate and ensuring
their functional qualities as self-MHC restricted cells through the process of positive selection (2).
Medullary epithelial cells (mTEC), in conjunction with dendritic cells, then take over control of
developing thymocytes. Through the process of producing and presenting a diverse array of self-
antigens, mTEC drive single positive thymocytes either down conventional or Foxp3+ regulatory
thymocyte lineages (3). In addition, mTEC screen thymocytes for their expression of high affinity
ab-TCRs, with negative selection limiting the release of these reactive T-cells into the peripheral
pool (4). In addition to intrathymic selection, and during this medullary residency period, CD4+ and
CD8+ single positive (CD4SP, CD8SP) thymocytes acquire the ability to proliferate in response to
TCR stimulation, and undergo licensing for cytokine production, prior to exiting the thymus to join
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the peripheral T-cell pool as Recent Thymus Emigrants (RTE)
(5, 6). While many studies have demonstrated the importance of
cTEC and mTEC during T-cell development, thymic stromal
microenvironments also contain heterogenous non-epithelial
stromal (NES) populations in a similar manner to that seen
in peripheral lymphoid tissues. Broadly separated into
mesenchymal and endothelial cells, NES have been implicated
in thymus organogenesis, thymocyte development, tolerance
induction and development/maintenance of epithelial stroma.
As with TEC, our understanding of NES has been improved
through the phenotypic identification of new subpopulations,
such studies on thymic mesenchyme and endothelium have
provided new and important insight into their complexity and
functional importance. In this review, we cover how the non-
epithelial compartment of thymic stroma represent essential cell
populations in regulating thymus function.
THYMIC MESENCHYME

Mesenchyme in Early Thymus
Development and Function
Organogenesis and Origin
In early experiments, physical separation of mesenchymal and
epithelial stroma from embryonic murine thymus resulted in
defective thymus development when epithelium was cultured in
vitro in the absence of mesenchyme (7). These findings were
confirmed in later studies in which removal of mesenchyme from
embryonic day 12 murine thymic lobes impaired thymus growth
in vitro (8). Furthermore, in ovo surgical ablation of cephalic
neural-crest mesenchyme resulted in significantly reduced
thymic size in fertile Arbor Acre chick embryos (9).
Collectively, these studies provided clear evidence that the
presence of mesenchymal stroma is key during the earliest
stages of thymus development, when the endodermal-derived
TEC rudiment is enveloped within and colonized by peri-thymic
neural crest (NC)-derived mesenchyme. Moreover, studies by
Jiang et al. (10) utilized Wnt1Cre mediated fate mapping models
to directly demonstrate the association of NC-derived
mesenchymal cells with the embryonic murine thymus.
Interestingly, although this study, and another by Yamazaki
et al. (11) using a myelin protein zero fate mapping model,
suggested that NC-derived mesenchymal cells could be scarcely
detected in the postnatal thymus, subsequent studies using
Wnt1Cre based models provided evidence that NC-derived
mesenchyme persists in adult thymic microenvironments (12,
13). Collectively, these findings in mammalian systems are
consistent with the studies by Bockman and Kirby (9) using
avian models that specifically pointed towards the importance of
cells of neural crest origin in early thymus development.

With regard to the mechanisms of thymic mesenchyme
function, their production of a number of growth factors has
been shown to influence TEC populations. For example, Revest
et al. discovered that fibroblast growth factor 7 (FGF7) and
FGF10 produced by thymic mesenchyme and their receptor
FGF-R2IIIb expressed by TEC were also essential for normal
Frontiers in Immunology | www.frontiersin.org 2
TEC development (14). In the absence of FGF-R2IIIb, thymus
development appeared arrested around embryonic day 12.5, and
the absence of either FGF-R2IIIb or FGF10 resulted in
hypoplastic thymi and reduced TEC proliferation (14). In later
studies, enzymatic removal of thymic mesenchyme was shown to
reduce TEC proliferation (15), which could be restored by the
addition of exogenous FGF7 and/or FGF10 in vitro. Interestingly,
this study also found that while mesenchyme and FGF7/10 are
essential for TEC proliferation, they are disposable for TEC
differentiation, with embryonic TEC acquiring cTEC and
mTEC phenotypes in the absence of mesenchyme and
importantly these epithelial cells are functionally mature (15).
Indeed, transplantation of embryonic day 12 thymus lobes
stripped of thymus mesenchyme remained small, but retained
the ability to support a complete program of T-cell development
(16). Such findings suggest that an important property of thymic
mesenchyme is to induce the proliferation of developing TEC in
order to provide increasing numbers of intrathymic niches to
support efficient T-cell development. In the absence of such
mesenchyme-derived signals, niche availability remains limited
and results in diminished T-cell production. In addition,
epidermal growth factor (EGF) has been suggested to be a
product potentially produced by thymic mesenchyme to
support TEC proliferation and thymus lobule formation, as
EGF can replace thymic mesenchyme in supporting TEC in
cultures (17). Similarly, insulin-like growth factor (IGF) has been
shown to be a mesenchyme product and IGF has been shown to
regulate TEC development, but it has not been directly shown
that mesenchymal-specific loss of either IGF or EGF leads to
TEC defects (16–18). Thus, thymic mesenchymal cells play an
important role in quantitatively regulating thymus function.
While several mesenchymal growth factors have been
implicated in this process (e.g., FGF7/10), further studies are
required to examine the distinct functional properties, and
cellular origins, of these molecules. Relevant to this, expression
of the transcription factor MafB by thymic mesenchyme was
shown to regulate production of Wnt3, Wnt11, and BMP4 which
regulate TEC function, including the production of chemokines
required for normal progenitor homing to the thymus (19).

Finally, as well as influencing the functional properties of
TEC, mesenchyme has also been shown to influence the
anatomic positioning of the thymus during its development.
Studies of Pax3Sp/Sp mice, which carry a point mutation in Pax3
eliminating protein function, revealed that separation of the
thymus from the pharynx, migration of the thymus to its
position at the mediastinum and distribution of the thymus:
parathyroid domains are dependent on the presence of thymic
mesenchyme (17, 20). The thymus of these mice was significantly
increased in size whereas the parathyroid was reduced and there
was a delay in the separation of the two as a result of
dysfunctional boundary formation between the thymus and
parathyroid domains (20). Interestingly, evidence also suggests
that a bi-directional relationship may exist between neural-
crest derived mesenchyme and endoderm, where epithelial-
derived FGF8 may regulate mesenchymal populations, where
FGF8 hypomorphs demonstrate ectopic thymus positioning and
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thymic hypoplasia possibly as a result of impaired mesenchymal
expression of FGF10 (21).

Mesenchyme and T-Cell Development
Using the reaggregate thymic organ culture (RTOC) technique,
where defined thymocyte and stromal subsets can be
reassembled into 3-dimensional structures, studies provided
evidence that specific stages of thymocyte development are also
dependent on the presence of thymic mesenchyme (22, 23). For
example, culture of CD4−CD8− (DN) T-cell precursors in the
presence of TEC alone resulted in an absence of further T-cell
development. In contrast, the addition of mesenchymal cells
resulted in development to the CD4+CD8+ double positive (DP)
and CD4SP and CD8SP stages (23). Importantly, TEC alone
were able to support the development of CD4+CD8+ thymocytes
to the CD4SP and CD8SP stages, indicating that a stage-specific
requirement for mesenchyme operates at the DN-DP but not
DP-SP transition. Later, further analysis revealed that the
importance of thymic mesenchyme was specific to supporting
the development of CD25+CD44+ DN2 thymocytes, with
independence from mesenchyme occurring from the
CD25+CD44− DN3 stage (22). How thymic mesenchyme
influences specific stages of T-cell precursor development
remain unclear. However, it is interesting to note that this
requirement can be met by both mesenchyme cells of non-
thymic origin (eg embryonic lung) or fibroblast cell lines (eg
NIH-3T3) (23). Moreover, and as demonstrated for bone
marrow stroma (24), mesenchymal cells that regulate lymphoid
progenitor development are effective presenters of the key
cytokine IL7 via their production of extracellular matrix
components (22), suggesting a possible mechanism for their
involvement in early T-cell development. Importantly however,
it is important to note that studies on the regulation of T-cell
development by thymic mesenchyme are based largely on the
requirements for fetal lymphoid progenitors, and often involve
analysis of T-cell development using in vitro culture. As such,
further studies are required to assess whether similar
requirements operate in both the fetal thymus in vivo, and
whether DN T-cell precursors in the adult thymus are similarly
controlled by mesenchyme.

Mesenchyme in the Adult Thymus
Characterization
While initial studies suggested that NC-derived thymic
mesenchyme does not persist beyond the embryonic thymus
(10, 11), further studies utilizing NC specific Wnt1Cre and
Sox1Cre mouse models (crossed to Rosa26 reporter mice)
enabled identification of NC-derived mesenchymal cells within
adult thymus (12, 13). Here, thymic mesenchyme is located in
multiple places. It helps contribute to the structure of the thymus
lobe making up the capsule around the outside of the thymus (25,
26) and thymic mesenchyme has been reported in the cortex
(13), medulla (26) and as well as around blood vessels both
dispersed throughout the thymus, and at the corticomedullary
junction (CMJ) (27–29). In addition, Komada et al.
demonstrated that while NC-derived mesenchyme contributes
Frontiers in Immunology | www.frontiersin.org 3
to pervivascular cells, mesoderm-derived cells contribute to
endothelial compartments (30). Thus, mesenchymal cells are
present in the adult thymus at multiple sites where distinct stages
of T-cell development take place. In addition to anatomic
location, various phenotypic markers have been used to
identify thymic mesenchymal cells, and different studies have
used various marker combinations to define thymic
mesenchymal stroma and subsequent subpopulations.
Currently, a clear consensus on the panel of mesenchymal
markers to be used is lacking, and for markers that are used,
there is often overlap in cell populations that are studied. For
example, commonly used markers of thymic mesenchyme
include PDGFRa, PDGFRb, Ly51, Podoplanin (Pdpn, gp38)
MTS-15, ERTR7, and FSP1 (13, 16, 25, 27, 31–33). Pdpn is a
notable marker, as it is frequently used to identify thymic
mesenchyme and often stained alongside CD31 to distinguish
between endothelium and mesenchymal cells, an approach also
used in peripheral lymph nodes to identify the fibroblastic
reticular, lymphatic endothelial and blood endothelial cell
subsets (29, 34). Interestingly, in addition to being utilized as a
phenotypic marker of mesenchymal populations, Pdpn may
potentially play functional roles in the thymus. For example,
Pdpn has been proposed to contribute to CCL21 localization in
thymic microenvironments and contribute to the development
of regulatory T cells in young mice (35). It is important to note
that while Pdpn and CD31 expression can highlight some
similarities in the populations of non-epithelial stroma, unlike
peripheral secondary lymphoid tissues where a clear lymphatic
stromal population is present, the presence/absence of
lymphatics within the thymus has been difficult to resolve.
Previous confocal analysis of the thymus to detect expression
of VEGFR3 and LYVE-1 suggested the presence of lymphatic
vessels (25). Using Lyve-1Cre–mediated fate mapping, or dual
analysis of CD31/Pdpn expression by flow cytometry, lymphatics
were extremely rare and difficult to observe (29). Use of Lyve1Cre

to target any potential lymphatic population within the thymus is
complicated by the observation that this approach labels a
significant proportion of thymocytes when crossed to a
reporter model (36).

Recent phenotypic analysis of thymic mesenchyme from
Sitnik et al. revealed Pdpn+ and Pdpn− populations within
PDGFRb+ thymic mesenchyme in the adult thymus (27). The
inclusion of the additional markers CD34 and Itga7 was further
used to identify these two subsets as Pdpn+CD34+ adventitial
mesenchyme cells and Pdpn−Itga7+ thymic pericytes, where
adventitial mesenchyme surrounds pericytes which in turn
surround blood endothelium of vessels (27, 28). A recent
advancement has shown that the marker Dipeptidyl-peptidase
4 (DPP4) can be used to distinguish between capsule fibroblasts
(capFb, which are DPP4+) and medullary fibroblasts (mFb,
which are DPP4−), further characterizing the different
mesenchymal populations present in the adult thymus (26).
How these DPP4+ mesenchymal subsets relate to CD34+

adventitial and Itga7+ pericytes described previously is not
clear. Thus, follow up studies are important to examine how
various definitions of mesenchyme populations correlate with
February 2021 | Volume 12 | Article 634367
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each other, in order to provide a clearer stratification of subset
heterogeneity that would allow effective analysis of thymic
mesenchyme function in the adult thymus.

Functional Roles of Adult Thymic
Mesenchyme
Regulation of Thymic Epithelial Cells
While mesenchymal cells regulate the proliferation of embryonic
TEC (14, 16), studies demonstrate that thymic mesenchyme can
also be a negative regulator of TEC expansion during
embryogenesis and that this property is maintained in the
adult thymus (32). Thus, thymic mesenchyme was identified as
a major intrathymic source of retinoic acid (RA) which was
found to restrict TEC proliferation, in particular within the cTEC
compartment (32). Interestingly, these same cells that produce
RA may also have the ability to produce growth factors such as
FGF7/10 that have a positive impact on TEC proliferation during
thymus organogenesis and perhaps have a continued role in the
adult thymus (14–16). Thus, thymic mesenchyme has the ability
to both positively and negatively regulate the TEC compartment
in the developing and adult steady-state thymus. Interestingly,
thymic mesenchymal cells from adult thymus have also been
shown to be capable of sphere-formation, a property initially
thought to define TEC stem cells. Thus, Sheridan et al. (37)
showed that thymosphere-forming cell (TSFC) represent long-
lived cells of mesenchymal origin which also possess progenitor-
like capacities, and are able to give rise to adipocytes (37). While,
the functional properties of sphere-forming mesenchymal cells
require further examination, evidence of a role for thymic
mesenchyme in regulating TEC subsets was reported in studies
where mesenchyme-specific deletion of LTbR was achieved using
Twist-2Cre mice (26). Here, deletion of LTbR on thymic
mesenchyme resulted in a number of intrathymic changes,
including reduced mTEC numbers in the adult thymus (26).
Whether this is indicative of mechanism where thymic
mesenchyme regulates TEC in the steady state adult thymus,
or rather relates to the role of mesenchyme regulating TEC
during thymus organogenesis requires further examination.
Similarly, thymic fibroblasts defined by Fibroblast specific
protein 1 (FSP1) expression appear to be an important
regulator of TEC populations (33). Indeed, FSP1+ mesenchyme
produce IL-6 and FGF7, and the absence of FSP1+ mesenchyme
results in a significantly smaller thymus size and reduced TEC
numbers (33). Interestingly, as well as being a useful phenotypic
marker, FSP1 itself may be an important molecular mediators of
adult thymus mesenchyme function, as addition of FSP1 to TEC
in culture significantly increases their proliferation and
expression of CD80 and AIRE (33).

Collectively, the studies above highlight how thymic
mesenchymal stroma supports the TEC compartment in the
adult thymus at steady state. Additionally, some findings also
implicate thymic mesenchyme in supporting TEC and thymus
recovery following damage. For example, Sun et al. found that
deleting FSP1+ thymic mesenchyme resulted in significantly
delayed regeneration in a cyclophosphamide-induced thymic
involution model (33). Gray et al. also found that upon
Frontiers in Immunology | www.frontiersin.org 4
cyclophosphamide-induced thymic involution, MTS-15+

thymic fibroblasts expanded during regeneration and produced
FGF7, FGF10 and IL-6 to promote TEC proliferation and
increase T-cell production (31). Interestingly Sun et al. found
that FSP1+ mesenchyme was distinct from MTS-15+ fibroblasts
thus demonstrating some conservation of function between the
two mesenchymal populations (31, 33). These are distinct from
MTS-15 expressing thymic mesenchyme as shown by FACs but
also by confocal showing these cells were localized in different
areas of the thymus (33). Finally, expression of CD248
(endosialin), a protein linked to remodeling of tissues, is
induced within PDGFRa+ thymic mesenchyme during
infection (38). In a Salmonella infection model, CD248-
deficient mice exhibited reduced thymus size and poor thymus
regeneration, indicating a specific but poorly understood role for
CD248 expression by mesenchyme in controlling the recovery of
thymus function following acute thymus atrophy (38).

Thymus Emigration
The microanatomical positioning of adventitial cells and
pericytes around blood vessels in adult thymus, suggest a
possible role in regulating the egress of mature thymocytes
from the thymus following their intrathymic development. The
sphingosine-1-phosphate (S1P) pathway has been shown to be a
key axis for the egress of mature thymocytes (29, 39, 40), with a
complex interplay of multiple cellular compartments, including
thymic mesenchymal cells being involved in this pathway.
Regulation of the S1P pathway centers on maintaining a low
gradient of S1P within the thymic parenchyma and restricting
availability to points of exit, via the production of S1P via kinases
and transporters, or the degradation of S1P (which can be by
reversible and non-reversible means) (41). The sphingosine
kinases SPHK1 and SPHK2 are essential regulators of S1P
production, where deletion of Sphk1 in NC-derived thymic
mesenchyme, using conditional Wnt1Cre mediated deletion,
disrupts thymocyte egress (29). Mature SP in the thymus of
these mice had elevated levels of S1PR1 expression that is
consistent with reduced exposure to available S1P. These
findings were accompanied by an intrathymic accumulation of
mature SP thymocytes, a phenotype highly indicative of an egress
defect (29). Mesenchyme can also influence the S1P gradient
through S1P lyase, an enzyme which irreversible cleaves S1P and
thus in the context of egress acts to maintain low intrathymic S1P
levels and ensure migration of mature thymocytes towards high
concentrations of S1P present in blood (39). Consistent with this
role, it has been shown that S1P lyase expression is focused
around blood vessels where it is expressed by thymic endothelial
cells as well as thymic mesenchyme (39). The importance of S1P
lyase in regulating egress was highlighted by the use of the S1P
lyase inhibitor 2-Acetyl-4-tetrahydroxybutylimidazole (THI),
which causes an intrathymic accumulation of mature SP
thymocytes and reduced T-cell output (39, 42). Based on the
location of its expression and its mode of action the authors
suggest that S1P lyase degrades S1P in the PVS irreversibly to
create a low S1P environment which again acts to promote the
egress of mature thymocytes (39).
February 2021 | Volume 12 | Article 634367
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In addition to the S1P pathway, mesenchyme regulates
thymic egress through an additional pathway that includes the
chemokine receptor CCR7, a pathway previously shown to play
an important role in neonatal thymus egress (43, 44). We showed
that in the absence of both CCL21 and CCL19, thymic egress of
conventional SP thymocytes is impeded, with this requirement
specifically mapping to a non-redundant role of CCL21 but not
CCL19 (28). In the adult thymus it is known that CCL21 is
produced by an mTEC subset, as most recently shown through
the use of CCL21TdTom reporter mice (45). Interestingly, analysis
of CCL21 protein distribution in the neonatal thymus revealed
this was concentrated around blood vessels at the
corticomedullary junction (28). Further analysis revealed that
expression of heparin sulfate by CD34+ adventitial cells, and to a
slightly lesser extent expression by Itga7+ pericytes, regulated
CCL21 presentation by these mesenchymal populations found at
this site (28). Thus, while CCL21 is a product of mTEC, its
presentation is dependent on thymic mesenchymal populations
for neonatal thymic egress, highlighting the combined action of
epithelium and mesenchyme for regulation of a key process in
thymocyte development. It is important to note that the role of
CCL21 in egress is limited to the neonatal window, as adult
CCR7-deficient mice show no thymic egress defect (44, 46).
Thus, thymic mesenchymal regulation of thymocyte egress is
temporal and limited to the neonatal window and thus the
Frontiers in Immunology | www.frontiersin.org 5
earliest waves of ab thymocyte egress (28). The precise
differential impact of CCL21 on thymocyte emigration at
neonatal and adult stages remains unclear. Interestingly
however, previous studies have suggested potential differences
in the expression of the S1P receptor S1P1 in neonatal versus
adult SP thymocytes (47). Evidence from this study
demonstrated that neonatal thymocyte egress can be blocked
using FTY720 treatment, indicating that the S1P-axis is
functional in the window when S1P1 expression is low and
that CCL21 also regulates thymus egress, raising the interesting
notion that CCL21 may act to compensate for or facilitate
reduced S1P- axis activity in the perinatal period, with this
requirement being superseded by increased S1P1 expression at
adult stages.

Additional studies have further proposed that expression of
the lymphotoxin b receptor (LTbR) by specific thymic stromal
compartments, including mesenchyme, may regulate thymocyte
egress in the adult thymus. Germline LTbR deletion leads to an
intrathymic accumulation of mature thymocytes and reduced
recent thymic emigrants (RTE) being indicative of a thymic
egress defect (48, 49). In a Twist-2Cre x LtbrFlox mouse model,
where LTbR deletion is restricted to thymic mesenchyme, Nitta
et al. additionally noted an intrathymic accumulation of mature
SP thymocytes suggesting that the egress defect seen in germline
LTbR-deficient mice could potentially include a requirement for
FIGURE 1 | Endothelial cells regulate T-cell progenitor entry. Initial steps in thymocyte development involve homing to, and colonizing of, the thymus by bone
marrow-derived blood-borne progenitors via blood vessels at the corticomedullary junction (orange dotted line). Entry of these progenitors is controlled by thymic
endothelial cells (EC) which regulate this process through a number of different mechanisms detailed in the inset figure (black dotted line/box). ECs express P-
selectin, the ligand for which (P-selectin glycoprotein ligand 1, PSGL-1) is expressed by lymphoid progenitor cells. P-selectin-PSGL1 interactions are essential in
slowing down progenitor movement, allowing them to interact with ICAM-1 and VCAM-1 expressed by ECs. In adult thymus, CCL25 (ligand for CCR9) which is
produced by both TEC and ECs has also been shown to be essential for progenitor homing to the thymus. Additionally, CCR7 is involved in thymus colonization,
although its precise ligand requirements (CCL19 and/or CCL21) is not known.
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https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


James et al. Non-Epithelial Stroma in Thymus Development
LTbR on thymic mesenchyme, however increased intrathymic
numbers of SP thymocytes could be a consequence of reduced
negative-selection observed in these mice (26). In other models
a im ed a t d e l e t i o n o f LTbR f r om me s e n c h yme
(Wnt1Cre2xLTBRFlox), this SP thymocyte accumulation and
emigration defect was not observed. While the reasons for this
difference are not clear, it may be that while both Wnt1Cre2 and
Twist2Cre are active in thymic mesenchyme, the exact subsets
that are targeted differ. It will be important to formally define the
types of thymic mesenchyme that are targeted in specific Cre
expressing mouse strains in order to gain a clearer picture of the
role of individual mesenchyme subsets controlling T-
cell development.

Thymic Tolerance
In line with the abundance of mesenchymal stroma within
medullary areas, these cells have also been implicated in the
regulation of tolerance induction of developing thymocytes.
Interestingly this finding was perhaps born from attempts
to understand how signaling via LTbR within TEC
microenvironments influenced thymocyte development. First
described by Boehm et al., 2003, mice deficient for LTbR
exhibited a clear reduction in mTEC numbers, and severely
disrupted medullary organization (48). Instead of characteristic
large medullary areas surrounded by cortex, thymus from LTBR-
KO mice had an increased frequency of smaller medullas
dispersed throughout the organ (48, 50). These mice also
displayed intrathymic accumulations of mature SP thymocytes
indicating disrupted thymocyte egress, as well as autoimmune
symptoms including autoantibodies and lymphocytic infiltrates
into tissues (48, 50, 51).

Through the use of a panel of stromal-cell specific Cre mice
crossed to LTbRFlox mice, we examined the contribution of
epithelium, mesenchyme and endothelium to regulation of
LTbR-dependent tolerance induction in the thymus (50).
Deletion of Ltbr on TEC recapitulated the mTEC phenotype of
Ltbr−/−mice, but despite this, there was no autoimmune or T-cell
egress defect in these mice (50, 51). De novo Treg generation was
found to be independent of LTbR signaling and instead it
appeared that dendritic cells were also disrupted in the LTbR-
germline KO thymus (50). Screening of different stromal cell
specific Ltbr deletion models revealed that only when Ltbr is
deleted onWnt1Cre2-expressing thymic mesenchyme (LTbRMes),
identified as CD45−EpCAM-1−CD31−Pdpn+ by flow cytometry,
was the DC-defect of Ltbr−/− mice replicated and this pathway
was proposed as the mechanism by which LTbR signaling
regulates thymic tolerance (50). Further analysis of DC kinetics
revealed an essential role for CCR7 expression by DC and CCL21
production by thymus for development of Sirpa− conventional
DC type 1 (cDC1), a population significantly reduced in Ltbr−/−

and LTbRMes mice (52). Thus, it is interesting to speculate
whether the role of CCL21 presentation by thymic
mesenchyme is LTbR-dependent and the possible mechanism
that causes the tolerance breakdown in Ltbr−/− thymus.
Interestingly it has been shown that thymic DC can regulate
thymocyte egress via S1Plyase (53). However, LTbRMes mice,
utilizing the Wnt1Cre2 promotor, do not exhibit the egress defect
Frontiers in Immunology | www.frontiersin.org 6
seen in Ltbr−/− mice, suggesting that the LTbR-dependent
regulation of thymic DC is not essential for thymocyte egress
(50, 51).

Using Twist2CreLTbRFlox mice Nitta et al. showed that despite
no observed DC defect, there were increased auto-antibodies and
cellular infiltrates and this correlated with reduced numbers of
Pdpn+ thymic mesenchyme which lacked mFb-specific genes
including specific TRAs (26). They suggest that expression of
MHC Class I, in conjunction with evidence of protein handover/
pickup by thymic DC, work to support central tolerance
induction during thymocyte development and thus thymic
mesenchyme has a significantly more direct role in thymus
tolerance via self-Ag production rather than regulating DCs
(26). Interestingly, this pathway would appear to mirror that
proposed for regulation of peripheral tolerance by non-epithelial
fibroblastic reticular stromal cells in secondary lymphoid tissues
(54). The striking difference here between the two mesenchyme-
specific models for deleting Ltbr is that while there is a clear
DC defect in Wnt1Cre2LTbRFlox mice used in the Cosway et al.,
study there is no egress defect, whereas in the Twist2CreLTbRFlox

of the Nitta et al., study the reverse is true (26, 50). As the
Cre-lines used in each study appear faithful it remains difficult to
fully elucidate the exact role that LTbR and thymic mesenchyme
is playing in regulating thymic tolerance or thymic egress. A
follow up of Nitta et al. study to understand how their data of an
Ag presentation role of mFbs fits into the landscape of CD34+

adventitial and Itga7+ mesenchyme, and what further gene
expression differences exist within these mesenchyme
populations would be very interesting and useful to further our
understanding of the heterogenous populations and roles that
thymic mesenchyme in the adult thymus carry out.
THYMIC ENDOTHELIUM

Regulation of Thymocyte Development
Thymus Colonization by Lymphoid Progenitors
The thymus does not contain a pool of self-renewing
hematopoietic stem cells and so relies on remote colonization
of bone-marrow derived progenitor cells from the blood into the
thymus. Thus, thymic endothelial cells play an essential role in
interacting with the T-cell progenitors in the blood to ensure
site-specific extravasation of progenitor cells into the thymus for
the ongoing production of T-cells (55) (Figure 1). During
development, thymus vascularization is evident around
embryonic day 15.5 (E15) (56), with CD31+ endothelial cells
abundant in thymus sections at E15.5, but not at earlier time
points (56–58). The dense 3-D vascular network present at this
stage was shown using an elegant approach in which intravenous
microinjections of resin into embryos was performed, with
subsequent digestion of tissues to leave a resin cast which was
then imaged using scanning electron microscopy (56). It is
interesting to note that T-cell progenitors colonize the thymus
at earlier time points prior to thymus vascularization. At earlier
stages (<E15) T-cell progenitors have to migrate through the
perithymic mesenchymal layer that invests the early epithelial
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rudiment at this early stage in thymus organogenesis to enter
epithelial microenvironments (56, 59, 60). During this period the
CCR9 ligand CCL25 produced by Foxn-1–dependent thymic
primordium and the CCR7 ligand CCL21 produced by Gcm2-
dependent parathyroid, are essential in progenitor colonization
of the early thymus (56, 61, 62). CXCR4 also aids colonization of
the embryonic thymus, but the precise intrathymic cellular
source is not clear (63). Critically, the requirement for CCR7
and CCR9-dependent thymus colonization is maintained into
adulthood, where CCR7/CCR9 double deficient mice
(Ccr7−/−Ccr9−/−) demonstrate reduced thymus colonizing cells,
albeit such reductions are potentially made up for by subsequent
compensatory expansion of thymocytes (64).

A key endothelial mechanism that regulates T-cell progenitor
entry into the thymus is the interaction between endothelial
expressed P-selectin and P-selectin glycoprotein ligand 1 (PSGL-
1)–bearing progenitor (65–67). PSGL1-deficient thymi have
reduced numbers of ETP due to the reduced ability of
progenitor cells to enter the thymus (66). Parabiotic or
adoptive transfer experiments revealed clear evidence for the
essential role of P-selectin:PSGL1 interactions for progenitor
homing to the thymus (66, 67). Consistent with this, treating
cells with anti-P-selectin neutralizing antibody significantly
impaired progenitor homing to the thymus (67). This P-
Frontiers in Immunology | www.frontiersin.org 7
selectin/PSGL-1 interaction slows down progenitors allowing
them to interact with ICAM-1 and VCAM-1, whose expression
by the endothelium is also key in the process of progenitor
homing and entry into the thymus (67). In a related study,
Gossens et al. found that in addition to P-selectin, endothelial
production of CCL25 is also be a key regulator of T-cell
progenitor homing to the adult thymus (65). They found that
mouse models with T-cell progenitor intrinsic entry defects were
significantly more receptive to the homing and entry of WT T-
cells progenitors (65). This increased receptivity correlated with
increased P-selectin and CCL25 expression by thymic
endothelial cells, suggesting both are involved in T-cell
progenitor homing and colonization (65). Interestingly this
same study revealed that endothelial expression of P-selectin
and CCL25 is the mechanism by which endothelial cells enforce
the temporal, gated, nature of thymus colonization, wherein the
thymus goes through periods of receptiveness and non-
receptiveness to colonization by new T-cell progenitors (55, 65,
68). This phenomenon may be part of a process by which
progenitor niche availability within the thymus directly feeds
back and acts on the ability of progenitors to enter the thymus or
not (65, 69). Gossens et al. showed that progenitors act on the
endothelium to limit the expression/production of P-selectin and
CCL25, when the intrathymic population of progenitors is
FIGURE 2 | Endothelial cells regulate mature thymocyte egress. Similar to progenitor entry into the thymus, egress of mature thymocytes that have completed their
intrathymic development occurs via blood vessels at the corticomedullary junction (orange hashed line). Mature CD4+CD8− (SP4) or CD4−CD8+ (SP8) thymocytes
which express the S1P receptor S1P1 migrate from the medulla to the CMJ to begin their exit from the thymus. As detailed in the inset figure (black dotted line/box),
mature SP thymocytes first enter the perivascular space (PVS) and then cross the endothelium into the blood via reverse transendothelial migration, with both
processes being S1P-dependent. Thymic ECs play an essential role in this process by maintaining the S1P gradient within the thymic parenchyma/PVS. ECs can
increase S1P levels through their expression of the S1P transporter Spinster homolog 2 (SPNS2) which transports S1P synthesized through the phosphorylation of
sphingosine by sphingosine kinase (SPHK). Conversely, ECs reduce S1P levels through expression of lipid phosphate phosphatase 3 (LPP3) which
dephosphorylates S1P to sphingosine or by irreversibly degrading S1P via S1P lyase. These mechanisms maintain the export of mature thymocytes essential to
contribute to the peripheral T-cell pool.
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reduced and thus niche availability is increased, endothelial cells
are signaled to increased P-selectin and CCL25 (65). This then
drives increased progenitor entry, which fills the intrathymic
niches signaling endothelial cells to reduce their production of P-
selectin/CCL25 and the cycle continues (65). In line with this, P-
selectin and CCL25 expression levels correlated with phases of
thymic T-cell progenitor receptivity and non-receptivity (65).
Additionally, in mouse models which have a significant T-cell
progenitor reduction in the thymus and subsequently have
increased niche availability, these mice showed increased
expression of P-selectin and CCL25 and also increased
receptiveness to peripherally induced WT T-cell progenitors
(65). Therefore, not only do thymic endothelial cells regulate
the entry of progenitor cells by their expression of key molecules
such ICAM-1, VCAM-1, P-selectin and CCL25, but they act as
gatekeepers regulating the phases of entry and no-entry to new
progenitor cells by adjusting the amount and periodicity of their
expression of CCL25/P-selectin (65). The mechanism that
regulates these changes in expression of key genes is not clear.
However, an interesting study highlighted a key role for the
transcriptional regulator early growth response gene 1 (Egr1) as
part of a negative feedback loop in this system. Here, Schnell
et al. showed that Egr1-deficient mice had increased thymocyte
number as a direct result of increased T-cell progenitor homing
and interestingly Egr1 was expressed by DN thymocytes (70).
Correlating with increased progenitor homing, they found that
endothelial cells of Egr1-deficient thymus had increased P-
selectin expression, suggesting that Egr1 mediates a feedback
mechanism whereby the number of DN thymocytes controls the
entry of new T-cell progenitors by regulating P-selectin
expression by the thymic endothelium (70).

When T-cell progenitors enter the thymus via blood vessels, they
do so via large venules found at the corticomedullary junction
(CMJ), after which they migrate through the cortex towards the
subcapsular zone (SCZ) to begin the step-wise development
program within the thymus (71, 72). It has been shown that a
subset of endothelial cells appears enriched at the CMJ and such
cells play key roles in regulating T-cell progenitor entry. Shi et al.
describe 3 subpopulations of CD31+ thymic endothelial cells based
on their expression of Ly6C and P-selectin (73). Thymic portal
endothelial cells (TPEC) were identified as Ly6C−P-selectin+ and
were found to be enriched in vessels at the CMJ, with ~60% of
CD31+ vessels at the CMJ found to contain TPEC (73). Importantly,
TPEC are selectively reduced inmice lacking LTbR either in all cells,
or in models were LTbR is deleted specifically on endothelial cells
using a endothelial-specific Cre mouse model (Tie2Cre) crossed with
LTbRFlox mice, to generate LTbREndo mice (49, 73). Loss of TPEC in
these mice is accompanied with a significant reduction in the
number of early T-cell progenitors (ETP) within the thymus,
indicating a T-cell progenitor homing/colonization defect (73, 74).
Despite reduced ETP in the thymus of LTbR-deficient mice,
thymocyte development is rescued by compensatory expansion of
DN3 thymocytes which may expand due to the increased niche
availability (69, 74). Interestingly, levels of ICAM-1 and VCAM-1
were noticeably reduced in thymic endothelial cells from LTbR-
deficient mice, a finding consistent with a previous study showing
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that inhibition of ICAM-1 or VCAM-1 reduces thymus homing of
progenitor cells (67, 74). The localization of TPEC at the CMJ and
reduced ETP strong supports the proposed role of these cells in
regulating progenitor entry (73, 74). Interestingly, in addition to a
requirement for LTbR in the development of TPEC, absence of ab-
T-cells (as seen in TCRa−/− mice) also significantly reduced the
TPEC population, suggesting that provision of LTbR ligands by SP
thymocytes may act as part of a crosstalk mechanism between
thymocytes and endothelial cells to regulate development of the
latter (73).

Thymocyte Development
In addition to regulating the entry of lymphoid progenitor cells,
thymic endothelial cells have also been shown to regulate the
development of downstream thymocyte populations. For example,
Kit ligand (KitL) is a key regulator of early thymocyte proliferation
and differentiation (75), with membrane-bound KitL (mKitL) being
expressed by both cTEC and vascular endothelial cells found within
the cortex (76). Deletion of mKitL specifically on endothelial cells
(using Tie2CrePDGFRbCre endothelial specific mice) resulted in a
significant reduction in the frequencies of both ETP and DN1
thymocytes (76). In thymus sections, while DN1 thymocytes are in
close proximity to mKitL producing endothelial cells (76),
endothelial-derived mKitL was dispensable for T-cell
development, suggesting the involvement of additional mKitL
producing cells, such as cTEC, in control of ETP/DN1
progenitors (76). Interestingly it has been found that this mKitL-
c-Kit interaction is bi-directional, with mKitL signaling leading to
increased endothelial cell proliferation and thus endothelial mKitL
is essential in both ETP and endothelial cell regulation (77).

In addition to regulating the thymic entry, endothelial cells also
play a key role in regulating the egress of mature thymocytes from
the thymus into the blood (Figure 2). As discussed previously, the
sphingosine-1-phosphate (S1P) pathway is an essential mechanism
regulating egress of mature thymocytes from the adult thymus (78).
Maintenance of localized intrathymic levels of S1P is important to
ensure optimal egress and as such this is regulated by the balance of
production or inhibition of S1P by particular cell types in the
thymus. Endothelial cells have the capacity to achieve this by their
expression of particular enzymes or transport molecules allowing
them to influence the S1P gradient. For example, S1P lyase is one
particular regulator of this process, and as well as being expressed by
thymic mesenchymal cells, endothelial-specific expression of S1P
lyase is also essential for egress (39, 42). Furthermore, endothelial
cells express lipid phosphate phosphatase 3 (LPP3), a class of S1P-
degrading enzyme which dephosphorylates S1P (79). Much like S1P
lyase, its role in thymocyte egress is to help maintain low levels of
S1P, but unlike S1P lyase this process is not irreversible, as LPP3
works to dephosphorylate S1P reverting it to sphingosine which is
inactive to S1P1 (42, 79, 80). By deleting LPP3 in various cell types
in the thymus, Breart et al. demonstrated the essential role of this
enzyme in regulating thymocyte egress (79). Cell specific deletion of
Lpp3 through use of VE-CadherinCre to target endothelial cells
resulted in the intrathymic accumulation of mature SP thymocytes
suggesting a block in thymocyte egress (79). Interestingly deletion of
Lpp3 in TEC using K14Cre also caused an intrathymic accumulation,
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suggesting that both populations play non-redundant roles in
regulating thymocyte egress via manipulating/maintaining the
S1P gradient (79).

The expression of these two enzymes are examples of how
endothelial cells can downmodulate levels of S1P. However,
endothelial cells may also directly contribute to S1P availability
by virtue of their expression of the S1P transporter spinster
homolog 2 (Spns2) (81). Deletion of Spsn2 in endothelial cells
using a Tie2Cre crossed to Spsn2Flox mouse model resulted in the
intrathymic accumulation of SP thymocytes and reduced T-cell
numbers in the periphery, indicating a severe T-cell egress defect
(81). Follow up studies to understand these mechanisms in
light of the more recent endothelial population definitions
would significantly aid our understanding of how endothelial
cells regulate egress via the S1P pathway. For instance,
the localization of TPEC at the CMJ would make them an
attractive candidate to regulate T-cell egress via these
mechanisms. Perhaps in line with this, in the LTbREndo mouse
model which have a T-cell progenitor homing defect, there is also
clear indication that thymic egress is also LTbR-endothelial
dependent (49). Thus, LTbREndo mice exhibit an intrathymic
accumulation of mature thymocytes at a similar magnitude as
seen in the germline LTbR-deficient mouse thymus (48, 51). As
stated previously, these mice lack TPEC, suggesting these cells
regulate both entry and exit of T-cell populations in an LTbR
dependent manner (51, 73, 74). Interestingly, this endothelial-
regulated stage of egress was restricted to the PVS-entry step, the
penultimate step in the process of cells leaving the thymus (29,
39, 72, 82). Moreover, short-term FTY720 treatment prevents
entry of mature T-cell in the PVS which may suggest that this
process is S1P dependent; however; the exact mechanisms by
which endothelial cells regulate thymus egress in an LTbR-
dependent process remains unclear.

It has also been suggested that a thymus:blood barrier exists
in the thymus (83). However, this idea is at odds with the fact
that many of the vessels within the thymus function to allow
the trafficking of progenitors and mature T-cells into and out
of the thymus. Heterogeneity amongst thymic blood vessels
indicates that different vessels have different permeabilities and
provides evidence of how a thymus:blood barrier may be
present while also serving as entry and exit points of the
thymus. It has been shown that all cortical vessels express
Cld5 but only half of the blood vessels in the medulla and CMJ
express Cld5 (84). Thymus sections of mice injected
intravenously with a biotin tracer revealed that the biotin
tracer leaked into the medulla via Cld− vessels whereas little
penetration was found around Cld5+ vessels (84). The
importance of Cld5 expression by cortical vasculature in
maintaining their impermeable status was highlighted in
experiments where Cld5 deletion led to cortical vessels
becoming leaky (84). It is likely the leaky nature of medullary/
CMJ vessels aids entry/exit of trafficking cells, consistent with these
vessels being located at/near the CMJ. This is supported by
findings of accumulations of mature thymocytes within the PVS
of Cld5− vessels and also by IV injection of tetramethylrhodamine-
conjugated S1P which was found to leak into the medulla in
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thymus sections of injected mice likely contributing to the S1P-
gradient required for thymus egress (84).

TEC Regulation by Thymic Endothelium
Endothelial cells have also been reported to regulate TEC in the
steady-state and during thymus regeneration. For example, Choi
et al. showed that via Tie2Cre mediated deletion of plexinD1 on
endothelial cells, thymus lobes displayed reorganization of
vasculature, with a significant increase of vessels in the
subcapsular zone and a corresponding disruption of medulla
localization, where medullary areas were found at the subcapsular
zone and fused with the capsule (85). Thus, plxnd1 expression by
thymic endothelial cells influences medullary formation within the
thymus (85). Upon damage via total body sublethal irradiation,
endothelial cells upregulate their production of bone
morphogenetic protein 4 (BMP4) which in turn upregulates
Foxn-1 expression in TEC, leading to increased expression of
downstream Foxn-1 targets such as delta-like ligand 4 (DLL4)
which are involved in TEC development, maintenance and
regeneration (86). This process is essential for optimal thymus
regeneration as blocking BMP using a pan BMP inhibitor
significantly impairs thymus repair (86). Interestingly, thymic
endothelial cell regulation of TEC and thymus recovery may
have therapeutic implications. Indeed, intravenous
administration of thymic endothelial cells that were expanded in
vitro (exEC) significantly improved thymus regeneration upon
damage with exEC reported to home to the thymus and potentially
exert this effect intrathymically (86). Further therapeutic potential
was established by a follow up study which found that
administering zinc increased the thymus regeneration and TEC
proliferation (87). Zinc supplementation simultaneously increased
endothelial cell numbers and induced increased expression of
BMP4 to significantly promote thymic reconstitution (87).
Interestingly, the zinc receptor GPR39 is expressed at steady-
state, but expression is increased upon damage suggesting
endothelial cells increase their receptiveness to zinc to enhance
their regeneration function (87).

Thymic Endothelium Regulation by TEC
In a similar fashion to bi-directional cellular crosstalk reported to
occur between thymic epithelium and mesenchyme, and thymic
epithelium and thymocytes, crosstalk may also operate between
epithelial and endothelial compartments. Vascular endothelial
growth factor (VEGF) is a key regulator of vascular development
and has been shown to be key in the thymus endothelial
development during neonatal development but is largely
dispensable in adults (88). Thymic epithelial cells, while being
influenced by thymic endothelial cells during their development,
maintenance and regeneration as described above, may themselves
have a reciprocal role in regulating endothelial cells. Muller et al.
showed that by targeting deletion of VEGF-A to thymic epithelial,
thymus vasculature was significantly altered. Deleting VEGF-A on
TEC resulted in hypovascularization and disruption of the normal
vascular distribution within the thymus, highlighting VEGF-A as an
epithelial growth factor which is required for normal thymus
vasculature development (89). Inhibition of VEGF in neonatal
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mice also significantly reduces the frequency of endothelial cells
within the thymus (90, 91). Additionally, loss of Foxn-1 expression
in Foxn-1D/D embryonicmice (homozygous for hypomorphic Foxn-
1D allele; model with less severe phenotype than foxn-1null mice)
causing significantly reduced VEGF expression which resulted in
significant changes to the vasculature within the thymus including
reduced vessel integrity and disorganized patterning/distribution
(92). These data are interesting as they emphasize how epithelial
cells support the development of the vasculature and other studies
demonstrate that normal vascular development is essential for the
support of thymic epithelial cells, highlighting a level of cross-talk
between the two populations to ensure the optimal development of
each compartment.
NON-EPITHELIAL STROMA AND AGE-
RELATED THYMIC INVOLUTION

The thymus undergoes drastic age-associated involution which
impacts immune function (93, 94). With age, the thymus
becomes smaller, T-cell output is diminished and stromal
microenvironments change (93, 95, 96). With regards to the
latter, a considerable amount of aged thymic space is composed
of adipose tissue, which occurs alongside a reduction in the area and
organization of the TEC compartment due to cTEC and mTEC loss
(97, 98). These impaired cTEC and mTEC compartments are
associated with significantly reduced thymocyte development and
output in aged thymus (97). In contrast, how thymic NES
populations change with age is less well documented, and so little
is known about how changes in these cell types may relate to
declining age-related thymus function. Relevant to this, fibroblasts
represent an increasing stromal population within the aging thymus
(95). While the reasons for this are not fully clear, it has been
suggested that it may occur as a result of increased epithelial-
mesenchyme transitioning (EMT) occurring during aging, which
causes increased fibroblasts, which may then also transition further
into adipocytes (99). Consistent with this, thymicmesenchymal cells
possess the ability to differentiate into adipocytes from
thymosphere-forming cells (37).

Interestingly, it has also been shown that adipocytes accumulate
in the PVS within the aged thymus (100). While the potential
functional significance of this is not clear, it raises interesting
questions, including how might increased adipocyte frequency at
this site influence thymus entry and/or emigration? As the PVS is a
site of mature thymocyte egress, alterations in these regions may
contribute to any reduced thymic output already caused by
thymocyte development defects linked to reduced/altered TEC. In
addition, it has been shown that thymocyte development is
supported by NES, for example mKitL production by
endothelium, or IL-7 presentation by mesenchymal ECM
components (22, 76). Thus, age-related alterations in NES may
impair thymopoiesis by limiting these processes. Interestingly, IL-7
is reduced with age and may contribute to reduced thymopoiesis
seen with aging (101). Also, while IL-7 is a TEC product (102) it
may be interesting to consider whether changes in thymic
mesenchyme in an aged thymus result in less effective
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presentation of this cytokine, as compared to their counterparts in
a younger thymus. In sum, it is important that as our understanding
of the characteristics and functions of the NES compartment
continues to expand in the steady state thymus, it should also be
applied to investigations of disease and aging.
CONCLUDING REMARKS

The non-autonomous nature of intrathymic T-cell development,
and the subsequent requirement for thymocyte-extrinsic signals
from thymic stromal cells, is well established. Of the diverse
stromal cell types that contribute to cortical and medullary
microenvironments, thymic epithelial cells (TEC) have been
the predominant focus of study over many years. This is likely
due at least in part to their fundamental importance in shaping
the functional properties of ab-T-cells produced in the thymus.
Indeed, TEC populations control MHC restriction and
determine the specificity of the T-cell receptor repertoire by
both positive and negative selection events. In addition to the
importance of TEC biology, non-epithelial stromal cells (NES)
have also been a focus of study, but to a significantly lesser extent.
However, NES such as mesenchyme and endothelium have been
implicated in key aspects of thymus function. For mesenchyme,
their influence on T-cell development can operate by multiple
mechanisms. Thus, mesenchyme-derived signals can either
target developing thymocytes directly (22, 23), or indirectly by
regulating TEC function (14, 16, 32). This fits well with the
nature of the thymus epithelial-mesenchymal organ and
highlights the need for further study of NES-TEC and NES-
thymocyte interactions. Relevant to this, the recent identification
of newly defined mesenchyme subsets within NES should
facilitate a better understanding of their importance.

For endothelial populations within NES, growing evidence
supports their importance in controlling cellular trafficking into
and out of the thymus. As the efficacy of these processes can act as
rate-limiting steps in T-cell production (51, 65, 67, 74, 76, 79), again
a better understanding of the endothelial subsets that contribute to
intrathymic vessels for both thymus entry and exit is an important
goal of future research. Finally, that endothelial cells also play a role
in the regeneration of the thymus following damage (86) opens a
new chapter in the relevance of these cells in controlling thymus
function in health and disease.
AUTHOR CONTRIBUTIONS

The review was written by KJ and was revised by WJ and GA. All
authors contributed to the article and approved the
submitted version.
FUNDING

Work in the laboratory is funded by the Medical Research
Council (MR/T029765/1).
February 2021 | Volume 12 | Article 634367

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


James et al. Non-Epithelial Stroma in Thymus Development
REFERENCES

1. Takahama Y. Journey through the thymus: stromal guides for T-cell
development and selection. Nat Rev Immunol (2006) 6(2):127–35. doi:
10.1038/nri1781

2. Klein L, Hinterberger M, Wirnsberger G, Kyewski B. Antigen presentation
in the thymus for positive selection and central tolerance induction. Nat Rev
Immunol (2009) 9(12):833–44. doi: 10.1038/nri2669

3. Klein L, Kyewski B, Allen PM, Hogquist KA. Positive and negative selection
of the T cell repertoire: what thymocytes see (and don’t see). Nat Rev
Immunol (2014) 14(6):377–91. doi: 10.1038/nri3667

4. Kyewski B, Klein L. A central role for central tolerance. Annu Rev Immunol
(2006) 24:571–606. doi: 10.1146/annurev.immunol.23.021704.115601

5. Jin R, Wang W, Yao JY, Zhou YB, Qian XP, Zhang J, et al. Characterization
of the in vivo dynamics of medullary CD4+CD8- thymocyte development.
J Immunol (2008) 180(4):2256–63. doi: 10.4049/jimmunol.180.4.2256

6. Xing Y, Wang X, Jameson SC, Hogquist KA. Late stages of T cell maturation
in the thymus involve NF-kappaB and tonic type I interferon signaling. Nat
Immunol (2016) 17(5):565–73. doi: 10.1038/ni.3419

7. Auerbach R. Morphogenetic interactions in the development of the mouse
thymus gland. Dev Biol (1960) 2:271–84. doi: 10.1016/0012-1606(60)90009-9

8. Suniara RK, Jenkinson EJ, Owen JJ. An essential role for thymic
mesenchyme in early T cell development. J Exp Med (2000) 191(6):1051–
6. doi: 10.1084/jem.191.6.1051

9. Bockman DE, Kirby ML. Dependence of thymus development on
derivatives of the neural crest. Science (1984) 223(4635):498–500. doi:
10.1126/science.6606851

10. Jiang X, Rowitch DH, Soriano P, McMahon AP, Sucov HM. Fate of the
mammalian cardiac neural crest. Development (2000) 127(8):1607–16.

11. Yamazaki H, Sakata E, Yamane T, Yanagisawa A, Abe K, Yamamura K, et al.
Presence and distribution of neural crest-derived cells in the murine
developing thymus and their potential for differentiation. Int Immunol
(2005) 17(5):549–58. doi: 10.1093/intimm/dxh237

12. Foster K, Sheridan J, Veiga-Fernandes H, Roderick K, Pachnis V, Adams R,
et al. Contribution of neural crest-derived cells in the embryonic and adult
thymus. J Immunol (2008) 180(5):3183–9. doi: 10.4049/jimmunol.
180.5.3183

13. Muller SM, Stolt CC, Terszowski G, Blum C, Amagai T, Kessaris N, et al.
Neural crest origin of perivascular mesenchyme in the adult thymus.
J Immunol (2008) 180(8):5344–51. doi: 10.4049/jimmunol.180.8.5344

14. Revest JM, Suniara RK, Kerr K, Owen JJ, Dickson C. Development of the
thymus requires signaling through the fibroblast growth factor receptor R2-
IIIb. J Immunol (2001) 167(4):1954–61. doi: 10.4049/jimmunol.167.4.1954

15. Jenkinson WE, Jenkinson EJ, Anderson G. Differential requirement for
mesenchyme in the proliferation and maturation of thymic epithelial
progenitors. J Exp Med (2003) 198(2):325–32. doi: 10.1084/jem.20022135

16. Jenkinson WE, Rossi SW, Parnell SM, Jenkinson EJ, Anderson G.
PDGFRalpha-expressing mesenchyme regulates thymus growth and the
availability of intrathymic niches. Blood (2007) 109(3):954–60. doi:
10.1182/blood-2006-05-023143

17. Shinohara T, Honjo T. Epidermal growth factor can replace thymic
mesenchyme in induction of embryonic thymus morphogenesis in vitro.
Eur J Immunol (1996) 26(4):747–52. doi: 10.1002/eji.1830260404

18. Chu YW, Schmitz S, Choudhury B, Telford W, Kapoor V, Garfield S, et al.
Exogenous insulin-like growth factor 1 enhances thymopoiesis
predominantly through thymic epithelial cell expansion. Blood (2008) 112
(7):2836–46. doi: 10.1182/blood-2008-04-149435

19. Sultana DA, Tomita S, Hamada M, Iwanaga Y, Kitahama Y, Khang NV, et al.
Gene expression profile of the third pharyngeal pouch reveals role of
mesenchymal MafB in embryonic thymus development. Blood (2009) 113
(13):2976–87. doi: 10.1182/blood-2008-06-164921

20. Griffith AV, Cardenas K, Carter C, Gordon J, Iberg A, Engleka K, et al.
Increased thymus- and decreased parathyroid-fated organ domains in
Splotch mutant embryos. Dev Biol (2009) 327(1):216–27. doi: 10.1016/
j.ydbio.2008.12.019

21. Frank DU, Fotheringham LK, Brewer JA, Muglia LJ, Tristani-Firouzi M,
Capecchi MR, et al. An Fgf8 mouse mutant phenocopies human 22q11
deletion syndrome. Development (2002) 129(19):4591–603.
Frontiers in Immunology | www.frontiersin.org 11
22. Anderson G, Anderson KL, Tchilian EZ, Owen JJ, Jenkinson EJ. Fibroblast
dependency during early thymocyte development maps to the CD25+ CD44+
stage and involves interactions with fibroblast matrix molecules. Eur J
Immunol (1997) 27(5):1200–6. doi: 10.1002/eji.1830270522

23. Anderson G, Jenkinson EJ, Moore NC, Owen JJ. MHC class II-positive
epithelium and mesenchyme cells are both required for T-cell development
in the thymus. Nature (1993) 362(6415):70–3. doi: 10.1038/362070a0

24. Borghesi LA, Yamashita Y, Kincade PW. Heparan sulfate proteoglycans
mediate interleukin-7-dependent B lymphopoiesis. Blood (1999) 93(1):140–
8. doi: 10.1182/blood.V93.1.140

25. Odaka C, Morisada T, Oike Y, Suda T. Localization of mesenchymal cells in
adult mouse thymus: their abnormal distribution in mice with
disorganization of thymic medullary epithelium. J Histochem Cytochem
(2009) 57(4):373–82. doi: 10.1369/jhc.2008.952895

26. Nitta T, Tsutsumi M, Nitta S, Muro R, Suzuki EC, Nakano K, et al.
Fibroblasts as a source of self-antigens for central immune tolerance. Nat
Immunol (2020) 21(10):1172–80. doi: 10.1038/s41590-020-0756-8

27. Sitnik KM, Wendland K, Weishaupt H, Uronen-Hansson H, White AJ,
Anderson G, et al. Context-Dependent Development of Lymphoid Stroma
from Adult CD34(+) Adventitial Progenitors. Cell Rep (2016) 14(10):2375–
88. doi: 10.1016/j.celrep.2016.02.033

28. James KD, Legler DF, Purvanov V, Ohigashi I, Takahama Y, Parnell SM,
et al. Medullary Stromal Cells Synergise Their Production and Capture of
CCL21 For T-cell Emigration From Neonatal Mouse Thymus. Blood Adv
(2021) 5(1):99–112. doi: 10.1182/bloodadvances.2020003192

29. Zachariah MA, Cyster JG. Neural crest-derived pericytes promote egress of
mature thymocytes at the corticomedullary junction. Science (2010) 328
(5982):1129–35. doi: 10.1126/science.1188222

30. Komada Y, Yamane T, Kadota D, Isono K, Takakura N, Hayashi S, et al.
Origins and properties of dental, thymic, and bone marrow mesenchymal
cells and their stem cells. PLoS One (2012) 7(11):e46436. doi: 10.1371/
journal.pone.0046436

31. Gray DH, Tull D, Ueno T, Seach N, Classon BJ, Chidgey A, et al. A unique
thymic fibroblast population revealed by the monoclonal antibody MTS-15.
J Immunol (2007) 178(8):4956–65. doi: 10.4049/jimmunol.178.8.4956

32. Sitnik KM, Kotarsky K, White AJ, Jenkinson WE, Anderson G, Agace WW.
Mesenchymal cells regulate retinoic acid receptor-dependent cortical thymic
epithelial cell homeostasis. J Immunol (2012) 188(10):4801–9. doi: 10.4049/
jimmunol.1200358

33. Sun L, Sun C, Liang Z, Li H, Chen L, Luo H, et al. FSP1(+) fibroblast
subpopulation is essential for the maintenance and regeneration of
medullary thymic epithelial cells. Sci Rep (2015) 5:14871. doi: 10.1038/
srep14871

34. Link A, Vogt TK, Favre S, Britschgi MR, Acha-Orbea H, Hinz B, et al.
Fibroblastic reticular cells in lymph nodes regulate the homeostasis of naive
T cells. Nat Immunol (2007) 8(11):1255–65. doi: 10.1038/ni1513

35. Fuertbauer E, Zaujec J, Uhrin P, Raab I, Weber M, Schachner H, et al.
Thymic medullar conduits-associated podoplanin promotes natural
regulatory T cells. Immunol Lett (2013) 154(1-2):31–41. doi: 10.1016/
j.imlet.2013.07.007

36. Takeda A, Hossain MS, Rantakari P, Simmons S, Sasaki N, Salmi M, et al.
Thymocytes in Lyve1-CRE/S1pr1(f/f) Mice Accumulate in the Thymus due
to Cell-Intrinsic Loss of Sphingosine-1-Phosphate Receptor Expression.
Front Immunol (2016) 7:489. doi: 10.3389/fimmu.2016.00489

37. Sheridan JM, Keown A, Policheni A, Roesley SNA, Rivlin N, Kadouri N,
et al. Thymospheres Are Formed by Mesenchymal Cells with the Potential to
Generate Adipocytes, but Not Epithelial Cells. Cell Rep (2017) 21(4):934–42.
doi: 10.1016/j.celrep.2017.09.090

38. Lax S, Ross EA, White A, Marshall JL, Jenkinson WE, Isacke CM, et al.
CD248 expression on mesenchymal stromal cells is required for post-natal
and infection-dependent thymus remodelling and regeneration. FEBS Open
Bio (2012) 2:187–90. doi: 10.1016/j.fob.2012.07.003

39. Maeda Y, Yagi H, Takemoto K, Utsumi H, Fukunari A, Sugahara K, et al.
S1P lyase in thymic perivascular spaces promotes egress of mature
thymocytes via up-regulation of S1P receptor 1. Int Immunol (2014) 26
(5):245–55. doi: 10.1093/intimm/dxt069

40. Yagi H, Kamba R, Chiba K, Soga H, Yaguchi K, Nakamura M, et al.
Immunosuppressant FTY720 inhibits thymocyte emigration. Eur J
February 2021 | Volume 12 | Article 634367

https://doi.org/10.1038/nri1781
https://doi.org/10.1038/nri2669
https://doi.org/10.1038/nri3667
https://doi.org/10.1146/annurev.immunol.23.021704.115601
https://doi.org/10.4049/jimmunol.180.4.2256
https://doi.org/10.1038/ni.3419
https://doi.org/10.1016/0012-1606(60)90009-9
https://doi.org/10.1084/jem.191.6.1051
https://doi.org/10.1126/science.6606851
https://doi.org/10.1093/intimm/dxh237
https://doi.org/10.4049/jimmunol.180.5.3183
https://doi.org/10.4049/jimmunol.180.5.3183
https://doi.org/10.4049/jimmunol.180.8.5344
https://doi.org/10.4049/jimmunol.167.4.1954
https://doi.org/10.1084/jem.20022135
https://doi.org/10.1182/blood-2006-05-023143
https://doi.org/10.1002/eji.1830260404
https://doi.org/10.1182/blood-2008-04-149435
https://doi.org/10.1182/blood-2008-06-164921
https://doi.org/10.1016/j.ydbio.2008.12.019
https://doi.org/10.1016/j.ydbio.2008.12.019
https://doi.org/10.1002/eji.1830270522
https://doi.org/10.1038/362070a0
https://doi.org/10.1182/blood.V93.1.140
https://doi.org/10.1369/jhc.2008.952895
https://doi.org/10.1038/s41590-020-0756-8
https://doi.org/10.1016/j.celrep.2016.02.033
https://doi.org/10.1182/bloodadvances.2020003192
https://doi.org/10.1126/science.1188222
https://doi.org/10.1371/journal.pone.0046436
https://doi.org/10.1371/journal.pone.0046436
https://doi.org/10.4049/jimmunol.178.8.4956
https://doi.org/10.4049/jimmunol.1200358
https://doi.org/10.4049/jimmunol.1200358
https://doi.org/10.1038/srep14871
https://doi.org/10.1038/srep14871
https://doi.org/10.1038/ni1513
https://doi.org/10.1016/j.imlet.2013.07.007
https://doi.org/10.1016/j.imlet.2013.07.007
https://doi.org/10.3389/fimmu.2016.00489
https://doi.org/10.1016/j.celrep.2017.09.090
https://doi.org/10.1016/j.fob.2012.07.003
https://doi.org/10.1093/intimm/dxt069
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


James et al. Non-Epithelial Stroma in Thymus Development
Immunol (2000) 30(5):1435–44. doi: 10.1002/(SICI)1521-4141(200005)
30:5<1435::AID-IMMU1435>3.0.CO;2-O

41. Cyster JG, Schwab SR. Sphingosine-1-phosphate and lymphocyte egress
from lymphoid organs. Annu Rev Immunol (2012) 30:69–94. doi: 10.1146/
annurev-immunol-020711-075011

42. Schwab SR, Pereira JP, Matloubian M, Xu Y, Huang Y, Cyster JG.
Lymphocyte sequestration through S1P lyase inhibition and disruption of
S1P gradients. Science (2005) 309(5741):1735–9. doi: 10.1126/
science.1113640

43. Ueno T, Hara K, Willis MS, Malin MA, Hopken UE, Gray DH, et al. Role for
CCR7 ligands in the emigration of newly generated T lymphocytes from the
neonatal thymus. Immunity (2002) 16(2):205–18. doi: 10.1016/S1074-7613
(02)00267-4

44. Ueno T, Saito F, Gray DH, Kuse S, Hieshima K, Nakano H, et al. CCR7
signals are essential for cortex-medulla migration of developing thymocytes.
J Exp Med (2004) 200(4):493–505. doi: 10.1084/jem.20040643

45. Kozai M, Kubo Y, Katakai T, Kondo H, Kiyonari H, Schaeuble K, et al.
Essential role of CCL21 in establishment of central self-tolerance in T cells.
J Exp Med (2017) 214(7):1925–35. doi: 10.1084/jem.20161864

46. Cowan JE, McCarthy NI, Anderson G. CCR7 Controls Thymus
Recirculation, but Not Production and Emigration, of Foxp3(+) T Cells.
Cell Rep (2016) 14(5):1041–8. doi: 10.1016/j.celrep.2016.01.003

47. Jin R, Aili A, Wang Y, Wu J, Sun X, Zhang Y, et al. Critical role of SP
thymocyte motility in regulation of thymic output in neonatal Aire-/- mice.
Oncotarget (2017) 8(1):83–94. doi: 10.18632/oncotarget.13909

48. Boehm T, Scheu S, Pfeffer K, Bleul CC. Thymic medullary epithelial cell
differentiation, thymocyte emigration, and the control of autoimmunity
require lympho-epithelial cross talk via LTbetaR. J Exp Med (2003) 198
(5):757–69. doi: 10.1084/jem.20030794

49. James KD, Cosway EJ, Lucas B, White AJ, Parnell SM, Carvalho-Gaspar M,
et al. Endothelial cells act as gatekeepers for LTbetaR-dependent thymocyte
emigration. J Exp Med (2018) 215(12):2984–93. doi: 10.1084/jem.20181345

50. Cosway EJ, Lucas B, James KD, Parnell SM, Carvalho-Gaspar M, White AJ,
et al. Redefining thymus medulla specialization for central tolerance. J Exp
Med (2017) 214(11):3183–95. doi: 10.1084/jem.20171000

51. James KD, Jenkinson WE, Anderson G. T-cell egress from the thymus:
Should I stay or should I go? J Leukoc Biol (2018) 104(2):275–84. doi:
10.1002/JLB.1MR1217-496R

52. Cosway EJ, Ohigashi I, Schauble K, Parnell SM, Jenkinson WE, Luther S,
et al. Formation of the Intrathymic Dendritic Cell Pool Requires CCL21-
Mediated Recruitment of CCR7(+) Progenitors to the Thymus. J Immunol
(2018) 201(2):516–23. doi: 10.4049/jimmunol.1800348

53. Zamora-Pineda J, Kumar A, Suh JH, Zhang M, Saba JD. Dendritic cell
sphingosine-1-phosphate lyase regulates thymic egress. J Exp Med (2016)
213(12):2773–91. doi: 10.1084/jem.20160287

54. Fletcher AL, Lukacs-Kornek V, Reynoso ED, Pinner SE, Bellemare-Pelletier
A, Curry MS, et al. Lymph node fibroblastic reticular cells directly present
peripheral tissue antigen under steady-state and inflammatory conditions.
J Exp Med (2010) 207(4):689–97. doi: 10.1084/jem.20092642

55. Foss DL, Donskoy E, Goldschneider I. The importation of hematogenous
precursors by the thymus is a gated phenomenon in normal adult mice. J Exp
Med (2001) 193(3):365–74. doi: 10.1084/jem.193.3.365

56. Liu C, Saito F, Liu Z, Lei Y, Uehara S, Love P, et al. Coordination between
CCR7- and CCR9-mediated chemokine signals in prevascular fetal thymus
colonization. Blood (2006) 108(8):2531–9. doi: 10.1182/blood-2006-05-
024190

57. DeLisser HM, Newman PJ, Albelda SM. Molecular and functional aspects of
PECAM-1/CD31. Immunol Today (1994) 15(10):490–5. doi: 10.1016/0167-
5699(94)90195-3

58. Bryson JL, Coles MC, Manley NR. A method for labeling vasculature in
embryonic mice. J Vis Exp (2011) 56:e3267 p1-4. doi: 10.3791/3267

59. Itoi M, Kawamoto H, Katsura Y, Amagai T. Two distinct steps of
immigration of hematopoietic progenitors into the early thymus anlage.
Int Immunol (2001) 13(9):1203–11. doi: 10.1093/intimm/13.9.1203

60. Masuda K, Itoi M, Amagai T, Minato N, Katsura Y, Kawamoto H. Thymic
anlage is colonized by progenitors restricted to T, NK, and dendritic cell
lineages. J Immunol (2005) 174(5):2525–32. doi: 10.4049/jimmunol.
174.5.2525
Frontiers in Immunology | www.frontiersin.org 12
61. Liu C, Ueno T, Kuse S, Saito F, Nitta T, Piali L, et al. The role of CCL21 in
recruitment of T-precursor cells to fetal thymi. Blood (2005) 105(1):31–9.
doi: 10.1182/blood-2004-04-1369

62. Wurbel MA, Malissen M, Guy-Grand D, Meffre E, Nussenzweig MC,
Richelme M, et al. Mice lacking the CCR9 CC-chemokine receptor show a
mild impairment of early T- and B-cell development and a reduction in T-
cell receptor gammadelta(+) gut intraepithelial lymphocytes. Blood (2001)
98(9):2626–32. doi: 10.1182/blood.V98.9.2626

63. Calderon L, Boehm T. Three chemokine receptors cooperatively regulate
homing of hematopoietic progenitors to the embryonic mouse thymus. Proc
Natl Acad Sci U S A (2011) 108(18):7517–22. doi: 10.1073/pnas.1016428108

64. Zlotoff DA, Sambandam A, Logan TD, Bell JJ, Schwarz BA, Bhandoola A.
CCR7 and CCR9 together recruit hematopoietic progenitors to the adult
thymus. Blood (2010) 115(10):1897–905. doi: 10.1182/blood-2009-08-
237784

65. Gossens K, Naus S, Corbel SY, Lin S, Rossi FM, Kast J, et al. Thymic
progenitor homing and lymphocyte homeostasis are linked via S1P-
controlled expression of thymic P-selectin/CCL25. J Exp Med (2009) 206
(4):761–78. doi: 10.1084/jem.20082502

66. Rossi FM, Corbel SY, Merzaban JS, Carlow DA, Gossens K, Duenas J, et al.
Recruitment of adult thymic progenitors is regulated by P-selectin and its
ligand PSGL-1. Nat Immunol (2005) 6(6):626–34. doi: 10.1038/ni1203

67. Scimone ML, Aifantis I, Apostolou I, von Boehmer H, von Andrian UH. A
multistep adhesion cascade for lymphoid progenitor cell homing to the
thymus. Proc Natl Acad Sci U S A (2006) 103(18):7006–11. doi: 10.1073/
pnas.0602024103

68. Foss DL, Donskoy EU, Goldschneider I. Functional demonstration of
intrathymic binding sites and microvascular gates for prothymocytes in
irradiated mice. Int Immunol (2002) 14(3):331–8. doi: 10.1093/intimm/
14.3.331

69. Prockop SE, Petrie HT. Regulation of thymus size by competition for
stromal niches among early T cell progenitors. J Immunol (2004) 173
(3):1604–11. doi: 10.4049/jimmunol.173.3.1604

70. Schnell FJ, Zoller AL, Patel SR, Williams IR, Kersh GJ. Early growth response
gene 1 provides negative feedback to inhibit entry of progenitor cells into the
thymus. J Immunol (2006) 176(8):4740–7. doi: 10.4049/jimmunol.
176.8.4740

71. Lind EF, Prockop SE, Porritt HE, Petrie HT. Mapping precursor movement
through the postnatal thymus reveals specific microenvironments
supporting defined stages of early lymphoid development. J Exp Med
(2001) 194(2):127–34. doi: 10.1084/jem.194.2.127

72. Mori K, Itoi M, Tsukamoto N, Kubo H, Amagai T. The perivascular space as
a path of hematopoietic progenitor cells and mature T cells between the
blood circulation and the thymic parenchyma. Int Immunol (2007) 19
(6):745–53. doi: 10.1093/intimm/dxm041

73. Shi Y, Wu W, Chai Q, Li Q, Hou Y, Xia H, et al. LTbetaR controls thymic
portal endothelial cells for haematopoietic progenitor cell homing and T-
cell regeneration. Nat Commun (2016) 7:12369. doi: 10.1038/
ncomms12369

74. Lucas B, James KD, Cosway EJ, Parnell SM, Tumanov AV, Ware CF, et al.
Lymphotoxin beta Receptor Controls T Cell Progenitor Entry to the
Thymus. J Immunol (2016) 197(7):2665–72. doi: 10.4049/jimmunol.1601189

75. Rodewald HR, Kretzschmar K, Swat W, Takeda S. Intrathymically expressed
c-kit ligand (stem cell factor) is a major factor driving expansion of very
immature thymocytes in vivo. Immunity (1995) 3(3):313–9. doi: 10.1016/
1074-7613(95)90116-7

76. Buono M, Facchini R, Matsuoka S, Thongjuea S, Waithe D, Luis TC, et al. A
dynamic niche provides Kit ligand in a stage-specific manner to the earliest
thymocyte progenitors. Nat Cell Biol (2016) 18(2):157–67. doi: 10.1038/
ncb3299

77. Buono M, Thezenas ML, Ceroni A, Fischer R, Nerlov C. Bi-directional
signaling by membrane-bound KitL induces proliferation and coordinates
thymic endothelial cell and thymocyte expansion. Nat Commun (2018) 9
(1):4685. doi: 10.1038/s41467-018-07024-0

78. Matloubian M, Lo CG, Cinamon G, Lesneski MJ, Xu Y, Brinkmann V, et al.
Lymphocyte egress from thymus and peripheral lymphoid organs is
dependent on S1P receptor 1. Nature (2004) 427(6972):355–60. doi:
10.1038/nature02284
February 2021 | Volume 12 | Article 634367

https://doi.org/10.1002/(SICI)1521-4141(200005)30:53.0.CO;2-O
https://doi.org/10.1002/(SICI)1521-4141(200005)30:53.0.CO;2-O
https://doi.org/10.1146/annurev-immunol-020711-075011
https://doi.org/10.1146/annurev-immunol-020711-075011
https://doi.org/10.1126/science.1113640
https://doi.org/10.1126/science.1113640
https://doi.org/10.1016/S1074-7613(02)00267-4
https://doi.org/10.1016/S1074-7613(02)00267-4
https://doi.org/10.1084/jem.20040643
https://doi.org/10.1084/jem.20161864
https://doi.org/10.1016/j.celrep.2016.01.003
https://doi.org/10.18632/oncotarget.13909
https://doi.org/10.1084/jem.20030794
https://doi.org/10.1084/jem.20181345
https://doi.org/10.1084/jem.20171000
https://doi.org/10.1002/JLB.1MR1217-496R
https://doi.org/10.4049/jimmunol.1800348
https://doi.org/10.1084/jem.20160287
https://doi.org/10.1084/jem.20092642
https://doi.org/10.1084/jem.193.3.365
https://doi.org/10.1182/blood-2006-05-024190
https://doi.org/10.1182/blood-2006-05-024190
https://doi.org/10.1016/0167-5699(94)90195-3
https://doi.org/10.1016/0167-5699(94)90195-3
https://doi.org/10.3791/3267
https://doi.org/10.1093/intimm/13.9.1203
https://doi.org/10.4049/jimmunol.174.5.2525
https://doi.org/10.4049/jimmunol.174.5.2525
https://doi.org/10.1182/blood-2004-04-1369
https://doi.org/10.1182/blood.V98.9.2626
https://doi.org/10.1073/pnas.1016428108
https://doi.org/10.1182/blood-2009-08-237784
https://doi.org/10.1182/blood-2009-08-237784
https://doi.org/10.1084/jem.20082502
https://doi.org/10.1038/ni1203
https://doi.org/10.1073/pnas.0602024103
https://doi.org/10.1073/pnas.0602024103
https://doi.org/10.1093/intimm/14.3.331
https://doi.org/10.1093/intimm/14.3.331
https://doi.org/10.4049/jimmunol.173.3.1604
https://doi.org/10.4049/jimmunol.176.8.4740
https://doi.org/10.4049/jimmunol.176.8.4740
https://doi.org/10.1084/jem.194.2.127
https://doi.org/10.1093/intimm/dxm041
https://doi.org/10.1038/ncomms12369
https://doi.org/10.1038/ncomms12369
https://doi.org/10.4049/jimmunol.1601189
https://doi.org/10.1016/1074-7613(95)90116-7
https://doi.org/10.1016/1074-7613(95)90116-7
https://doi.org/10.1038/ncb3299
https://doi.org/10.1038/ncb3299
https://doi.org/10.1038/s41467-018-07024-0
https://doi.org/10.1038/nature02284
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


James et al. Non-Epithelial Stroma in Thymus Development
79. Breart B, Ramos-Perez WD, Mendoza A, Salous AK, Gobert M, Huang Y,
et al. Lipid phosphate phosphatase 3 enables efficient thymic egress. J Exp
Med (2011) 208(6):1267–78. doi: 10.1084/jem.20102551

80. Ren H, Panchatcharam M, Mueller P, Escalante-Alcalde D, Morris AJ, Smyth
SS. Lipid phosphate phosphatase (LPP3) and vascular development. Biochim
Biophys Acta (2013) 1831(1):126–32. doi: 10.1016/j.bbalip.2012.07.012

81. Fukuhara S, Simmons S, Kawamura S, Inoue A, Orba Y, Tokudome T, et al.
The sphingosine-1-phosphate transporter Spns2 expressed on endothelial
cells regulates lymphocyte trafficking in mice. J Clin Invest (2012) 122
(4):1416–26. doi: 10.1172/JCI60746

82. White AJ, Baik S, Parnell SM, Holland AM, Brombacher F, Jenkinson WE,
et al. A type 2 cytokine axis for thymus emigration. J Exp Med (2017) 214
(8):2205–16. doi: 10.1084/jem.20170271

83. Raviola E, Karnovsky MJ. Evidence for a blood-thymus barrier using
electron-opaque tracers. J Exp Med (1972) 136(3):466–98. doi: 10.1084/
jem.136.3.466

84. Nagatake T, Yan-Chun Z, Ito T, Itoh M, Kometani K, Furuse M, et al.
Selective expression of claudin-5 in thymic endothelial cells regulates the
blood-thymus barrier and T-cell export. Int Immunol (2020) 1–12. doi:
10.1093/intimm/dxaa069

85. Choi YI, Duke-Cohan JS, Tan J, Gui J, Singh MK, Epstein JA, et al. Plxnd1
expression in thymocytes regulates their intrathymic migration while that in
thymic endothelium impacts medullary topology. Front Immunol (2013)
4:392. doi: 10.3389/fimmu.2013.00392

86. Wertheimer T, Velardi E, Tsai J, Cooper K, Xiao S, Kloss CC, et al.
Production of BMP4 by endothelial cells is crucial for endogenous thymic
regeneration. Sci Immunol (2018) 3(19):1–11. doi: 10.1126/sciimmunol.
aal2736

87. Iovino L, Kinsella S, C K, J R, deRoos P, Gagnon A, et al. Zinc Treatment
Stimulates Thymic Regeneration after Bone Marrow Transplant. Blood
(2019) 134:4422. doi: 10.1182/blood-2019-129290

88. Olsson AK, Dimberg A, Kreuger J, Claesson-Welsh L. VEGF receptor
signalling - in control of vascular function. Nat Rev Mol Cell Biol (2006) 7
(5):359–71. doi: 10.1038/nrm1911

89. Muller SM, Terszowski G, Blum C, Haller C, Anquez V, Kuschert S, et al.
Gene targeting of VEGF-A in thymus epithelium disrupts thymus blood
vessel architecture. Proc Natl Acad Sci U S A (2005) 102(30):10587–92. doi:
10.1073/pnas.0502752102

90. Cuddihy AR, Ge S, Zhu J, Jang J, Chidgey A, Thurston G, et al. VEGF-
mediated cross-talk within the neonatal murine thymus. Blood (2009) 113
(12):2723–31. doi: 10.1182/blood-2008-06-162040

91. de Barros SC, Suterwala BT, He C, Ge S, Chick B, Blumberg GK, et al.
Pleiotropic Roles of VEGF in the Microenvironment of the Developing
Thymus. J Immunol (2020) 205(9):2423–36. doi: 10.4049/jimmunol.1901519

92. Bryson JL, Griffith AV, Hughes B,3, Saito F, Takahama Y, Richie ER, et al.
Cell-autonomous defects in thymic epithelial cells disrupt endothelial-
Frontiers in Immunology | www.frontiersin.org 13
perivascular cell interactions in the mouse thymus. PLoS One (2013) 8(6):
e65196. doi: 10.1371/journal.pone.0065196

93. George AJ, Ritter MA. Thymic involution with ageing: obsolescence or good
housekeeping? Immunol Today (1996) 17(6):267–72. doi: 10.1016/0167-
5699(96)80543-3

94. Mitchell WA, Lang PO, Aspinall R. Tracing thymic output in older
individuals. Clin Exp Immunol (2010) 161(3):497–503. doi: 10.1111/
j.1365-2249.2010.04209.x

95. Gray DH, Seach N, Ueno T, Milton MK, Liston A, Lew AM, et al.
Developmental kinetics, turnover, and stimulatory capacity of thymic
epithelial cells. Blood (2006) 108(12):3777–85. doi: 10.1182/blood-2006-
02-004531

96. Hale JS, Boursalian TE, Turk GL, Fink PJ. Thymic output in aged mice. Proc
Natl Acad Sci U S A (2006) 103(22):8447–52. doi: 10.1073/pnas.0601040103

97. Gui J, Zhu X, Dohkan J, Cheng L, Barnes PF, Su DM. The aged thymus
shows normal recruitment of lymphohematopoietic progenitors but has
defects in thymic epithelial cells. Int Immunol (2007) 19(10):1201–11. doi:
10.1093/intimm/dxm095

98. Yang H, Youm YH, Sun Y, Rim JS, Galban CJ, Vandanmagsar B, et al. Axin
expression in thymic stromal cells contributes to an age-related increase in
thymic adiposity and is associated with reduced thymopoiesis independently
of ghrelin signaling. J Leukoc Biol (2009) 85(6):928–38. doi: 10.1189/
jlb.1008621

99. Youm YH, Yang H, Sun Y, Smith RG, Manley NR, Vandanmagsar B, et al.
Deficient ghrelin receptor-mediated signaling compromises thymic stromal
cell microenvironment by accelerating thymic adiposity. J Biol Chem (2009)
284(11):7068–77. doi: 10.1074/jbc.M808302200

100. Flores KG, Li J, Sempowski GD, Haynes BF, Hale LP. Analysis of the human
thymic perivascular space during aging. J Clin Invest (1999) 104(8):1031–9.
doi: 10.1172/JCI7558

101. Aspinall R, Andrew D. Thymic involution in aging. J Clin Immunol (2000) 20
(4):250–6. doi: 10.1023/A:1006611518223

102. Zamisch M, Moore-Scott B, Su DM, Lucas PJ, Manley N, Richie ER.
Ontogeny and regulation of IL-7-expressing thymic epithelial cells. J
Immunol (2005) 174(1):60–7. doi: 10.4049/jimmunol.174.1.60

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 James, Jenkinson and Anderson. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
February 2021 | Volume 12 | Article 634367

https://doi.org/10.1084/jem.20102551
https://doi.org/10.1016/j.bbalip.2012.07.012
https://doi.org/10.1172/JCI60746
https://doi.org/10.1084/jem.20170271
https://doi.org/10.1084/jem.136.3.466
https://doi.org/10.1084/jem.136.3.466
https://doi.org/10.1093/intimm/dxaa069
https://doi.org/10.3389/fimmu.2013.00392
https://doi.org/10.1126/sciimmunol.aal2736
https://doi.org/10.1126/sciimmunol.aal2736
https://doi.org/10.1182/blood-2019-129290
https://doi.org/10.1038/nrm1911
https://doi.org/10.1073/pnas.0502752102
https://doi.org/10.1182/blood-2008-06-162040
https://doi.org/10.4049/jimmunol.1901519
https://doi.org/10.1371/journal.pone.0065196
https://doi.org/10.1016/0167-5699(96)80543-3
https://doi.org/10.1016/0167-5699(96)80543-3
https://doi.org/10.1111/j.1365-2249.2010.04209.x
https://doi.org/10.1111/j.1365-2249.2010.04209.x
https://doi.org/10.1182/blood-2006-02-004531
https://doi.org/10.1182/blood-2006-02-004531
https://doi.org/10.1073/pnas.0601040103
https://doi.org/10.1093/intimm/dxm095
https://doi.org/10.1189/jlb.1008621
https://doi.org/10.1189/jlb.1008621
https://doi.org/10.1074/jbc.M808302200
https://doi.org/10.1172/JCI7558
https://doi.org/10.1023/A:1006611518223
https://doi.org/10.4049/jimmunol.174.1.60
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Non-Epithelial Stromal Cells in Thymus Development and Function
	Introduction
	Thymic Mesenchyme
	Mesenchyme in Early Thymus Development and Function
	Organogenesis and Origin
	Mesenchyme and T-Cell Development

	Mesenchyme in the Adult Thymus
	Characterization

	Functional Roles of Adult Thymic Mesenchyme
	Regulation of Thymic Epithelial Cells
	Thymus Emigration
	Thymic Tolerance


	Thymic Endothelium
	Regulation of Thymocyte Development
	Thymus Colonization by Lymphoid Progenitors
	Thymocyte Development

	TEC Regulation by Thymic Endothelium
	Thymic Endothelium Regulation by TEC

	Non-Epithelial Stroma and Age-Related Thymic Involution
	Concluding Remarks
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


