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Thymus medulla fosters generation of natural Treg
cells, invariant γδ T cells, and invariant NKT cells:
What we learn from intrathymic migration

Jennifer E. Cowan, William E. Jenkinson and Graham Anderson

MRC Centre for Immune Regulation, Institute for Biomedical Research, Medical
School,University of Birmingham, Birmingham, UK

The organization of the thymus into distinct cortical and medullary regions enables it to
control the step-wise migration and development of immature T-cell precursors. Such a
process provides access to specialized cortical and medullary thymic epithelial cells at
defined stages of maturation, ensuring the generation of self-tolerant and MHC-restricted
conventional CD4+ and CD8+ αβ T cells. The migratory cues and stromal cell requirements
that regulate the development of conventional αβ T cells have been well studied. However,
the thymus also fosters the generation of several immunoregulatory T-cell populations
that form key components of both innate and adaptive immune responses. These include
Foxp3+ natural regulatory T cells, invariant γδ T cells, and CD1d-restricted invariant nat-
ural killer T cells (iNKT cells). While less is known about the intrathymic requirements
of these nonconventional T cells, recent studies have highlighted the importance of the
thymus medulla in their development. Here, we review recent findings on the mecha-
nisms controlling the intrathymic migration of distinct T-cell subsets, and relate this to
knowledge of the microenvironmental requirements of these cells.
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Introduction

The immune system consists of a wide range of specialized cells
within tissues that play key roles in the control of pathogen recog-
nition, cellular stress, and tumor surveillance. Typically, descrip-
tions of the immune system involve its separation into innate and
adaptive components. For example, initial pathogen-mediated
activation of innate cell types such as DCs can drive effecter
responses by lymphocyte components of the adaptive immune sys-
tem. Appropriate stimulation of effecter function in αβTCR bearing
T cells can take several days, and eventually leads to the formation
of antigen-specific memory T-cell populations. However, as shown
recently for γδ T cells [1], this separation of innate and adaptive
immune cells is not as clearly defined as previously thought,
and individual T-cell subsets can be involved in both innate and
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adaptive arms of the immune response. From a developmental
point of view, this is important as the generation of several of the
cellular mediators of innate and adaptive immunity takes place
at a common site, the thymus. While the role of the thymus in
the generation of adaptive CD4+ and CD8+ αβ T cells is well
known (reviewed in [2, 3]), the thymus also provides support for
additional innate and adaptive T-cell subsets including Foxp3+

natural regulatory T (Foxp3+ nTreg) cells, invariant natural killer
T cells (iNKT cells), and various γδ T-cell subsets in fetal and
postnatal life [4–6].

Thymic microenvironments demonstrate a distinct anatomical
organization that is directly linked to their function [7–9]. The
medulla represents a site where single positive (SP) thymocytes
accumulate prior to their exit into the periphery. Here, various
subsets of medullary thymic epithelial cells (mTECs) and DCs
are involved in multiple aspects of T-cell development, includ-
ing negative selection and thymic emigration [10–12]. The orga-
nization and stromal cell heterogeneity of the thymus medulla
is becoming increasingly well-defined [11], including further
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subdivision of mTECs using markers that include the CCR7 lig-
and CCL21 [13]and the atypical chemokine receptor CCRL1 [14].
These descriptions of medullary heterogeneity are helping to pro-
vide a clearer understanding of the mechanisms controlling con-
ventional αβ T-cell development. Increasing evidence suggests that
the thymic medulla is also important in the development of other
T-cell populations that play important roles in both the innate and
adaptive immune systems. In this review, we compare the thymic
requirements of these distinct T-cell populations, drawing atten-
tion to our current understanding of the multiple roles played by
the thymus medulla in the intrathymic migration and development
of these cells.

Conventional CD4+ and CD8+ αβ T cells

Following positive selection in the cortex, the medullary dwell
time of SP thymocytes has been suggested to be as short as
4–5 days (reviewed in [15]), to as long as 2 weeks [16]. During this
time, medullary resident thymocytes undergo a series of phenotyp-
ically and functionally distinct maturation stages (Fig. 1), includ-
ing downregulation of CD24, and upregulation of Qa2 and CD62L
[17]. Thus, while newly generated CD4+ and CD8+ SP thymocytes
in mice are characterized by a CD69+HSAhighQa2−CD62L- sur-
face phenotype [15, 18, 19], with increasing maturity thymocytes
downregulate HSA and CD69 whilst upregulating Qa2 and CD62L
to become CD69−HSAlowQa2+CD62L+ (Fig. 1) [18, 20, 21]. The
differentiation program of CD4 SP thymocytes has been further
subdivided with the aid of additional markers such as 6C10 [22]
into four distinct maturation stages, each with unique molecular
signatures [23]. The possible functional relevance of the majority
of these surface markers, however, remains relatively unknown.
More recently, the different stages in CD4 SP thymocyte develop-
ment has been analyzed in relation to the expression of chemokine
receptors linked to intrathymic migration (Fig. 1). For instance,
newly selected CD69+ CD4 SP murine thymocytes have been
shown to express high levels of CCR9 and CCR4, while mature
CD69− CD4 SP cells are CCR4−CCR9−[24]. Relevant to the pro-
cess of medullary entry, visualization of thymocyte mobility within
whole thymic lobes via two-photon laser scanning microscopy
showed that the positive selection of cells moving randomly within
cortical regions triggers their rapid and directed migration toward
the medulla [25]. Moreover, treatment of mice with pertussis toxin
(an inhibitor of G-protein coupled receptors including chemokine
receptors) was shown to prevent SP cells from crossing the cortico-
medullary junction, resulting in their retention within cortical
regions of the thymus [26, 27]. Of the large family of chemokine
receptors, CCR7 has been identified as the prominent receptor
mediating this vital relocalization step in intrathymic T-cell devel-
opment, a finding that maps well with the CCR7 expression pattern
in SP thymocytes (Fig. 1) [28, 29]. TCR engagement during cor-
tical positive selection induces CCR7 surface expression on devel-
oping thymocytes [30], which then migrate into medullary thymic
microenvironments containing CCL19- and CCL21-producing stro-
mal cells [31, 32]. Disruption of CCR7-mediated migration results
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Figure 1. Conventional and Foxp3+ regulatory T-cell development
in thymic microenvironments. Both conventional and Foxp3+ regula-
tory CD4+ T cells are generated from CD4+CD8+ double positive (DP)
thymocytes following interactions with self-peptide/MHC complexes
expressed by thymic stroma. CCR7 expression during positive selec-
tion facilitates the migration of positively selected cells from the cortex
to the medulla. Further TCR/MHC interactions with mTECs are involved
in the generation of Foxp3+ nTreg cells from two distinct precursor pop-
ulations, CD25+Foxp3– and CD25–Foxp3+ cells. In contrast, the genera-
tion of phenotypically mature conventional CD4+ T cells from recently
selected CCR7loCCR9+CCR4+ thymocytes can occur independently of
mTECs.

in defective thymocyte migration, cortical accumulation of SP cells
[28, 29] and disrupted negative selection [30, 33], leading to
a breakdown of central tolerance [34]. Two-photon microscopy
monitoring the live migration of CCR7-deficient CD4 SP thymo-
cytes added to thymic slices, suggests that CCR7 may also play
a role in the medullary accumulation of thymocytes [27]. In
addition, further studies suggest that TCR-mediated signaling is
impaired in the absence of CCR7, which may contribute to the
altered negative selection of thymocytes observed in Ccr7−/− mice
[30].

Further to the induction of CCR7, positive selection of con-
ventional thymocytes alters the expression of other chemokine
receptors that may be linked to cortex to medulla migration. For
example, CCR9 has been shown to be involved in multiple stages in
intrathymic T-cell development in mice, including CD4 SP genera-
tion [35]. While newly selected CD4 SP thymocytes have been
shown to retain CCR9 expression (Fig. 1), their expression of
PlexinD1 is thought to suppress CCR9-CCL25 signaling, thereby

C© 2015 The Authors. European Journal of Immunology published by
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preventing retention in the cortex and enabling entry into the
medulla [36]. Along with CCR7 and PlexinD1 orchestrating thy-
mocyte trafficking, other G-protein coupled receptors may also
control medullary access, as CCR7 deficiency appears to have a
lesser effect on cortex-to-medulla migration compared with the
total block observed with pertussis toxin treatment [26–28]. CCR4
is upregulated on the thymocyte cell surface after the initiation
of positive selection (Fig. 1) [37, 38] and its ligands CCL17 and
CCL22 are expressed by CD80highAire+ mTECs [37, 39]. However,
Ccr4−/− mice show no obvious disruption in CD4 and CD8 SP
T-cell development or their accumulation within medullary
regions [38]. In addition, thymic stromal cells express CCRL1,
an atypical chemokine receptor for CCL19, CCL21, and CCL25
[14, 40]. Interestingly however, and in contrast to earlier reports
[41], Ccrl1−/− mice show grossly normal thymus architecture and
T-cell development [42].

Such findings may reflect redundancy within the exten-
sive chemokine–chemokine receptor system that influences the
intrathymic development and location of immature thymocytes
[38]. Although the importance of thymocyte entry to the medulla
in tolerance induction through negative selection is well estab-
lished, the role of mTECs in the multistage developmental pro-
gram of differentiating thymoctyes is relatively unclear. To explore
this issue, SP thymocyte development has been examined in
mice with deficiencies known to disrupt mTEC development,
such as Relb−/- and Aire−/- mice [17]. Analysis of the latter
is of interest and potentially relevant to intrathymic thymocyte
migration, as Aire has been linked to the expression of multi-
ple chemokines in the thymic medulla including CCL17, CCL19,
CCL21, CCL22, and XCL1 [39, 43, 44]. In both Relb−/- and Aire−/-

mice, a reduction in mature Qa2+CD69− CD4 SP thymocytes has
been reported [17], suggesting that the transition from imma-
ture to mature stages in conventional CD4 SP thymocyte devel-
opment is dependent upon the presence of mTEC via a mech-
anism linked to their expression of Aire. However, the conse-
quences of Relb deficiency are not exclusive to mTECs develop-
ment/function, and mice deficient in Relb display a complex phe-
notype including a reduction in thymic DCs, failed lymph node
organogenesis and fatal multiorgan autoimmunity [45–47]. To
specifically address the role of Relb-dependent mTECs in the pres-
ence of an otherwise normal immune system, we previously trans-
planted Relb−/− fetal thymic stroma into WT mice [24]. Analysis
showed the presence of mature Qa2+ CD69− CD4 SP cells within
Relb−/− mTEC-deficient grafts [24]. Moreover, a single cohort
of intravenously transferred immature CD4 SP thymocytes was
found to undergo late-stage differentiation extrathymically [24].
Although these findings suggest that conventional SP thymocyte
development can occur independently of interaction with mTECs
(Fig. 1), CD11c+ DCs present within Relb-dependent mTEC-
deficient grafts may influence late-stage thymocyte differentiation
[38]. More extensive investigations are required to examine the
role of thymic DC subsets in fostering conventional CD4 SP thy-
mocyte development, in addition to the division of labor between
mTECs and DCs populations in the generation of conventional αβ

T cells.

Foxp3+ natural regulatory T cells

While negative selection plays an important role in shaping the
developing αβ TCR repertoire, some potentially auto-reactive cells
escape intrathymic deletion. Control of unwanted autoimmune
responses mediated by these cells requires the thymus to gener-
ate a subset of natural CD4+ regulatory T (nTreg) cells that pos-
sesses potent immunosuppressive properties [48]. Commitment
to this nTreg lineage occurs in the thymus and depends upon
the transcription factor Foxp3, which may be induced as a con-
sequence of increasing affinity of αβ TCR/peptide-MHC interac-
tions (reviewed in [49]). Importantly, expression of Foxp3 during
nTreg-cell development renders these thymocytes prone to apop-
tosis unless rescued by signaling through γc-dependent cytokines
[50]. These findings support a model in which Foxp3+ nTreg-
cell development in the thymus is a multistage process, involving
a sequential requirement for TCR and costimulation followed by
cytokine receptor signaling. While the precise timing of the branch
point of nTreg lineage commitment from that of conventional
αβ T-cell development is uncertain, two distinct nTreg precur-
sor subsets, CD25+Foxp3− [51] and CD25−Foxp3+ thymocytes
[50], have been identified within CD4 SP αβ TCR+ cells in mice
(Fig. 1). While identification of the latter is perhaps consistent
with studies reporting Foxp3 expression in some CD4+CD8+ thy-
mocytes [52], the appearance of CD25+Foxp3− nTreg precursors
in CD4SP thymocytes argues against expression of Foxp3 prior
to the SP stage [53]. Whatever the developmental sequence may
be in Foxp3+ nTreg-cell generation, access of thymocytes to the
medulla has been shown to play an important role in this process
(Fig. 1). For example, both CD25+Foxp3− nTreg precursors and
CD25+Foxp3+ nTreg cells are dramatically reduced in the absence
of Relb-dependent mTECs [24], and it has been suggested that the
importance of mTECs during early stages of nTreg-cell develop-
ment correlates with their provision of appropriate TCR and cos-
timulatory ligands [54–56]. That the availability of mTECs plays
a key role in controlling nTreg-cell development is supported by
several recent studies. For example, increased mTEC numbers in
mice, caused by either loss of TGF-β-mediated or OPG-mediated
negative control of medullary growth, was found to correlate with
increased numbers of thymic Foxp3+ nTreg cells [57, 58], while
diminished mTEC numbers caused by a NIK mutation in aly/aly
mice was shown to lead to reduced nTreg-cell development [59].
Interestingly, a partial reduction in mTECs observed in mice lack-
ing the adapter molecule Sin did not alter numbers of Foxp3+

T cells in lymph nodes [60]. Whether this reflects normal Foxp3+

T-cell development in the presence of diminished mTEC numbers,
or postthymic expansion of nTreg in peripheral tissues is not clear.
In addition to the role played by mTECs, several studies have also
suggested the involvement of DCs in nTreg-cell development in the
thymus. While their role in this process has been unclear, particu-
larly in relation to their known involvement in negative selection,
recent evidence demonstrates the importance of the combined
presence of both mTECs and DCs, in that Batf3-dependent CD8α+

DCs have been shown to support Foxp3+ T-cell development via
presentation of Aire-dependent antigens provided by mTECs [12].

C© 2015 The Authors. European Journal of Immunology published by
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Although the studies described above highlight the importance
of the thymus medulla in nTreg-cell generation, the mechanisms
that guide the migration of these cells and their lineage-restricted
precursors to this region are not fully understood. For example,
while the majority of Foxp3+CD4+ thymocytes expresses CCR7
(Fig. 1) and demonstrate heterogeneity with regard to expression
of CXCR4 and CCR8 [61], it is not clear how this heterogeneity
relates to the stages in nTreg-cell development described above.
More recent analysis shows that CD25+Foxp3− precursors in mice
express CCR4 and CCR7, while their CD25+Foxp3+ nTreg progeny
are uniformly CCR4−CCR7+ [24, 38]. Despite the transient nature
of CCR4 expression, Foxp3+ nTreg-cell development appears nor-
mal in Ccr4−/− mice [38]. In contrast, Ccr7−/− mice do show alter-
ations in the development and intrathymic positioning of nTreg
cells [38, 52, 62], consistent with the idea that conventional αβ

T cells and developing nTreg cells share a requirement for CCR7 to
enter the medulla. This scenario is also consistent with the dimin-
ished number of Foxp3+ nTreg cells in mice lacking podoplanin,
a molecule that controls the intrathymic localization of CCL21, a
ligand for CCR7 that is involved in thymocyte entry to the medulla
[63]. Interestingly however, nTreg-cell numbers are not decreased
in Ccr7−/− mice [38]. In fact, while the frequency of CD25+Foxp3−

nTreg precursors is unaltered, CD25+Foxp3+ nTreg cells are actu-
ally increased in Ccr7−/− mice [38, 62]. Of further relevance to the
involvement of CCR7 during nTreg-cell development is the recent
identification and characterization of the mTEC subset expressing
CCL21. Lkhagvasuren et al. [13] showed that the development of
CCL21+ mTECs is controlled by LTβR signaling, with a decrease
in this mTEC subset evident in Ltbr−/− mice. Moreover, CCL21+

mTECs are largely distinct from the Aire+ mTECs subset. However,
while Aire−/− mice have reported defects in Foxp3+ T-cell develop-
ment [43, 64], Ltbr−/− mice do not [65, 66]. Taken together, these
findings suggest that in the absence of CCR7 expression by nTreg
precursors, or LTβR-mediated CCL21 production by mTECs, nTreg
precursors can still develop. This suggests that other chemokines
distinct from those triggered by LTβR signaling are able to con-
trol the access to mTECs that is required for nTreg-cell gener-
ation. The reasons behind the increase in CD25+Foxp3+ nTreg
cells in Ccr7−/− mice remain unexplained,. It is unclear whether
this occurs as a result of defective emigration leading to increased
thymic retention of nTreg cells, or is caused by the reentry of
peripheral Foxp3+ Treg cells back to the thymus. Furthermore,
whether these possibilities also account for the large frequency of
Rag2p-GFP− Foxp3+ nTreg cells observed in RAG2p-GFP reporter
mice [15, 67, 68] requires additional investigation.

CD1d-restricted iNKT cells

Of the other αβ T-cell subsets that are generated intrathymically,
arguably the most well described are Type 1 invariant natural
killer T cells (iNKT cells), which recognize glycolipid antigens
bound to CD1d molecules (reviewed in [69–71]). Unlike conven-
tional αβ T cells, iNKT cells express an invariant Vα14-Jα18 TCRα

chain that pairs with a limited number of TCRβ chains. Moreover,
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Figure 2. CD1d-restricted iNKT-cell development in thymic microen-
vironments. Initiation of iNKT-cell development in the thymus occurs
in the cortex following recognition of glycolipid/CD1d complexes on
CD4+CD8+ DP thymocytes. The migration of developing iNKT-cells
from the cortex to the medulla involves upregulation of CCR7, and
so may involve CCL21+ mTECs (Stage 0, St. 0). In the medulla, later
stages of iNKT-cell development involve IL-15 transpresentation from
a subset of mTEClow cells (Stage 2, St. 2). Any relationship between the
mTEClow cells which provide CCL21 and those which trans-present IL-
15 is not known. In addition to the importance of the thymus medulla
for iNKT-cell generation, developing iNKT cells express RANKL to drive
Aire+ mTEC differentiation. Stages in iNKT-cell development [102]: St0:
CD24+CD44−NK1.1−, St1: CD24−CD44−NK1.1−, St2: CD44+NK1.1−, St3:
CD44+NK1.1+.

the positive selection of iNKT cells (Fig. 2) depends upon the
recognition of CD1d/glycolipid complexes expressed by cortex
resident CD4+CD8+ thymocytes and not TEC [5, 72]. Although
cell surface markers (CD24, CD44, NK1.1), cytokine production
(IL-4, IFN-γ, IL-17) and transcription factor expression (PLZF,
T-bet, GATA3) identify heterogeneity among iNKT cells during
their intrathymic development [73–75], relatively little is known
about their positioning in the thymus. This is likely due, at least in
part, to the technical difficulty of using CD1d tetramers to detect
iNKT cells in tissue sections. However, that positive selection of
iNKT cells occurs in the cortex draws parallels with conventional
αβ T cells, and suggests that iNKT cells also undergo cortex-
to-medulla migration during their intrathymic development
(Fig. 2). Indeed, PCR analysis of thymic iNKT-cell subsets
separated on the basis of CD4 and IL17RB expression shows
their differential expression of mRNAs encoding the chemokine

C© 2015 The Authors. European Journal of Immunology published by
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receptors CCR4, CCR6, and CCR7, the ligands for which are
expressed in the medulla [76].

While the relationship between expression of these chemokine
receptors and the intrathymic location of particular iNKT-cell sub-
sets is unclear, expression of the chemokine receptor CXCR6 is
induced during iNKT-cell positive selection, a process that occurs
in the cortex [77]. However, while expression of a CXCR6 lig-
and (CXCL16) has been detectable in thymus medulla [78] no
defects were reported during intrathymic iNKT-cell development
in CXCR6-deficient mice [77]. By performing flow cytometric
analysis to compare chemokine receptor expression during con-
ventional αβ T-cell and iNKT-cell development [38], we found
that CCR7 expression was most abundant in CD24+CD44−NK1.1−

(stage 0) iNKT cells, suggesting CCR7 induction takes place follow-
ing their positive selection to mediate trafficking from the cortex to
the medulla. Consistent with this, mice lacking CCR7 were shown
to have fewer PBS57+ iNKT cells, notably the CD44−NK1.1−

(stage 1), CD44+NK1.1− (stage 2) and CD44+NK1.1+ (stage 3)
subsets (Fig. 2). The involvement of the thymus medulla in iNKT-
cell development fits well with the requirement for costimulation
via B7 family members, which are predominantly expressed in the
medulla [79, 80]. It also correlates with the reduction in iNKT cells
in thymus grafts devoid of Relb-dependent mTECs [81–83] that act
as a source of IL-15/IL-15Rα trans-presentation [81]. While fur-
ther studies are necessary to fully understand the impact of mTECs
on iNKT-cell development, expression of Aire by mTEC has been
reported to be dispensable [84]. This suggests that although the
absence of Aire expression may alter the intrathymic expression
of several chemokines [43, 44], these changes do not necessar-
ily impact on iNKT-cell development. Finally, the link between
medullary microenvironments and intrathymic iNKT-cell develop-
ment has been strongly highlighted in studies exploring “long-term
resident” NK1.1+CD44+ iNKT cells, which have been shown to
remain in the thymus for extended periods [85]. While the func-
tional significance of these cells is not yet known, their thymic
residency requires the chemokine receptor CXCR3, the ligands for
which are expressed by mTECs [86]. Collectively, the studies out-
lined above are important as they support the idea that, as with
conventional αβ T cells and Foxp3+ Treg cells (Fig. 1), iNKT cell
populations in the thymus (Fig. 2) depend upon both the cortical
and medullary microenvironments. Furthermore, that iNKT cells
undergo stepwise migration through these sites and can influence
mTECs via their expression of RANKL and CD40L [81] are addi-
tional features shared with conventional αβ T cells and Foxp3+

Treg cells.

γδ T cells

In addition to supporting the development of the αβ T-cell subsets
described above, the thymus fosters the development of multiple
γδ T-cell subsets. It has long been known that the appearance of
heterogeneous γδ T-cell populations follows a temporally ordered
program of development, characterized by defined TCR-γ vari-
able gene usage, which is in turn accompanied by biased tissue

Figure 3. Fetal and adult phases of γδ T-cell development in thymic
microenvironments. The thymus supports the generation of distinct
subsets of γδ T cells in both fetal and adult life. In the fetal thymus, the
first γδ T cells to emerge express the Vγ5+ T-cell receptor and repre-
sent progenitors of dendritic epidermal T cells. As with the intrathymic
development of iNKT cells and conventional T cells, fetal γδ T cells
(right) also express RANKL and influence the development of Aire+

mTECs in the medulla. Note that although Vγ5+ thymocytes express
CCR4 and CCR7, they are not required for their intrathymic develop-
ment. In contrast, CCR6 expression by fetal γδT cells has been linked
with their thymic exit. Interestingly, in contrast to fetal thymus (right),
CCR7 has been shown to play a role on the medullary accumulation of
γδ T cells in the adult thymus (left).

tropism [77]. In this regard, during murine fetal development,
γδ T cells utilizing restricted Vγ5 gene segments (Fig. 3) have
been shown to arise first, (colonizing epidermal sites and there-
fore being termed dendritic epidermal T cells DETCs), followed
by a wave of Vγ6-bearing γδ T cells (lung, reproductive tract,
and tongue), and subsequently Vγ1 and Vγ4 cells (dermis, sec-
ondary lymphoid tissues) [87, 88]. Moreover, such defined γδ

T-cell subsets, in a similar fashion to recently described iNKT-cell
subsets and novel natural Th17 cells [75, 89], appear to prefer-
entially express particular cytokines (IFN-γ, IL-17, and IL-4) and
associated transcription factors (Tbet, RORγt, and PLZF) [90]. In
contrast to development of αβ T cells, the intrathymic develop-
mental requirements of γδ T cells remain comparatively poorly
defined, including their dependency upon positive and negative
selection. However, evidence has implicated a role for instructive
signaling in the direction of γδ T-cell maturation, including con-
ditioning by conventional CD4+8+ αβ T cells via the lymphotoxin
pathway [91], and importantly, interaction of fetal Vγ5+ DETCs

C© 2015 The Authors. European Journal of Immunology published by
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with RANK-dependent mTECs expressing the immunoglobulin-
like molecule Skint-1 (Selection and upKeep of INtraepithelial
T cells, Fig. 3) [92, 93]. Critically, conditioning of Vγ5+ DETCs
by Skint-1+ mTECs appears to bias DETCs toward IFN-γ pro-
duction, with Skint-1 mutant mice conversely producing IL-17+

DETCs [94]. Consistent with a potential role for the medulla in the
conditioning of fetal γδ T cells, initial experiments analyzing the
developmental window during which γδ T cells appeared within
the embryonic thymus revealed an accumulation of γδ TCR+ cells
from approximately E15 of gestation, coinciding with early phases
of thymic medullary islet formation [6]. Furthermore, histological
analysis of the intrathymic anatomical positioning of γδ T cells at
later stages of fetal thymus development revealed a preferential
accumulation of γδ T cells within medullary foci [95, 96]. Interest-
ingly however, the positioning of adult γδ T cells has been reported
to subsequently demonstrate a reduced bias to medullary regions,
with the majority of γδ T cells found to localize to cortical, includ-
ing subcapsular, and cortico-medullary regions [96, 97]. Signifi-
cantly, the functional importance of the medullary accumulation
of fetal γδ T cells appears not only important for the conditioning
of IFN-γ+ Vγ5+ DETCs, but in a similar fashion to both conven-
tional and iNKT αβ T cells, fetal γδ T cells were reported to play a
role in the reciprocal conditioning of mTECs (Fig. 3), via provision
of RANKL to drive the development of the earliest cohorts of Aire+

mTECs [92].
Although the requirements for a strictly ordered progression

of conventional αβ T-cell sequential migration through cortical
and medullary microenvironments has been relatively well char-
acterized, the dependency of γδ T cells upon ordered intrathymic
migration, and the mechanisms that control this potential process,
both remain much less well-defined. Significantly however, in vitro
treatment of E15 fetal thymus organ cultures with pertussis toxin
was found to prevent the accumulation γδ T cells within medullary
regions, suggesting that in parallel with αβ T cells, the medullary
localization of fetal γδ T cells is highly dependent upon G-protein
coupled receptor signaling [26, 95]. Interestingly, initial studies
analyzing the development of fetal thymic DETCs revealed that
the putative selection of Vγ5+ thymocytes resulted in the down-
regulation of CCR4 and CCR6 with concomitant upregulation of
CCR10, indicating changes in chemokine receptor expression may
relate to migration of developing γδ T cells through the thymus
[98]. Despite the expression of the relevant cognate ligands for
CCR4 and CCR10 by mTECs [39], the development of Vγ5+ thy-
mocytes occurs normally in both Ccr4- and Ccr10-deficient fetal
thymuses [95, 99]. In contrast, analysis of an intrathymic role
for CCR6 expression by Vγ5+ DETCs revealed that the selection-
associated loss of CCR6 plays a critical role in releasing mature
Vγ5+ γδ T cells from CCL20-producing medullary microenviron-
ments [100], thereby facilitating thymic egress [101]. Consistent
with αβ T-cell populations, γδ T cells additionally express CCR7 at
both fetal and adult stages [95, 99]. Although CCR7-deficient fetal
γδ T cells demonstrated no reduction in medullary localization
[95], recent studies analyzing the intrathymic positioning of adult
γδ T cells revealed a significant reduction in medulla-associated
γδ T cells in Ccr7−/− mice [97]. However, beyond the develop-

mental requirement of fetal Vγ5+ DETC progenitors for reciprocal
signaling interactions with mTECs, the significance of medullary
localization and interactions for additional fetal and adult γδT-cell
subsets remains unclear and warrants further investigation.

Conclusions

The medulla has long been recognized as a site that contains
thymocyte subsets that represent late stages in T-cell development.
Through the process of negative selection, it plays an essential role
in conventional αβ T-cell development that ensures the generation
of self-tolerant T cells. In addition, increasing evidence suggests
that the medulla also influences the development of multiple T-cell
lineages that are generated during both fetal and adult life. Recent
studies are also now highlighting functional complexity within the
mTEC compartment, which may help to explain the contributions
made by these cells in supporting the development of diverse
T-cell populations. As the cellular and molecular complexity of
medullary microenvironments becomes clearer, we anticipate that
this will lead to a better understanding of the processes that govern
intrathymic T-cell development.

Acknowledgment: This work was supported by an MRC Pro-
gramme Grant to G.A.

Conflict of interest: The authors declare no financial or commer-
cial conflict of interest.

References

1 Wencker, M., Turchinovich, G., Di Marco Barros, R., Deban, L., Jandke,

A., Cope, A., Hayday, A. C. et al., Innate-like T cells straddle innate and

adaptive immunity by altering antigen-receptor responsiveness. Nat.

Immunol. 2014. 15: 80–87.

2 Takahama, Y., Journey through the thymus: stromal guides for T-cell

development and selection. Nat. Rev. Immunol. 2006. 6: 127–135.

3 Boehm, T. and Swann, J. B., Thymus involution and regeneration: two

sides of the same coin? Nat. Rev. Immunol. 2013. 13: 831–838.

4 Fontenot, J. D., Dooley, J. L., Farr, A. G. and Rudensky, A. Y., Devel-

opmental regulation of Foxp3 expression during ontogeny. J. Exp. Med.

2005. 202: 901–906.

5 Bendelac, A., Positive selection of mouse NK1+ T cells by CD1-

expressing cortical thymocytes. J. Exp. Med. 1995. 182: 2091–2096.

6 Havran, W. L. and Allison, J. P., Developmentally ordered appearance of

thymocytes expressing different T-cell antigen receptors. Nature 1988.

335: 443–445.

7 Griffith, A. V., Fallahi, M., Nakase, H., Gosink, M., Young, B. and Petrie,

H. T., Spatial mapping of thymic stromal microenvironments reveals

C© 2015 The Authors. European Journal of Immunology published by
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

www.eji-journal.eu



658 Jennifer E. Cowan et al. Eur. J. Immunol. 2015. 45: 652–660

unique features influencing T lymphoid differentiation. Immunity 2009.

31: 999–1009.

8 Anderson, G., Jenkinson, E. J. and Rodewald, H. R., A roadmap for thymic

epithelial cell development. Eur. J. Immunol. 2009. 39: 1694–1699.

9 Alves, N. L., Takahama, Y., Ohigashi, I., Ribeiro, A. R., Baik, S., Ander-

son, G., Jenkinson, W. E. et al., Serial progression of cortical and

medullary thymic epithelial microenvironments. Eur. J. Immunol. 2014.

44: 16–22.

10 Breart, B., Ramos-Perez, W. D., Mendoza, A., Salous, A. K., Gobert, M.,

Huang, Y., Adams, R. H. et al., Lipid phosphate phosphatase 3 enables

efficient thymic egress. J. Exp. Med. 2011. 208: 1267–1278.

11 Anderson, G. and Takahama, Y., Thymic epithelial cells: working class

heroes for T cell development and repertoire selection. Trends Immunol.

2012. 33: 256–263.

12 Perry, J. S., Lio, C. W., Kau, A. L., Nutsch, K., Yang, Z., Gordon, J. I., Mur-

phy, K. M. and Hsieh, C. S., Distinct contributions of aire and antigen-

presenting-cell subsets to the generation of self-tolerance in the thy-

mus. Immunity 2014. 41: 414–426.

13 Lkhagvasuren, E., Sakata, M., Ohigashi, I. and Takahama, Y., Lym-

photoxin beta receptor regulates the development of CCL21-expressing

subset of postnatal medullary thymic epithelial cells. J. Immunol. 2013.

190: 5110–5117.

14 Ribeiro, A. R., Meireles, C., Rodrigues, P. M. and Alves, N. L., Interme-

diate expression of CCRL1 reveals novel subpopulations of medullary

thymic epithelial cells that emerge in the postnatal thymus. Eur. J.

Immunol. 2014. 44: 2918–2924.

15 McCaughtry, T. M., Wilken, M. S. and Hogquist, K. A., Thymic emigra-

tion revisited. J. Exp. Med. 2007. 204: 2513–2520.

16 Scollay, R. and Godfrey, D. I., Thymic emigration: conveyor belts

or lucky dips? Immunol. Today 1995. 16: 268–273; discussion 273–

264.

17 Li, J., Li, Y., Yao, J. Y., Jin, R., Zhu, M. Z., Qian, X. P., Zhang, et al.,

Developmental pathway of CD4+CD8- medullary thymocytes during

mouse ontogeny and its defect in Aire-/- mice. Proc. Natl. Acad. Sci. USA

2007. 104: 18175–18180.

18 Lucas, B., Vasseur, F. and Penit, C., Production, selection, and matura-

tion of thymocytes with high surface density of TCR. J. Immunol. 1994.

153: 53–62.

19 Kelly, K. A. and Scollay, R., Analysis of recent thymic emigrants

with subset- and maturity-related markers. Int. Immunol. 1990. 2: 419–

425.

20 Ge, Q. and Chen, W. F., Phenotypic identification of the subgroups of

murine T-cell receptor alphabeta+ CD4+ CD8- thymocytes and its impli-

cation in the late stage of thymocyte development. Immunology 1999. 97:

665–671.

21 Tian, T., Zhang, J., Gao, L., Qian, X. P. and Chen, W. F., Heterogene-

ity within medullary-type TCRalphabeta(+)CD3(+)CD4(-)CD8(+) thymo-

cytes in normal mouse thymus. Int. Immunol. 2001. 13: 313–320.

22 Jin, R., Wang, W., Yao, J. Y., Zhou, Y. B., Qian, X. P., Zhang, J., Zhang, Y.

and Chen, W. F., Characterization of the in vivo dynamics of medullary

CD4+CD8- thymocyte development. J. Immunol. 2008. 180: 2256–

2263.

23 Teng, F., Zhou, Y., Jin, R., Chen, Y., Pei, X., Liu, Y., Dong, J. et al., The

molecular signature underlying the thymic migration and maturation

of TCRalphabeta+ CD4+ CD8 thymocytes. PLoS One 2011. 6: e25567.

24 Cowan, J. E., Parnell, S. M., Nakamura, K., Caamano, J. H., Lane, P. J.,

Jenkinson, E. J., Jenkinson, W. E. and Anderson, G., The thymic medulla

is required for Foxp3+ regulatory but not conventional CD4+ thymocyte

development. J. Exp. Med. 2013. 210: 675–681.

25 Witt, C. M., Raychaudhuri, S., Schaefer, B., Chakraborty, A. K. and

Robey, E. A., Directed migration of positively selected thymocytes visu-

alized in real time. PLoS Biol 2005. 3: e160.

26 Suzuki, G., Sawa, H., Kobayashi, Y., Nakata, Y., Nakagawa, K., Uzawa,

A., Sakiyama, H. et al., Pertussis toxin-sensitive signal controls the traf-

ficking of thymocytes across the corticomedullary junction in the thy-

mus. J. Immunol. 1999. 162: 5981–5985.

27 Ehrlich, L. I., Oh, D. Y., Weissman, I. L. and Lewis, R. S., Differential

contribution of chemotaxis and substrate restriction to segregation of

immature and mature thymocytes. Immunity 2009. 31: 986–998.

28 Ueno, T., Saito, F., Gray, D. H., Kuse, S., Hieshima, K., Nakano, H., Kak-

iuchi, T. et al., CCR7 signals are essential for cortex-medulla migration

of developing thymocytes. J. Exp. Med. 2004. 200: 493–505.

29 Kwan, J. and Killeen, N., CCR7 directs the migration of thymocytes into

the thymic medulla. J. Immunol. 2004. 172: 3999–4007.

30 Davalos-Misslitz, A. C., Worbs, T., Willenzon, S., Bernhardt, G. and

Forster, R., Impaired responsiveness to T-cell receptor stimulation and

defective negative selection of thymocytes in CCR7-deficient mice. Blood

2007. 110: 4351–4359.

31 Ueno, T., Hara, K., Willis, M. S., Malin, M. A., Hopken, U. E., Gray, D. H.,

Matsushima, K. et al., Role for CCR7 ligands in the emigration of newly

generated T lymphocytes from the neonatal thymus. Immunity 2002. 16:

205–218.

32 Halkias, J., Melichar, H. J., Taylor, K. T., Ross, J. O., Yen, B., Cooper, S.

B., Winoto, A. and Robey, E. A., Opposing chemokine gradients control

human thymocyte migration in situ. J. Clin. Invest. 2013. 123: 2131–2142.

33 Nitta, T., Nitta, S., Lei, Y., Lipp, M. and Takahama, Y., CCR7-mediated

migration of developing thymocytes to the medulla is essential for neg-

ative selection to tissue-restricted antigens. Proc. Natl. Acad. Sci. USA

2009. 106: 17129–17133.

34 Kurobe, H., Liu, C., Ueno, T., Saito, F., Ohigashi, I., Seach, N., Arakaki,

R. et al., CCR7-dependent cortex-to-medulla migration of positively

selected thymocytes is essential for establishing central tolerance.

Immunity 2006. 24: 165–177.

35 Svensson, M., Marsal, J., Uronen-Hansson, H., Cheng, M., Jenkinson,

W., Cilio, C., Jacobsen, S. E. et al., Involvement of CCR9 at multiple

stages of adult T lymphopoiesis. J. Leukoc. Biol. 2008. 83: 156–164.

36 Choi, Y. I., Duke-Cohan, J. S., Ahmed, W. B., Handley, M. A., Mann, F.,

Epstein, J. A., Clayton, L. K. and Reinherz, E. L., PlexinD1 glycoprotein

controls migration of positively selected thymocytes into the medulla.

Immunity 2008. 29: 888–898.

37 Campbell, J. J., Pan, J. and Butcher, E. C., Cutting edge: developmental

switches in chemokine responses during T cell maturation. J. Immunol.

1999. 163: 2353–2357.

38 Cowan, J. E., McCarthy, N. I., Parnell, S. M., White, A. J., Bacon, A.,

Serge, A., Irla, M. et al., Differential requirement for CCR4 and CCR7

during the development of innate and adaptive alphabetaT cells in the

adult thymus. J. Immunol. 2014. 193: 1204–1212.

39 Laan, M., Kisand, K., Kont, V., Moll, K., Tserel, L., Scott, H. S. and Peter-

son, P., Autoimmune regulator deficiency results in decreased expres-

sion of CCR4 and CCR7 ligands and in delayed migration of CD4+ thy-

mocytes. J. Immunol. 2009. 183: 7682–7691.

40 Heinzel, K., Benz, C. and Bleul, C. C., A silent chemokine receptor reg-

ulates steady-state leukocyte homing in vivo. Proc. Natl. Acad. Sci. USA

2007. 104: 8421–8426.

41 Comerford, I., Nibbs, R. J., Litchfield, W., Bunting, M., Harata-Lee, Y.,

Haylock-Jacobs, S., Forrow, S. et al., The atypical chemokine receptor

CCX-CKR scavenges homeostatic chemokines in circulation and tissues

and suppresses Th17 responses. Blood 2010. 116: 4130–4140.

C© 2015 The Authors. European Journal of Immunology published by
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

www.eji-journal.eu



Eur. J. Immunol. 2015. 45: 652–660 HIGHLIGHTS 659

42 Lucas, B., White, A. J., Ulvmar, M. H., Nibbs, R. J., Sitnik, K. M., Agace,

W. W., Jenkinson, W. E. et al., CCRL1/ACKR4 is expressed in key thymic

microenvironments but is dispensable for T lymphopoiesis at steady

state in adult mice. Eur. J. Immunol. 2015. 45: 574–583.

43 Lei, Y., Ripen, A. M., Ishimaru, N., Ohigashi, I., Nagasawa, T., Jeker,

L. T., Bosl, M. R. et al., Aire-dependent production of XCL1 mediates

medullary accumulation of thymic dendritic cells and contributes to

regulatory T cell development. J. Exp. Med. 2011. 208: 383–394.

44 Hubert, F. X., Kinkel, S. A., Davey, G. M., Phipson, B., Mueller, S. N.,

Liston, A., Proietto, A. I. et al., Aire regulates the transfer of antigen

from mTECs to dendritic cells for induction of thymic tolerance. Blood

2011. 118: 2462–2472.

45 Weih, F., Carrasco, D., Durham, S. K., Barton, D. S., Rizzo, C. A., Ryseck,

R. P., Lira, S. A. and Bravo, R., Multiorgan inflammation and hematopoi-

etic abnormalities in mice with a targeted disruption of RelB, a member

of the NF-kappa B/Rel family. Cell 1995. 80: 331–340.

46 Burkly, L., Hession, C., Ogata, L., Reilly, C., Marconi, L. A., Olson, D.,

Tizard, R. et al., Expression of relB is required for the development of

thymic medulla and dendritic cells. Nature 1995. 373: 531–536.

47 Wu, L., D’Amico, A., Winkel, K. D., Suter, M., Lo, D. and Shortman,

K., RelB is essential for the development of myeloid-related CD8alpha-

dendritic cells but not of lymphoid-related CD8alpha+ dendritic cells.

Immunity 1998. 9: 839–847.

48 Lio, C. W. and Hsieh, C. S., Becoming self-aware: the thymic education

of regulatory T cells. Curr. Opin. Immunol. 2011. 23: 213–219.

49 Klein, L., Kyewski, B., Allen, P. M. and Hogquist, K. A., Positive and

negative selection of the T cell repertoire: what thymocytes see (and

don’t see). Nat. Rev. Immunol. 2014. 14: 377–391.

50 Tai, X., Erman, B., Alag, A., Mu, J., Kimura, M., Katz, G., Guinter, T.

et al., Foxp3 transcription factor is proapoptotic and lethal to developing

regulatory T cells unless counterbalanced by cytokine survival signals.

Immunity 2013. 38: 1116–1128.

51 Lio, C. W. and Hsieh, C. S., A two-step process for thymic regulatory T

cell development. Immunity 2008. 28: 100–111.

52 Liston, A., Nutsch, K. M., Farr, A. G., Lund, J. M., Rasmussen, J. P., Koni,

P. A. and Rudensky, A. Y., Differentiation of regulatory Foxp3(+) T cells

in the thymic cortex. Proc. Natl. Acad. Sci. USA 2008. 105: 11903–11908.

53 Lee, H. M. and Hsieh, C. S., Rare development of Foxp3+ thymocytes in

the CD4+CD8+ subset. J. Immunol. 2009. 183: 2261–2266.

54 Mahmud, S. A., Manlove, L. S., Schmitz, H. M., Xing, Y., Wang, Y.,

Owen, D. L., Schenkel, J. M. et al., Costimulation via the tumor-necrosis

factor receptor superfamily couples TCR signal strength to the thymic

differentiation of regulatory T cells. Nat. Immunol. 2014. 15: 473–481.

55 Hinterberger, M., Wirnsberger, G. and Klein, L., B7/CD28 in central toler-

ance: costimulation promotes maturation of regulatory T cell precursors

and prevents their clonal deletion. Front Immunol. 2011. 2: 30.

56 Verhagen, J., Gabrysova, L., Minaee, S., Sabatos, C. A., Anderson, G.,

Sharpe, A. H. and Wraith, D. C., Enhanced selection of FoxP3+ T-

regulatory cells protects CTLA-4-deficient mice from CNS autoimmune

disease. Proc. Natl. Acad. Sci. USA 2009. 106: 3306–3311.

57 Hauri-Hohl, M., Zuklys, S., Hollander, G. A. and Ziegler, S. F., A regu-

latory role for TGF-beta signaling in the establishment and function of

the thymic medulla. Nat. Immunol. 2014. 15: 554–561.

58 Akiyama, N., Shinzawa, M., Miyauchi, M., Yanai, H., Tateishi, R., Shimo,

Y. et al., Limitation of immune tolerance-inducing thymic epithelial cell

development by Spi-B-mediated negative feedback regulation. J. Exp.

Med. 2014. 211: 2425–2438.

59 Mouri, Y., Nishijima, H., Kawano, H., Hirota, F., Sakaguchi, N., Mori-

moto, J. and Matsumoto, M., NF-kappaB-inducing kinase in thymic

stroma establishes central tolerance by orchestrating cross-talk with

not only thymocytes but also dendritic cells. J. Immunol. 2014. 193: 4356–

4367.

60 Danzl, N. M., Donlin, L. T. and Alexandropoulos, K., Regulation of

medullary thymic epithelial cell differentiation and function by the sig-

naling protein Sin. J. Exp. Med. 2010. 207: 999–1013.

61 Lee, J. H., Kang, S. G. and Kim, C. H., FoxP3+ T cells undergo conven-

tional first switch to lymphoid tissue homing receptors in thymus but

accelerated second switch to nonlymphoid tissue homing receptors in

secondary lymphoid tissues. J. Immunol. 2007. 178: 301–311.

62 Schneider, M. A., Meingassner, J. G., Lipp, M., Moore, H. D. and Rot, A.,

CCR7 is required for the in vivo function of CD4+ CD25+ regulatory T

cells. J. Exp. Med. 2007. 204: 735–745.

63 Fuertbauer, E., Zaujec, J., Uhrin, P., Raab, I., Weber, M., Schachner,

H., Bauer, M. et al., Thymic medullar conduits-associated podoplanin

promotes natural regulatory T cells. Immunol. Lett. 2013. 154: 31–41.

64 Malchow, S., Leventhal, D. S., Nishi, S., Fischer, B. I., Shen, L., Paner,

G. P., Amit, A. S. et al., Aire-dependent thymic development of tumor-

associated regulatory T cells. Science 2013. 339: 1219–1224.

65 Martins, V. C., Boehm, T. and Bleul, C. C., Ltbetar signaling does not reg-

ulate Aire-dependent transcripts in medullary thymic epithelial cells. J.

Immunol. 2008. 181: 400–407.

66 Zhu, M., Chin, R. K., Tumanov, A. V., Liu, X. and Fu, Y. X., Lymphotoxin

beta receptor is required for the migration and selection of autoreactive

T cells in thymic medulla. J. Immunol. 2007. 179: 8069–8075.

67 Cuss, S. M. and Green, E. A., Abrogation of CD40-CD154 signaling

impedes the homeostasis of thymic resident regulatory T cells by alter-

ing the levels of IL-2, but does not affect regulatory T cell development.

J. Immunol. 2012. 189: 1717–1725.

68 Yang, E., Zou, T., Leichner, T. M., Zhang, S. L. and Kambayashi, T.,

Both retention and recirculation contribute to long-lived regulatory

T-cell accumulation in the thymus. Eur. J. Immunol. 2014. 44: 2712–

2720.

69 Godfrey, D. I., Stankovic, S. and Baxter, A. G., Raising the NKT cell

family. Nat. Immunol. 2010. 11: 197–206.

70 Engel, I. and Kronenberg, M., Transcriptional control of the develop-

ment and function of valpha14i NKT cells. Curr. Top Microbiol. Immunol.

2014. 381: 51–81.

71 Constantinides, M. G. and Bendelac, A., Transcriptional regulation of

the NKT cell lineage. Curr. Opin. Immunol. 2013. 25: 161–167.

72 Wei, D. G., Lee, H., Park, S. H., Beaudoin, L., Teyton, L., Lehuen, A. and

Bendelac, A., Expansion and long-range differentiation of the NKT cell

lineage in mice expressing CD1d exclusively on cortical thymocytes. J.

Exp. Med. 2005. 202: 239–248.

73 Benlagha, K., Wei, D. G., Veiga, J., Teyton, L. and Bendelac, A., Char-

acterization of the early stages of thymic NKT cell development. J. Exp.

Med. 2005. 202: 485–492.

74 Coquet, J. M., Chakravarti, S., Kyparissoudis, K., McNab, F. W., Pitt, L.

A., McKenzie, B. S., Berzins, S. P. et al., Diverse cytokine production by

NKT cell subsets and identification of an IL-17-producing CD4-NK1.1-

NKT cell population. Proc. Natl. Acad. Sci. USA 2008. 105: 11287–11292.

75 Lee, Y. J., Holzapfel, K. L., Zhu, J., Jameson, S. C. and Hogquist, K. A.,

Steady-state production of IL-4 modulates immunity in mouse strains

and is determined by lineage diversity of iNKT cells. Nat. Immunol. 2013.

14: 1146–1154.

76 Watarai, H., Sekine-Kondo, E., Shigeura, T., Motomura, Y., Yasuda, T.,

Satoh, R., Yoshida, H. et al., Development and function of invariant

natural killer T cells producing T(h)2- and T(h)17-cytokines. PLoS Biol.

2012. 10: e1001255.

C© 2015 The Authors. European Journal of Immunology published by
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

www.eji-journal.eu



660 Jennifer E. Cowan et al. Eur. J. Immunol. 2015. 45: 652–660

77 Germanov, E., Veinotte, L., Cullen, R., Chamberlain, E., Butcher, E. C.

and Johnston, B., Critical role for the chemokine receptor CXCR6 in

homeostasis and activation of CD1d-restricted NKT cells. J. Immunol.

2008. 181: 81–91.

78 Matloubian, M., David, A., Engel, S., Ryan, J. E. and Cyster, J. G., A

transmembrane CXC chemokine is a ligand for HIV-coreceptor Bonzo.

Nat. Immunol. 2000. 1: 298–304.

79 Williams, J. A., Lumsden, J. M., Yu, X., Feigenbamn, L., Zhang, J. J.,

Steinberg, S. M. and Hodes, R. J., Regulation of thymic NKT cell devel-

opment by the B7-CD28 costimulatory pathway. J. Immunol. 2008. 181:

907–917.

80 Chung, Y., Nurieva, R., Esashi, E., Wang, Y. H., Zhou, D. P., Gapin, L.

and Dong, C., A critical role of costimulation during intrathymic devel-

opment of invariant NKT cells. Faseb. J. 2008. 180: 2276–2283.

81 White, A. J., Jenkinson, W. E., Cowan, J. E., Parnell, S. M., Bacon, A.,

Jones, N. D., Jenkinson, E. J. and Anderson, G., An essential role for

medullary thymic epithelial cells during the intrathymic development

of invariant NKT cells. J. Immunol. 2014. 192: 2659–2666.

82 Elewaut, D., Shaikh, R. B., Hammond, K. J., DeWinter, H., Leishman,

A. J., Sidobre, S., Turovskaya, O. et al., NIK-dependent RelB activation

defines a unique signaling pathway for the development of V alpha 14i

NKT cells. J. Exp. Med. 2003. 197: 1623–1633.

83 Sivakumar, V., Hammond, K. J., Howells, N., Pfeffer, K. and Weih, F.,

Differential requirement for Rel/nuclear factor kappa B family members

in natural killer T cell development. J. Exp. Med. 2003. 197: 1613–1621.

84 Pitt, L. A., Hubert, F. X., Scott, H. S., Godfrey, D. I. and Berzins, S. P.,

NKT cell development in the absence of the autoimmune regulator gene

(Aire). Eur. J. Immunol. 2008. 38: 2689–2696.

85 Berzins, S. P., McNab, F. W., Jones, C. M., Smyth, M. J. and Godfrey, D.

I., Long-term retention of mature NK1.1+ NKT cells in the thymus. J.

Immunol. 2006. 176: 4059–4065.

86 Drennan, M. B., Franki, A. S., Dewint, P., VanBeneden, K., Seeuws, S.,

vande Pavert, S. A., Reilly, E. C. et al., Cutting edge: the chemokine

receptor CXCR3 retains invariant NK T cells in the thymus. J. Immunol.

2009. 183: 2213–2216.

87 Xiong, N. and Raulet, D. H., Development and selection of gammadelta

T cells. Immunol. Rev. 2007. 215: 15–31.

88 Ito, K., Bonneville, M., Takagaki, Y., Nakanishi, N., Kanagawa, O.,

Krecko, E. G. and Tonegawa, S., Different gamma delta T-cell recep-

tors are expressed on thymocytes at different stages of development.

Proc. Natl. Acad. Sci. USA 1989. 86: 631–635.

89 Marks, B. R., Nowyhed, H. N., Choi, J. Y., Poholek, A. C., Odegard, J. M.,

Flavell, R. A. and Craft, J., Thymic self-reactivity selects natural inter-

leukin 17-producing T cells that can regulate peripheral inflammation.

Nat. Immunol. 2009. 10: 1125–1132.

90 Prinz, I., Silva-Santos, B. and Pennington, D. J., Functional development

of gammadelta T cells. Eur. J. Immunol. 2013. 43: 1988–1994.

91 Silva-Santos, B., Pennington, D. J. and Hayday, A. C., Lymphotoxin-

mediated regulation of gammadelta cell differentiation by alphabeta T

cell progenitors. Science 2005. 307: 925–928.

92 Roberts, N. A., White, A. J., Jenkinson, W. E., Turchinovich, G., Naka-

mura, K., Withers, D. R., McConnell, F. M. et al., Rank signaling links

the development of invariant gammadelta T cell progenitors and Aire(+)

medullary epithelium. Immunity 2012. 36: 427–437.

93 Lewis, J. M., Girardi, M., Roberts, S. J., Barbee, S. D., Hayday, A. C. and

Tigelaar, R. E., Selection of the cutaneous intraepithelial gammadelta+
T cell repertoire by a thymic stromal determinant. Nat. Immunol. 2006.

7: 843–850.

94 Turchinovich, G. and Hayday, A. C., Skint-1 identifies a common molec-

ular mechanism for the development of interferon-gamma-secreting

versus interleukin-17-secreting gammadelta T cells. Immunity 2011. 35:

59–68.

95 Nakamura, K., White, A. J., Parnell, S. M., Lane, P. J., Jenkinson, E. J.,

Jenkinson, W. E. and Anderson, G., Differential requirement for CCR4 in

the maintenance but not establishment of the invariant Vgamma5(+)

dendritic epidermal T-cell pool. PLoS One 2013. 8: e74019.

96 Farr, A., Hosier, S., Nelson, A., Itohara, S. and Tonegawa, S., Distribution

of thymocytes expressing gamma delta receptors in the murine thymus

during development. J. Immunol. 1990. 144: 492–498.

97 Reinhardt, A., Ravens, S., Fleige, H., Haas, J. D., Oberdorfer, L.,

Lyszkiewicz, M., Forster, R. and Prinz, I., CCR7-mediated migration in

the thymus controls gammadelta T-cell development. Eur. J. Immunol.

2014. 44: 1320–1329.

98 Xiong, N., Kang, C. and Raulet, D. H., Positive selection of dendritic

epidermal gammadelta T cell precursors in the fetal thymus determines

expression of skin-homing receptors. Immunity 2004. 21: 121–131.

99 Jin, Y., Xia, M., Sun, A., Saylor, C. M. and Xiong, N., CCR10 is important

for the development of skin-specific gammadeltaT cells by regulating

their migration and location. J. Immunol. 2010. 185: 5723–5731.

100 Bunting, M. D., Comerford, I., Kara, E. E., Korner, H. and McColl, S. R.,

CCR6 supports migration and differentiation of a subset of DN1 early

thymocyte progenitors but is not required for thymic nTreg develop-

ment. Immunol. Cell Biol. 2014. 92: 489–498.

101 Hu, S. and Xiong, N., Programmed downregulation of CCR6 is impor-

tant for establishment of epidermal gammadeltaT cells by regulating

their thymic egress and epidermal location. J. Immunol. 2013. 190: 3267–

3275.

102 Stritesky, G. L., Jameson, S. C. and Hogquist, K. A., Selection of self-

reactive T cells in the thymus. Annu. Rev. Immunol. 2012. 30: 95–114.

Abbreviations: mTEC: medullary thymic epithelial cell · SP: single posi-

tive

Full correspondence: Prof. Graham Anderson, MRC Centre for Immune
Regulation, Institute for Biomedical, Research, Medical School,
Vincent Drive, Edgbaston, Birmingham B15 2TT, UK
Fax: +44-121-414-6815
e-mail: g.anderson@bham.ac.uk

Received: 31/10/2014
Revised: 16/1/2015
Accepted: 19/1/2015
Accepted article online: 23/1/2015

C© 2015 The Authors. European Journal of Immunology published by
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

www.eji-journal.eu


