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Denderitic cells (DCs) play a significant role in establishing
self-tolerance through their ability to present self-antigens to de-
veloping T cells in the thymus. DCs are predominantly lo-
calized in the medullary region of thymus and present a
broad range of self-antigens, which include tissue-restricted
antigens expressed and transferred from medullary thymic
epithelial cells, circulating antigens directly captured by
thymic DCs through coticomedullary junction blood ves-
sels, and peripheral tissue antigens captured and trans-
ported by peripheral tissue DCs homing to the thymus.
When antigen-presenting DCs make a high affinity inter-
action with antigen-specific thymocytes, this interaction
drives the interacting thymocytes to death, a process often
referred to as negative selection, which fundamentally blocks
the self-reactive thymocytes from differentiating into ma-
ture T cells. Alternatively, the interacting thymocytes dif-
ferentiate into the regulatory T (Treg) cells, a distinct T cell
subset with potent immune suppressive activities. The spe-
cific mechanisms by which thymic DCs differentiate Treg
cells have been proposed by several laboratories. Here, we
review the literatures that elucidate the contribution of thy-
mic DCs to negative selection and Treg cell differentiation,
and discusses its potential mechanisms and future directions.
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INTRODUCTION

Dendritic cells (DCs) play an important role in inducing
antigen-specific immunity by presenting antigens to naive
T cells and differentiating the antigen-specific T cells into
effector T cells (1,2). Upon recognition of microbes, DCs
internalize and digest them into small peptides, which are
subsequently loaded onto the antigen-presenting molecules
major histocompatibility complex (MHC) classes I and II
and displayed at cell surface. When the surface MHCI-
peptide complexes are recognized by the CD8" naive T
cells that express the specific T cell receptor (TCR), this
recognition results in the development of CD8 " cytotoxic
T effector cells capable of killing infected cells in the host.
On the other hand, the surface MHCII-peptide complexes
are recognized by the specific TCR-bearing CD4 " naive
T cells, and this recognition leads to the development of
cD4” helper T effector cells capable of assisting other im-
mune cells clearing the infecting microbes.

While immunity is beneficial when it develops against
foreign antigens, it is detrimental when it develops against
self-antigens as it results in unnecessary and potentially
harmful host cell damages. Not surprisingly, our immune
system has evolved to ensure such harmful autoimmunity
not to arise. One fundamental system created is to interfere
the development of self-reactive T cells in the thymus.
Thymus is a primary lymphoid organ where T cells of both

@ This is an open access article distributed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/4.0) which permits unrestricted non-commercial use, distribution, and reproduction in any me-

dium, provided the original work is properly cited.

*Corresponding Author. Jeoung-Sook Shin, Department of Microbiology and Immunology, Sandler Asthma Basic Research Center, University
of California San Francisco, 513 Parnassus Avenue, HSE-201, San Francisco, CA 94143, USA. Tel: 415-476-5451; Fax: 415-476-3939; E-mail:

jeoung-sook.shin@ucsf.edu

Abbreviations: DC, dendritic cell; mTEC, medullary thymic epithelial cell; AIRE, autoimmune regulator; pDC, plasmacytoid dendritic cell;
Treg, regulatory T; MARCHI1, membrane-associated RING-CH1; TSLP, thymic stromal lymphopoietin

IMMUNE NETWORK Vol. 15, No. 3: 111-120, June, 2015

111



112

Dendritic Cell Function in the Thymus
Jaehak Oh and Jeoung-Sook Shin

CD4" and CD8" lineages develop from hematopoietic
precursor cells originated from bone marrows. Each of de-
veloping T cells (thymocytes) expresses a TCR molecule
by a process of random gene rearrangement, which creates
a diverse repertoire of T cell compartment that can recog-
nize pathogens of an enormous diversity. However, this
random process unwantedly but inevitably accompanies a
generation of TCRs that react to self-antigens at a high
affinity. Thymocytes expressing such self-specific TCRs,
if they develop into mature T cells, are likely to cause the
harmful autoimmunity. To prevent this from happening,
self-specific thymocytes are either routed to cell death, a
process named negative selection or clonal deletion, or dif-
ferentiated into regulatory T (Treg) cells, a distinct T cell
subset equipped with immune suppressive activities (3-5).
These two processes will be referred to as central tolerance
in this review.

Central tolerance is crucially dependent on thymic anti-
gen presenting cells (APCs) including cortical thymic epi-
thelial cells (cTECs) and medullary thymic epithelial cells
(mTECs). cTECs play a vital role in positively selecting
thymocytes, but they can also negatively select thymocytes
of strong self-reactivity, and can also support Treg cell dif-
ferentiation (6-8). Similarly, mTECs negatively select thy-
mocytes of strong self-reactivity, and also mediate positive
selection of Treg cells. Notably, mTECs uniquely express a
transcription factor named AIRE (Autolmmune REgulator),
which causes transcription of a wide selection of tissue-re-
stricted genes that are usually only expressed in peripheral
tissues. Accordingly, a broad array of tissue-restricted anti-
gens are expressed and presented in mTECs, and this pre-
sentation mediates negative selection and Treg cell differ-
entiation of thymocytes specific for the tissue-restricted an-
tigens (9-12). However, not every tissue-restricted antigen
is expressed in mTECs (13), and even among those ex-
pressed, some are not effectively presented by mTECs
(14). Thus, additional mechanisms are likely to operate
that complement mTECs, and fulfill central tolerance.

In addition to ¢cTECs and mTECs, DCs occupy a sig-
nificant fraction of thymic antigen presenting cells. While
the role of DCs in immunity has been well recognized,
their role in central tolerance has not been firmly estab-
lished until recently. Here, we will review the literatures
that addressed the role of DCs in central tolerance follow-
ing a brief description of the subset and origin of thymic
DCs.

SUBSET AND ORIGIN OF THYMIC DCs

Thymic DCs consist of three distinct subsets: CD8" con-
ventional DCs (cDCs), Sirp a” ¢DCs, and plasmacytoid
DCs (pDCs). CD8" DCs occupy approximately 50% of
thymic DC pool, Sirpa” DCs 20%, and pDCs the rest
(15).

CD8" DCs develop from intrathymic precursor cells,
but the exact identity of these precursors has not been
clearly defined. Early studies have suggested that there are
common T-myeloid precursors that can differentiate into
either T cells or myeloid cells including DCs. For exam-
ple, thymic lymphoid precursor cells, when transferred into
irradiated thymus, formed progenies of both DCs and T
cells (16,17). Furthermore, T cells and DCs were generated
in the thymus by an identical kinetics (17). In addition,
human thymic cells that differentiated into DCs in vitro
expressed a transcript that encodes the @ subunit of the
pre TCR complex (18). However, several recent studies
have shown that CD8”" thymic DCs originate from a dis-
tinct precursor that does not differentiate into T cells but
does differentiate into DCs. One study performed a fate
mapping study using the reporter of IL-7 receptor, a key
marker of lymphoid lineages, and showed that the reporter
was never expressed in thymic ¢DCs while it was ex-
pressed in T cells (19). Another study used the reporter
of CD207, a marker of CcD8™" DCs, and showed that this
reporter was not expressed in T cells, but expressed in
CD8" thymic DCs (20). More recently, a new strategy
named retroviral barcoding was used to determine lineage
relationship between thymic DCs and T cells (21). This
study revealed a high similarity between thymic DCs,
splenic DCs, and bone marrow-derived progenitors, but a
marked difference between thymic DCs and mature T
cells. Notably, this study also showed that T-lineage pro-
genitors differentiate into DCs under certain circumstances
such as lymphopenic or DC-depleted condition. Thus, DC
development in the thymus appears to entail plasticity,
which is likely to help homeostatic maintenance of the
cells.

Unlike CD8" DCs, Sirpe ™ DCs and pDCs develop ex-
trathymically and home to the thymus at steady state
(22-24). Thymic homing of Sirp a” DCs is dependent on
a CCR2-mediated chemotaxis (25,26) and an @, integrin-
dependent adhesion (27) while pDC homing is dependent
on CCRY9 and a4 integrin (28). Both DC subsets home to
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the thymus through blood vessels, but the specific tissues
that they originated from has not been comprehensively
determined.

ANTIGEN ACQUISITION AND PRESENTATION
BY THYMIC DCs

Thymic DCs acquire antigens through at least three in-
dependent pathways (Table I). First, they acquire antigens
from mTECs. These antigens include tissue-restricted self-
antigens expressed under the control of AIRE, and span
a broad range of subcellular origins such as the membrane,
nucleus, and cytosol (14,29,30). Secondly, thymic DCs ac-
quire antigens from the blood. Sirp a” DCs are enriched
in cortico-medullary perivascular space and also around
small vessels (26), which are freely permeable to circulat-
ing antigens. Through this strategic localization, Sirp @
DCs effectively capture and present blood-borne antigens
(26,31-33). Lastly, Sirp a” DCs and pDCs bring the anti-
gens they acquired in peripheral tissues as they home to
the thymus, and present them to the thymocytes. When
mice were intravenously (iv) injected with beads that are
too large to penetrate the thymic blood vessels, the beads
were found in Sirpe” DCs and pDCs, but not in CD8"
DCs, in the thymus (28). In addition, when mice were sub-
cutaneously injected with the beads, the beads were also
found in Sirpe” DCs and pDCs in the thymus (28). Simi-
larly, when mice were painted on the skin with a small
molecule fluorophore, the fluorophore was found in thymic
DCs (27). In addition, an antigen expressed exclusively in
cardiac myocytes was presented to the antigen-specific

Table I. Specific antigens acquired and/or presented by thymic DCs
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thymocytes in an @4 integrin-dependent manner (27). These
findings suggest that DCs in the circulation, skin, heart,
and possibly other peripheral tissues, migrate to the thy-
mus and present the peripheral tissue antigens.

ROLE OF THYMIC DCs IN NEGATIVE
SELECTION

Thymic DC presentation of self-antigens significantly con-
tributes to the negative selection of CcD4" thymocytes.
When MHCII expression was specifically ablated in bone
marrow-derived APCs in mice, CD4 " thymocytes accumu-
lated in the thymus (34,35). cD4” thymocytes also accu-
mulated when thymi of wild type mice were engrafted into
mice deficient in MHCII (29). These findings indicate that
MHCII-mediated antigen presentation by bone marrow-de-
rived APCs plays an important role in the negative se-
lection of CD4" thymocytes. More recently, mice that
lacked MHCII specifically in DCs were also found to ac-
cumulate CD4" thymocytes (8). Furthermore, mice that
lacked DCs also showed a marked accumulation of CD4 "
thymocytes (36), demonstrating the important role of DCs
in the negative selection of CcD4” thymocytes.

The role of DCs in CD4™ T cell negative selection was
also examined by using transgenic mice that express a spe-
cific MHCII, a specific TCR, or a specific antigen (Table
II). When the MHCII I-E molecule was specifically ex-
pressed on DCs, the I-E reactive CD4 ™ T cells were neg-
atively selected (37). When ovalbumin (ova) or the influ-
enza antigen hemagglutinin (HA) was specifically ex-
pressed on DCs, the ova- or HA-reactive TCR-expressing

Subcellular

Source of antigen Antigen localization of antigen Experimental setting Ref.
mTEC HA (influenza hemagglutitin) Membrane AIRE-HA transgenic mice (26)
P1A (a tumor antigen) Unknown Wild type mice an
PLP (a myelin proteolipid protein) ~ Membrane Wild type mice an
GCL (GFP-hCRP-LC3 fusionpro- ~ Autophagosome  AIRE-GCL transgenic mice 27)
tein)
GCL (G120A) Cytosolic AIRE-GCL(G120A) transgenic mice 27)
Circulation Ova (ovalbumin) Endosome Antigen was 1v injected into wild type mice ~ (22,23)
HEL (hen egg lysozyme) Endosome Antigen was iv injected into wild type mice  (28,30)
Peripheral tissues FITC Endosome Antigen was painted on the skin of wild type mice ~ (24)
microbead Endosome Antigen was sc injected into wild type mice (25)
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Table II. Specific TCR T cell clones negatively selected or differentiated into Treg cells by thymic DCs

Source of Negative Treg cell
TCR Cognate antigen . Experimental setting . differen- Ref.
antigen selection .
tiation
OT-1I Ova DC CD11c-mOva transgenic mice Yes Yes (20)
Circulation  Antigen was iv injected into wild type mice Yes Yes (29)
DC DCs were loaded with ova ex vivo before being iv Yes n.d. (25)
injected into wild type mice
mTEC Rip-Ovahl transgenic bone marrow chimeric mice Yes* n.d. (36)
DEP hCRP (human C-re- mTEC AIRE-GCL(G120A) transgenic mice Yes n.d. 27
active protein)
DO11 Ova Circulation  Antigen was iv injected into wild type mice Yes Yes (23)
3A9 HEL Circulation  Antigen was iv injected into wild type mice Yes Yes  (28,30)
and
IBI11.3
G25, Unknown Unknown TCR mini mice n.d. Yes 39)
G69,
G41,
R19,
R3S,
RI117
2%t
JP3*,
JP8*,
G103*

n.d.; not determined. *Dependency of bone marrow-derived APCs instead of DCs was determined. TPartially dependent of mTECs

CcD4" thymocytes were deleted in a large fraction (23,29).
Also, when hen egg lysozyme (HEL) or ova was injected
to the blood, they were taken up by DCs, and the CD4 "
thymocytes that expressed the HEL- or ova-specific TCR
were effectively deleted (26,32,33). In addition, when ova
was expressed in mTEC through AIRE, the CD4 " thymo-
cytes that expressed ova-reactive TCR were mostly de-
leted, which was completely dependent on bone marrow-
derived APCs (38).

In some occasions, DCs hardly contribute to the neg-
ative selection of antigen-specific CD4" thymocytes even
if the antigens are presented by DCs. For example, in
transgenic mice where HA or ova was expressed by
mTECs under the control of AIRE, DCs presented both
HA and ova at detectable levels, this presentation was not
necessary for deleting the antigen-specific CD4 " thymo-
cytes (29). In contrast, mTECs presented the antigens at
much high levels and played a sufficient role in deleting
those thymocytes (29,35). It is not clear understood what
determines DC-dependency vs. mTEC-dependency for clo-
nal deletion, particularly when antigens are expressed in
mTECs. Interestingly, Aichinger et al. has recently re-

ported that a model antigen expressed under the control
of AIRE induced efficient deletion of specific CcD4” thy-
mocytes by mTECs when targeted to autophagosomes,
whereas interference with autophagosomal routing of this
antigen through exchange of a single amino acid or abla-
tion of an essential autophagy gene induced CD4" thymo-
cyte deletion by DCs (30). This finding suggests that
mTEC may focus presentation of antigens processed by
autophagosomes while the rest of antigens are given to
DCs to share the burden.

The role of DCs in CD8" T cell deletion is less clearly
understood. Ablation of MHCI expression in bone mar-
row-derived APCs resulted in a slight increase in CD8"
thymocytes (34), but DC ablation did not result in such
increases (36). The ova-specific OT-I cps* thymocytes
were effectively deleted when ova was expressed under the
control of AIRE. However this deletion did not require
MHCI expression by bone marrow-derived APCs (39).
Interestingly, the mTEC-expressed tumor antigen P1A was
not presented by mTECs but presented by DCs (14), sug-
gesting that DCs may delete the P1A-specific CD8"
thymocytes. However, this possibility has not been tested.
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ROLE OF THYMIC DCs IN TREG CELL
DEVELOPMENT

The role of thymic DCs in Treg cell development was a
long-standing subject with debate. Mice that are deficient
in DCs from birth or in adult life had the number of Treg
cells similar to mice sufficient in DCs (36,40). Mice that
are deficient in MHCII in bone marrow-derived APCs or
DCs also had a normal number of Treg cells (8,29). These
findings led to a claim that DCs are not necessary for Treg
development. However, this claim was not readily con-
sented in the field because DCs could positively select
Treg cells specific for the antigens that they present (Table
II). For example, mice that expressed ova-specific OT-II
TCR produced ova-specific Treg cells when they ex-
pressed ova in DCs (23). The same mice also produced
ova-specific Treg cells when they were injected with ova
iv, the route by which injected antigen is exclusively taken
up and presented by DCs among thymic APCs (32).
Similar observation was made when the HEL-specific TCR
transgenic mice were iv injected with HEL (33).
Recently, Perry et al. has taken a completely new ap-
proach to address the role of DCs in Treg cell develop-
ment, namely a systematic analysis of the TCR clones
(41). Because the vast diversity in polyclonal T cells pre-
cludes experimental analysis at the level of individual
TCREs, they utilized mice in which TCR diversity is limited
by a transgenic fixed TCR 8 chain. This allowed high-
throughput analysis of the TCR repertoire at the individual
TCR levels through sequencing of the variable region of
a TCR a chain. First, they assessed the contribution of
bone marrow-derived APCs to Treg cell development by
injecting MHCII-deficient bone marrows into irradiated
wild type mice and determining Treg cell TCR repertoire
in comparison to that of control mice. Interestingly, not
only a loss of certain TCRs but also an enrichment of dis-
tinct TCRs was found by MHCII ablation on bone mar-
row-derived APCs, suggesting that bone-marrow-derived
APCs mediate negative as well as positive selection of
Treg cells. This finding provide potential explanation of
why ablation of MHCII in bone marrow-derived APCs did
not reduce the number of Treg cells in previous studies.
Next, they closely examined 15 TCR clones that are most
abundant in wild type mice for their dependency on bone
marrow-derived APCs. Remarkably, there was a reduction
of ten TCR clones in mice where MHCII was ablated in
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bone-marrow-derived APCs, indicating a substantial con-
tribution of bone marrow-derived APCs to the develop-
ment of these TCR Treg cell clones. Finally, they exam-
ined the contribution of DCs to the selection of these fre-
quent TCR Treg cell clones. For this examination, thymo-
cytes were transduced with the retrovirus that encode each
of the frequent TCR clones, injected into the thymus of
the mice that lacked DCs, and examined whether they dif-
ferentiated into Treg cells. Many of the clones failed to
differentiate into Treg cells, indicating that these clones are
completely dependent on DCs for Treg cell development
(Table II). It is notable that this study also revealed that
approximately half of AIRE-dependent Treg cell selection
utilizes a pathway dependent on DCs, particularly cps*
DCs, suggesting that CD8" DCs play an important role
in acquiring and presenting AIRE-derived antigens.

THE MECHANISMS BY WHICH THYMIC DCs
MEDIATE TREG CELL DEVELOPMENT

It has been extensively investigated what molecules and
signaling pathways are required for thymocytes to become
Treg cells. For example, thymocytes should receive strong
TCR-signaling to differentiate into Treg cells (42). They
also should receive signaling from costimulatory receptors
such as CD28 (43) and tumor necrosis factor receptor su-
per family (TNFRSF) (44). In addition, they need signal-
ing from common cytokine receptor 7 -chain receptors
such as the receptors for IL-2, IL-15, and IL-7 (45,46).
However, relatively little is known what molecules need
to be expressed and what cellular events have to occur in
DCs for them to select Treg cells.

An early study suggested that thymic stromal lympho-
poietin (TSLP)-mediated maturation of thymic DCs plays
an important role in Treg cell development (47). TSLP is
expressed by Hassall’s corpuscles, groups of epithelial
cells within the thymic medulla, in human. Treatment of
human thymic ¢cDCs with TSLP resulted in an increased
expression of the costimulatory molecules CD80 and
CDg6. These TSLP-conditioned thymic c¢cDCs were then
able to induce Treg cell differentiation in vitro. More re-
cently, human pDCs were also found to express TSLP re-
ceptor upon activation and respond to TSLP (48). TSLP-
conditioned pDCs expressed high levels of CD80 and
CD86, and efficiently induced the generation of Treg cells
in vitro (48). These studies suggest that TSLP mediates
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maturation of thymic DCs, and this maturation equips DCs
with costimulatory molecules that promote Treg cell differ-
entiation. However, the role of TSLP signaling in Treg cell
development in vivo has not been established. Mice that
lack TSLP receptor produced a normal number of Treg
cells in the thymus (49), suggesting that TSLP signaling
is not essential in Treg cell development at least in mice.

CD70 in DCs has been suggested to play an important
role in Treg development (50). CD70, a member of TNF
super family (TNFSF) is expressed in mTECs and thymic
DCs, and its receptor CD27 is expressed in thymocytes.
Genetic ablation of either CD70 or CD27 reduced the
number of Treg cells in the thymus, while CD27 signaling
rescued developing Treg cells from apoptosis. Further-
more, CD70 on CD8" DCs promoted Treg cell differ-
entiation in vitro. These findings suggest that DC inter-
action with thymocytes through CD70-CD27 costimulatory
molecules plays a significant role in Treg development.
More recently, additional TNFSF members such as GITRL,
TNF, and OX40L were also found to contribute to Treg
development (44). These TNFSF members are expressed
in mTECs and/or thymic DCs and bind to corresponding
receptors expressed in Treg cell precursors. This binding
enhances the ability of the Treg cell progenitors to com-
pete for limiting amounts of IL-2 and secure the devel-
opmental niche for Treg cells in the thymus.

We have recently found that MARCH1-mediated MHCII
ubiquitination promotes DC selection of Treg cells (32).
MARCHI is a membrane-associated ubiquitin ligase that
mediates ubiquitination of MHCII and CD86 in DCs, and
induces endocytosis and lysosomal degradation of these
molecules (51-55). Interestingly, mice deficient in either
MARCHI or the ubiquitin-acceptor residue of MHCII failed
to produce a proper number of Treg cells in the thymus.
These mice also failed to produce ova-specific Treg cells
when ova was injected iv or expressed in mTECs. More-
over, DCs from these mice poorly generated antigen- spe-
cific Treg cells in vitro. These findings suggest that
MARCHI1-mediated MHCII ubiquitination conditions DCs
to effectively generate Treg cells. However, the specific
mechanism by which MHCII ubiquitination confers this
function to DCs is not clear. One possibility is that MHCII
ubiquitination reduces the surface levels of MHCII in DCs,
reducing the amount of self-antigens presented by DCs.
This reduction may rescue some of the high affinity self-
reactive T cells from being negatively selected and help

them differentiate into Treg cells. However, we found this
hypothesis unlikely to be true because ablation of MHCII
ubiquitination did not enhance negative selection of CD4 "
thymocytes (32). Furthermore, lowering the amount of an-
tigens did not help the MHCII ubiquitination-deficient DCs
generate Treg cells (32). Thus, a more likely hypothesis
is that MHCII ubiquitination controls DC antigen pre-
sentation not quantitatively but qualitatively so that the
ubiquitination regulates the repertoire of peptides presented
via MHCII or regulates some accessory cellular events ac-
companied by the antigen presentation, thus controlling the
repertoire and/or functional properties of differentiating
Treg cells.

CONCLUSION AND FUTURE DIRECTION

In conclusion, DCs are tactically organized in the thymus
to acquire and present a vast array of self-antigens, and
delete the self-reactive thymocytes or differentiate them in-
to Treg cells thus constructing a useful and safe repertoire
of T cells (summarized in Fig. 1). Although there are nu-
merous questions that remain to be answered, here we
picked three outstanding questions that we believe warrant
the highest priority.

First, it will be important to identify the specific mecha-
nisms by which DCs acquire antigens from mTECs be-
cause such mechanism is likely to be an important means
by which AIRE-driven tissue-restricted antigens, which are
expressed only in 10~15% of mTECs (56), are dis-
seminated in the thymus and recognized by thymocytes
with the maximal frequency. One possibility is that mTECs
release their intracellular materials either constitutively or
in a regulated manner, and these materials are then ac-
tively endocytosed by DCs. Indeed, human TECs have
been shown to release exosomes in culture that carried tis-
sue-restricted antigens (57). Another possibility is that
mTECs undergoing homeostatic turnover release their ma-
terials through apoptosis, and these apoptotic bodies are
captured and presented by DCs. In line with this possi-
bility, AIRE has been shown to promote apoptosis by me-
diating nuclear translocation of stress sensor protein GAPDH
(58). Alternatively, mTECs may make a direct interaction
with neighboring or even remote DCs via some inter-
cellular connection devices, and transfer their materials
through such devices. A recent study has shown that in-
testinal DCs and macrophages establish gap junctions, a
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Figure 1. The role of dendritic cells in the thymus. DCs are positioned in the medullary region of the thymus, and acquire tissue-restricted
antigens from mTECs (A) and circulating antigens from blood vessels (B). Some thymic DCs originate from periphery carrying antigens
acquired from the peripheral tissue sites (C). The acquired antigens are presented to cD4” thymocytes via MHCII (D) and CD8 * thymo-
cytes via MHCI (E), and this presentation results in thymocyte apoptosis or Treg cell differentiation (F and G).

protein channel that directly connects the cytoplasm of two
cells (59). This channel is utilized by macrophages to
transfer food antigens that they captured from intestinal lu-
men to the neighboring DCs. Another study has shown that
DCs form a network of tunneling nanotube-like structures
upon activation and that this network facilitates intercellular
transfer of intracellular vesicles and antigens between DCs
(60). Similar structures may be formed between mTECs
and thymic DCs, and mediate antigen transfer.
Secondly, the specific mechanisms by which thymic
DCs mediate negative selection and Treg cell differentiation
will need to be better defined. One of the prevailing hy-
potheses is that the strong affinity interaction between thy-
mic APCs and thymocytes results in negative selection
while the intermediate affinity interaction results in Treg
cell differentiation (5). However, it is not difficult to find
the TCR clones that are deleted as well as differentiated
into Treg cells at the same time. Thus, there must be a
mechanism(s) extrinsic to TCR that directs thymocytes to
one fate vs. the other. As we reviewed early, several mech-
anisms have been proposed by which thymic DCs are con-

ditioned to induce Treg cell differentiation. Perhaps, this
mechanism could operate in a regulated manner; thymo-
cytes that make a cognate interaction with DCs become
Treg cells only if the mechanism has turned on; otherwise
they undergo apoptosis.

Lastly, very little is known on the specific contribution
that thymic DCs make to peripheral immune homeostasis.
Humans and mice both develop multiple organ-specific au-
toimmune diseases in the absence of functional AIRE
(61,62). As some of AIRE-driven tissue-restricted antigens
are presented by thymic DCs, DCs may make a significant
contribution to the prevention of organ-specific autoimmu-
nity. In addition, thymic DCs may play a unique role in
preventing allergic diseases or commensal-associated auto-
inflammatory diseases. Sirp @’ DCs and pDCs in the thymus
are originated from periphery, potentially carrying periph-
eral antigens to the thymus and presenting them. Thus, it
is conceivable that these DCs may present environmental
antigens that accessed to the respiratory tracts, food anti-
gens that entered the intestine, and commensal antigens
living in mucosal surfaces. This presentation may play an
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important role in establishing tolerance to allergens and
other innocuous foreign antigens, thus serving for mucosal
immune homeostasis. We envision that advanced knowl-
edge on thymic DC functions and underlying mechanisms
will lay the groundwork for development of novel ther-
apeutics for autoimmune and allergic disorders.
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