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ABSTRACT
Discovery of DCs and PRRs has contributed immensely
to our understanding of induction of innate and adap-
tive immune responses. Activation of PRRs leads to se-
cretion of inflammatory cytokines that regulate priming
and differentiation of antigen-specific T and B lympho-
cytes. Pathogens enter the body via different routes,
and although the same set of PRRs is likely to be acti-
vated, it is becoming clear that the route of immune
challenge determines the nature of outcome of adap-
tive immunity. In addition to the signaling events initi-
ated following innate-immune receptor activation, the
cells of the immune system are influenced by the mi-
croenvironments in which they reside, and this has a
direct impact on the resulting immune response. Spe-
cifically, immune responses could be influenced by spe-
cialized DCs, specific factors secreted by stromal cells,
and also, by commensal microbiota present in certain
organs. Following microbial detection, the complex in-
teractions among DCs, stromal cells, and tissue-spe-
cific factors influence outcome of immune responses.
In this review, we summarize recent findings on the
phenotypic heterogeneity of innate and adaptive im-
mune cells and how tissue-specific factors in the sys-
temic and mucosal immune system influence the out-
come of adaptive-immune responses. J. Leukoc. Biol.
94: 409–421; 2013.

Introduction
The immune system detects pathogen invasion, tissue damage,
transformation, and malignancy and also participates in wound

healing and tissue remodeling. As these events could happen
anywhere in the organism, the immune system has to have a
functional presence in every tissue and organ of the body. A
hallmark of metazoans is the compartmentalization of their
body, which unavoidably leads to the compartmentalization of
the immune system. However, the cells of the immune system
have the unique ability to travel between compartments and
are influenced by the local environments in these compart-
ments. Grossly, the immune system can be divided into three
main compartments: the systemic immune system, which filters
the blood and detects blood-borne infections; the mucosal im-
mune system, which detects pathogens evading various muco-
sal surfaces, including the gastrointestinal tract, the respiratory
tract, the urinary tract, and the urogenital tract; and the cuta-
neous immune system, which detects pathogens entering via
the skin, because of breaches or insect bites [1]. Traditionally,
we have gained most of our information about the immune
system by analyzing cells from the spleen and LNs, as a result
of the convenience of obtaining large numbers of cells. How-
ever, in recent years, it has become increasingly appreciated
that the phenotype, differentiation status, longevity, turnover
rate, function, and regulatory mechanisms of immune cells are
drastically different and impacted significantly by the anatomi-
cal compartment in which they reside.

Each of the three immune compartments faces distinct chal-
lenges in generating effective antipathogen-immune responses,
while maintaining homeostasis and avoiding overwhelming,
self-damaging responses. As a result, immunity has to operate
in a tissue-specific manner. The systemic immune system
mounts immune responses to invading pathogens via the in-
duction of robust proinflammatory and bactericidal programs
that may have damaging consequences to the host. This is un-
derstandable, as the danger from the pathogen is very high
when it gains access to the circulation. However, in the case of
mucosal and cutaneous immune systems, maintaining organ
integrity is the number one priority. Therefore, at the steady
state, the immunity here has to be tightly controlled to allow
peaceful coexistence with, rather than eradication of, the sym-
bionts. The inability to maintain homeostasis results in immu-
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nopathology and tissue destruction, as seen in emphysema
(uncontrolled activation of alveolar macrophages) and colitis
(uncontrolled activation of T cells against commensals). As the
same type of immune cells residing in different tissues origi-
nate from the same precursors prior to entering the tissue, it
would be expected that organ-specific factors instruct regional
immune responses. Consequently, each organ would have its
own threshold for activating the immune system, which is cor-
related inversely with the relative sterility of the organ.

Specifically, the differences in each of the immune systems
are determined by the type of immune-sentinel cells residing
in them, the type of response they mount, the longevity and
homing capacity of the activated immune cells they generate,
and the mechanism they use to regulate the immune re-
sponses. In this review, we summarize the recent advances in
the differential behavior of immune cells based on their loca-
tion, with an emphasis on T cells, and discuss how their behav-
ior is instructed by innate immune cells as well as stromal
cells.

PHENOTYPIC AND FUNCTIONAL
HETEROGENEITY OF DCs AND
MACROPHAGES

DCs take up, process, and present antigens to T cells and play
an important role in initiating adaptive immunity [2]. DCs
also participate in controlling B cell responses [3]. Different
DC subsets can be found in different sites of the body, and
these diverse DC populations serve as a critical link between
the immune microenvironment and adaptive immunity [2].
DCs can be classified into two main subsets: cDCs and pDCs.
As pDCs do not present antigen as effectively as cDCs, we will
not discuss these cells for the purpose of this review. cDCs can
be classified further according to their location. DCs that re-
side in the blood and lymphoid organs are termed blood DCs,
whereas DCs that reside in the peripheral tissues, such as the
skin, mucosa, and solid organs, are termed tissue DCs [4].

Macrophages originate primarily from circulating monocyte
precursors and complete their differentiation process after mi-
grating into specific tissues [5]. Specialized tissue-resident mac-
rophages, including osteoclasts (bone), alveolar macrophages
(lung), histiocytes (intestinal connective tissue), Kupffer cells
(liver), and microglia (brain), all exert distinct functions, de-
pending on their resident tissue [6]. In the secondary lym-
phoid organs, macrophages are found primarily in the red
pulp and marginal zone of the spleen, as well as the subcapsu-
lar region of the LNs. The function of macrophages is de-
signed to benefit the tissue in which they reside. For instance,
the primary function of marginal zone macrophages is to sup-
press innate and adaptive immunity to apoptotic cells [7]. The
subcapsular sinus macrophages in the LNs are able to initiate
humoral responses [8]. Macrophages, residing in immune-priv-
ileged sites such as the brain, eye, and testis, are mainly in-
volved in tissue remodeling and homeostasis[6].

DCs in the spleen and LNs
Splenic DCs are also known as blood-derived DCs, as the ma-
jority of them differentiates from blood-borne precursors once

they enter the spleen. Splenic DCs can be classified into three
subsets: CD11b�CD4�CD8�DCs, CD11b�CD4�CD8� DCs,
and CD11b�CD4�CD8� DCs [9]. Splenic DCs are thought to
reside at immature state and screen the blood for pathogens.
In addition to the three DC subtypes found in the spleen
(blood DCs), the LNs contain a substantial fraction of tissue-
derived DCs, or migratory DCs, which resides originally in the
peripheral tissue and subsequently migrates to the respective
draining LNs, either constitutively or upon activation by patho-
gen infection [1, 10–13]. LN resident DCs may capture anti-
gen indirectly from migratory DCs or directly from the drain-
ing LN [14]. The specific types of migratory DCs may differ
between particular LNs. In the skin-draining LNs, LCs and two
dDC subsets are found. The mLNs contain similar DC sub-
types found in the intestinal mucosa. The interaction between
resident and migratory DCs in the LNs has important out-
comes on the resulting immune response.

DCs and macrophages in nonlymphoid tissues
Skin DCs. Skin DCs are categorized based on their localiza-

tion in different compartments of the skin tissue. LCs reside in
the epidermis, whereas dDCs reside in the dermis. LCs are
characterized by expression of Langerin (CD207) and epithe-
lial CAM [15]. At least two distinct dDC subsets have been de-
scribed, one being the classical Langerin� dDCs and the re-
cently discovered Langerin�CD103� dDCs [15]. The actual
APCs for initiating cutaneous immunity seem to vary depend-
ing on the nature of immune challenge. LCs, LN-resident DCs
[16], Langerin� dDCs [17, 18], and Langerin� dDCs [18, 19]
have all been implicated as APCs in different studies. Interest-
ingly, skin-resident DCs appear to play distinct, sometimes op-
posing, roles in generating a T cell response. With the use of a
Candida albicans skin infection model, Igyarto et al. [20]
showed that LCs are necessary and sufficient for direct antigen
presentation and generation of antigen-specific Th17 cells but
not for a CTL response. In contrast, Langerin� dDCs are re-
quired for the generation of antigen-specific CTL and Th1
responses. Additionally, Langerin� dDCs inhibited the ability
of LCs and Langerin� DCs to induce Th17 cell responses
[20]. Several other studies have also determined Langerin�

dDCs as the major population mediating cross-presentation of
viral and tissue antigens to CD8 T cells, whereas LCs play neg-
ligible roles [19, 21]. In contrast, the role of LCs seem rather
controversial. In vitro and in vivo evidence suggests that LCs
can be immunogenic or tolerogenic [22]. LCs were shown to
be sufficient to induce contact hypersensitivity, independent of
Langerin� dDCs [23, 24]. They were also shown to be respon-
sible for activating pathogenic CD8 T cells in a skin-specific
autoimmunity model [25]. Conversely, using a cutaneous leish-
maniasis model, LCs were shown to function as negative regu-
lators of T cell immunity by driving the expansion and immi-
gration of Tregs [26]. Consistently, LC-ablated mice develop
enhanced contact hypersensitivity [27]. A similar tolerogenic
effect of LCs was also observed in the context of protein im-
munization [28]. The induction of Tregs appears to be a
unique function of LCs, as it cannot be observed with Lan-
gerin� dDCs [29]. It is possible that the actual function of a
LC in situ is determined by stimuli from the environment, as
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well as the skin commensals. In unperturbed skin, they are
most likely associated with down-regulating T cell responses,
whereas in the context of inflammation or tissue damage, LCs
display immunogenic properties [22].

Gut DCs and macrophages. DCs are present in all of the
lymphoid organs associated with the intestines, including the
PPs, ILFs, and the mLNs [30]. They are also abundant in the
nonlymphoid tissues, such as the LP facing the lumen [31],
the muscular layers, and the serosa facing the peritoneum
[32]. When stimulated through TLRs, PP and LP DCs secrete
much less IL-12 but more IL-10 [33, 34]. As a result, these
DCs induce more IL-4 and IL-10 from naïve CD4 T cells [34,
35] compared with splenic DCs, suggesting tolerogenic func-
tions of these DCs. DC subsets within mucosal tissues have
unique immune-inductive capacities. The PPs harbor three DC
subtypes: CD11b�CD8� DCs that localize in the subepithelial
dome, CD11b�CD8� DCs in the interfollicular regions, and
CD11b�CD8� DCs at both sites, as well as the follicle-associ-
ated epithelium. The CD11b�CD8� DCs are much more
abundant in the PPs and mLNs compared with the spleen
and pLNs. The tolerogenic properties of PP DCs are re-
stricted to CD11b�CD8� DCs, whereas CD11b�CD8� and
CD11b�CD8� DCs produce IL-12 and prime T cells for
IFN-� production [34].

In the LP, DCs (CD11chiMHCIIhi) can be classified accord-
ing to their expression of CD103 and CD11b. Two major pop-
ulations—CD11b�CD103� and CD11b�CD103�—can be ob-
served [36]. The CD11b�CD103� DCs develop from common
DC progenitors and pre-DCs under the control of Fms-like ty-
rosine kinase and GM-CSFR ligands and express little M-CSFR
and CX3CR1. The CD11b�CD103� DCs, however, arise from
monocytes under the control of M-CSFR ligands and express
high levels of M-CSFR and CX3CR1. CD103�CD11b� DCs are
highly capable of migrating from the intestinal LP to the
mLNs in a CCR7-dependent manner [37]. This process allows
them to transport antigens from the gut to the mLNs, where
they present soluble antigen to CD8� and CD4� T cells [38],
induce gut-homing molecules on T cells [37, 39], and pro-
mote the conversion of naïve T cells into iTregs [40]. In con-
trast, CD11b�CD103� DCs are part of a nonmigratory, gut-
resident population that does not enter the mLNs effec-
tively [41]. It has been shown that CD11b�CD103� DCs are
capable of extending their transepithelial dendrites into the
intestinal lumen for antigen sampling in a way mediated by
the CX3CR1 receptor [42]. Thus, CD11b�CD103� DCs may
primarily function locally in the gut tissue. It is possible
that CD11b�CD103� DCs acquire antigen from the
CD11b�CD103� DCs for T cell priming, although a recent
study showed that CD103� DCs patrol the intestinal epithe-
lium while extending intraepithelial dendrites to phagocy-
tose the bacteria in the lumen and subsequently activate
CD8 T cells in mLNs [43]. Similar to the PPs, bifurcation of
DC function in T cell priming is also seen between the two LP
DC populations. In vitro experiments show that CX3CR1� DCs
preferentially supported Th1/Th17 CD4 T cell differentiation,
whereas CD103� DCs preferentially induce the differentiation
of Foxp3-expressing Tregs [44].

Macrophages in the intestinal mucosa adapt to a microbe-
rich environment by selectively shutting off their proinflamma-
tory mediator production yet fully preserving phagocytic and
bactericidal activities at the steady state [45]. Human intestinal
macrophages lack some key receptors for proinflammatory im-
munity, such as the costimulatory molecules CD40, CD80, and
CD86, receptors for IgA (CD89) and IgG (CD16, CD32,
CD64), and the LPS coreceptor CD14 [46, 47]. Intestinal mac-
rophages also down-regulate the production of TLR-induced
cytokines, such as IL-1, IL-6, IL-8, TNF-�, IL-10, and RANTES.
This results from reduced expression of key signaling mole-
cules of the TLR pathway in these macrophages, including
MyD88, Toll/IL-1R domain-containing adaptor-inducing
IFN-�, and TRAF6, as well as enhanced expression of the
NF-�B inhibitor I�B� [46, 48].

Lung DCs. In the mouse lung, four cDC subsets have been
described: a CD11b�CD103� Langerin� subset in the intraepi-
thelial compartment lining the conducting airway, a
CD11bhisignal-regulatory protein ��CX3CR1 subset immedi-
ately underneath in the LP, as well as CD11b� and CD11b�

subsets in the lung parenchyma [49]. During inflammation
and infection, additional Ly6C� monocyte-derived DCs can be
observed. CD103� DCs are specialized in cross-presentation of
apoptotic cells and viral antigens to CD8� T cells [50, 51]. In
contrast, CD11b� DCs are superior in producing inflammatory
chemokines [52] and presenting soluble antigen to CD4� T
cells [53].

TISSUE-SPECIFIC REGULATION OF
MACROPHAGE AND DC RESPONSES BY
THE LOCAL MICROENVIRONMENT

Innate-immune cells at the barrier sites continuously receive
instructive signals from the resident environment. Nonhemato-
poietic cells, namely ECs and stromal cells, have been shown
to play important roles in conditioning the local microenviron-
ment to confer tissue-specific immune regulation. For in-
stance, blood monocytes cultured with conditioned media
from intestinal stromal cells can gain features of gut macro-
phages and down-regulate proinflammatory cytokine produc-
tion [46]. Similarly, when cultured with conditioned media
from caco-2 cells (human intestinal EC line), human mono-
cyte-derived DCs fail to undergo maturation or secrete IL-12
when stimulated with Salmonella typimurium but instead, be-
came potent Th2 inducers [54]. The immune regulatory prop-
erties of nonhematopoietic cells can be amplified by locally
resident immune cells once they are exposed to conditioning
signals, thereby forming a positive-feedback loop.

Different organs take advantage of tissue-specific metabolites
and soluble factors and membrane-bound molecules to estab-
lish tissue-specific means of immune modulation. The gut tis-
sue is by far the most well-studied tissue with regard to how
microenvironment factors influence behavior of resident cells.
In the intestinal mucosa, TGF-� is produced by a number of
different cells, including ECs, mast cells [55], Tregs [56], and
stromal cells [46], to constantly dampen the inflammatory
properties of resident macrophages. IL-10, produced by DCs
themselves, as well as neighboring Tregs, ECs, and stromal
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cells, has also been shown to contribute to the reduced inflam-
matory properties of intestinal DCs [33]. In addition, stromal
cells in the small intestinal LP constitutively express cyclooxy-
genase-2 and produce PGE2, which inhibit the production of
type I IFNs by pDCs in the PPs [56] and reduce the activity of
human cDCs. IECs constitutively release TSLP, which can in-
hibit maturation and IL-12 production by DCs in response to
bacteria and favors Th2- over Th1-polarizing cells [54]. TSLP
production by IECs seems to be independent of microbial
stimulation or inflammatory signals, such as TNF-� or IL-1�,
but requires IKK�. Mice defective in IKK� in the IECs express
a reduced amount of TSLP when infected with the gut-dwell-
ing parasite Trichuris. As a result, DCs from these animals ex-
press exacerbated IL-12p40, which leads to an increase in Th1
and Th17 responses but failure to develop Th2 response [57].
Membrane-bound molecules have also been implicated in reg-
ulating immune tolerance in the gut. Such molecules include
4-1BB, a TNFR family member. Ligation of 4-1BB promotes
retinaldehyde dehydrogenases expression and activity in
CD103� gut DCs and enhances their ability to generate iTregs
in the GALT when exposed to oral antigen [58]. In addition,
DC-intrinsic mechanisms have been discovered to operate in
tissue-specific fashions to promote immune tolerance in the
gut. Mice lacking the Wnt signal transducer �-catenin, specifi-
cally in DCs, have a reduced percentage of Tregs in the gut,
but not the spleen, suggesting that �-catenin in DCs is in-
volved selectively in the tolerogenic function [59].

The lung microenvironment has also been shown to affect
directly the function of immune cells. A recent study shows
that TLR activation induced IDO in the lung tissue, where it
inhibited Th2- and Th1-meditated lung inflammation by inhib-
iting T cell trafficking into the lung and by killing effector T
cells infiltrating the lung tissues. In the spleen, however, such
IDO up-regulation and enhanced T cell death are not seen
[60]. Another study shows that alveolar macrophages express
higher levels of the inhibitory receptor CD200R than macro-
phages from other tissues. Ligation of CD200R by CD200-ex-
pressing airway ECs suppressed the production of proinflam-
matory cytokines IL-6 TNF-�, as well as immunopathology asso-
ciated with airway infection [61].

PHENOTYPIC AND FUNCTIONAL
DIVERSITY OF LYMPHOCYTES

T cells that have finished the developmental program in the
thymus enter the circulation and are able to enter the second-
ary lymphoid organs through the high endothelial venules.
This process is mediated by recognition of the addressins by
CD62L and the chemokines CCL21/CCL19 by CCR7 [62].
Naïve T cells circulate through the bloodstream, the spleen,
and the LNs. The secondary lymphoid organs serve as reser-
voirs for naïve T and B cells, where these cells form organized
structures to allow efficient activation. During activation by the
APCs, T cells not only receive antigenic activation and co-
stimulation that allow them to undergo clonal expansion but
also receive cytokine cues that dictate their differentiation
[63]. Importantly, T cells are also imprinted with a homing
capacity that allows them to leave the secondary lymphoid or-

gan and migrate to the peripheral tissues [64]. The ability of
memory T cells to migrate selectively into different peripheral
tissues is controlled by the expression of different combina-
tions of adhesion molecules and chemokine receptors. The
ability of T cells to express these specific combinations of sur-
face molecules is “imprinted” during initial antigen priming
and depends on molecular cues that are governed by the LN
microenvironment [64].

Innate T cells at effector sites
The secondary lymphoid organs are the primary sites for the
initiation of adaptive immunity and are therefore enriched
with antigen-inexperienced T and B cells. The barrier sites,
such as the skin and the mucosa, however, are directly facing
the external environment and thus, the primary sites of patho-
gen entry. These sites depend on cells that can rapidly execute
effector functions to fight against invading pathogens, facili-
tate wound repair, and assist barrier functions. As a result, lym-
phocytes at the barrier sites often exhibit innate-like features.
Unconventional lymphocytes, such as ��T cells, NKT cells, and
the recently discovered innate lymphoid cells, are found
mostly in the nonlymphoid tissues [65–67]. Even among the
conventional lymphocytes, those resident in the barrier sur-
faces bear a distinct antigen receptor repertoire compared
with those in the systemic immune system. Within the
TCR��� subset, in addition to the conventional CD4� and
CD8��� T cells, the IELs contain large numbers of
CD8���TCR��� T cells [68]. In contrast to conventional, for-
eign-reactive T cells, CD8��� IELs are selected primarily by
high-affinity self-antigens [69–71]. These self-reactive CD8���

T cells are imprinted with activated/memory characteristics
and have been shown to carry out regulatory function not
seen in other IEL subsets [72]. Gut-resident effector/memory
T cells differ from their splenic counterparts in a number of
ways, including an initial dependence on CD40–CD40L inter-
actions [73], high expression of CD69 [74], immediate effec-
tor function [73], and enhanced survival [75].

Memory T cell functions are determined by their
location
Following initial clonal expansion, T cells undergo a contrac-
tion phase, where 90% of the T cells die via apoptosis, leaving
behind a long-lived memory pool that can respond to antigen
rechallenge more rapidly and more robustly than the primary
response [76]. During the naïve-memory transition, several
fundamental changes take place. Memory T cells in peripheral
tissues are more resistant to apoptosis than their systemic
counterparts [77, 78]. The activation threshold of T cells ap-
pears to be lowered, as they become less-dependent on co-
stimulation [79]. They have also increased sensitivity to cyto-
kine signals as a result of up-regulation of cytokine receptors.
As a result, memory T cell reactivation can happen in the ab-
sence of antigen stimulation of the TCR, purely driven by cyto-
kines. Several studies have demonstrated that IL-18, in combi-
nation with IL-12, IL-15, or IFN-�, can trigger reactivation of
memory CD8 T cells in an antigen-independent manner [80,
81]. The memory T cell pool is not a homogeneous popula-
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tion but contains three subgroups that occupy distinct com-
partments of the body with different differentiation statuses
and functions [82]. The secondary lymphoid organs (spleen
and LNs) contain memory T cells that express CCR7 and
CD62L, known as TCM, which circulate through the secondary
lymphoid organs and undergo recall response there. TCM ap-
pear to be a relatively immature subset of memory T cells.
Upon reactivation, these cells themselves produce limited
amounts of signature cytokines of the respective effector lin-
eage. Instead, they secrete large amounts of IL-2 and can un-
dergo massive proliferation to give rise to a new pool of effec-
tor cells capable of effector cytokine production [83, 84]. A
second type of memory T cells, termed TEM, have lost their
ability to enter the secondary lymphoid organs and are, in-
stead, found in the blood and peripheral tissues. These cells
can enter the peripheral tissue temporarily and return to the
circulation. These cells proliferate poorly upon secondary stim-
ulation but elicit high effector functions, resulting in a rapid
response at the site of infection that limits pathogen replica-
tion prior to the arrival of secondary effector T cells from the
LNs [83, 84].

Most recently, a third memory T cell subset, the TRM, has
been shown to reside solely in the peripheral tissue and does
not enter the circulation within a significant period of time
[85]. In contrast to TEM, TRM are locally restrained, self-sus-
tained, long-term residents [86]. CD8 TRM were observed ini-
tially in the sensory ganglia and the skin of HSV-infected mice
[86] and were later seen in the brain [87], the lung [88–90],
the salivary glands [91], and the intestinal epithelium [92].
TRM isolated from the brain of VSV-infected mice fail to un-
dergo recall expansion after i.v. transfer into VSV-infected re-
cipients [87]. TRM express unique molecules to facilitate their
retention in the tissue, such as CD103 and very late antigen 1,
which are not present on circulating memory cells [86, 87]. In
contrast to systemic memory cells, TRM undergo minimal ho-
meostatic proliferation and respond poorly to survival factors
for systemic memory cells, such as IL-7 and IL-15 [93]. Inter-
estingly, in the same HSV infection model, TRM CD4 are more
mobile, preferentially locate in the dermis as opposed to the
epidermis, and express intermediate levels of CD103. Con-
versely, TRM CD8 are sequestered in the epidermis and have
limited migratory capacity [94]. Similar uneven distribution of
CD4 and CD8 T cells has also been observed in the gut mu-
cosa, and CD4 T cells and CD8 T cells localize predominately
in the LP and the epithelium, respectively [94].

It is important to consider the intended location of the re-
sulting effector/memory cells for the design of vaccines
against particular pathogens. Consideration of the route of
immunization is important for inducing immunity against
pathogens, particularly when aiming for T cell-mediated pro-
tection, as a robust or productive systemic effector/memory T
cell response does not necessarily correlate with effective pro-
tection at sites for pathogen entry. One recent study has suc-
cessfully used a “prime and pull” vaccination strategy to induce
TRM that confer effective protection during rechallenge. Spe-
cifically, following s.c. vaccination with an attenuated strain of
HSV-2 to elicit systemic T cell responses (prime), CXCL9 and
CXCL10—ligands for CXCR3 specifically expressed by highly

activated effector T cells—were administered vaginally to re-
cruit activated, HSV-specific CD8� T cells to the vagina (pull),
where these T cells were retained locally and form a long-term
resident memory pool to mediate protective immunity [95].

PRIMING MICROENVIRONMENTS AND
ROUTES OF INFECTION DICTATE THE
OUTCOME OF T CELL RESPONSES

It has long been noticed that the efficacy of vaccination is im-
pacted greatly by the route of immunization. This phenome-
non has been seen in vaccination against Mycobacterium, where
intranasal immunization, compared with the s.c. or the i.v.
route, with bacille Calmette-Guérin led to superior protection
to airborne challenge with Mycobacterium tuberculosis [96, 97].
Similar observations have been made with Listeria pneumonitis,
where mice vaccinated through the airborne route, but not i.v.
or in the footpad, acquire more robust and prolonged resis-
tance to airborne rechallenge [98]. The underlining mecha-
nism is likely a result of the type, the longevity, and the hom-
ing pattern of the effectors generated by a different vaccina-
tion route.

One example showing the correlation between the route of
infection and the resulting effectors comes from a study where
mice were infected with Listeria monoytogenes through the i.v. or
the intranasal route. Whereas i.v. infection elicited antigen-
specific Th1 cells, intranasal infection elicited antigen-specific
Th17 cells [99]. Moreover, i.v. infection-elicited Th1 cells per-
sisted following the contraction phase, whereas the intranasal
infection-elicited Th17 cells progressively declined. This short-
lived phenotype of intranasal infection-elicited Th17 cells cor-
related with diminished CD27 expression, reduced homeo-
static proliferation, and reduced IL-15R and Bcl2 (antiapop-
totic factor) expression [99]. Therefore, the route of infection
seems to imprint fundamental differences in the resulting ef-
fector cells, shaping their differentiation pathway and survival
potential. Similarly, intranasal and i.v./s.c. inoculation of
group A Streptococcus pyogenes induced antigen-specific Th17
and Th1 cells, respectively [100]. It has been demonstrated
that IL-23 is produced in larger quantities by intestinal APCs,
whereas IL-12 is more highly expressed by APCs from the pe-
riphery, such as the spleen [101]. The enrichment of Th17
cells in the mucosa-associated lymphoid tissue compared with
other tissues is likely determined by the type of proinflamma-
tory cytokines that resident APCs make. In the case of Franci-
sella tularensis infection, the intranasal and intradermal routes
of infection favor Th17 and Th1 responses, respectively. The
skewed responses correlated with enhanced PGE2 production
during intranasal infection, and upon blockade of its produc-
tion, Th1 response was partially restored [102]. The route of
infection also dictates which pathways provide protective im-
munity. With the use of Yersinia enterocolitica, DePaolo et al.
[103] showed that oral infection promotes Th17 immunity,
whereas systemic infection promotes Th1 immunity. Impor-
tantly, TLR1 was shown to be involved specifically in inducing
Th17-mediated, protective immunity during oral infection, re-
sulting from the TLR2/TLR1-induced IL-6/IL-23 and the pres-
ence of TGF-� in the gut environment. TLR2/TLR1 was, how-
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ever, not required for Th1 immune responses during systemic
infection [103].

It has been proposed that activated T cells preferentially
traffic to the tissue in which they were primed initially [64].
Tissue-specific migration of T cells is dependent on differen-
tial expression of homing molecules on the cell surfaces. For
instance, CD4 effector/memory cells activated in cutaneous
LNs and mLNs preferentially up-regulate P-selectin ligand and
�4�7, respectively [104]. The integrin �4�7 and the chemo-
kine receptor CCR9 guide T cells to home to the GALT
(mLN, PP, the small intestinal LP, the intestinal epithelium),
via their interaction with the receptor mucosal vascular ad-
dressin cell adhesion molecule 1 and the chemokine CCL25
(thymus-expressed chemokine), respectively [105, 106]. In
contrast, T cell homing to the skin is mediated by P- and E-
selectin ligands, as well as CCR4 and CCR10 [107, 108]. Tis-
sue-specific homing molecules, conditioned by the local mi-
croenvironment, play a critical role in the instruction of acti-
vated T cells to acquire proper tropism. Gut-resident DCs,
particularly CD103� DCs, have the unique ability to induce
gut-homing molecules during T cell priming [35, 37, 109].
Likewise, priming with skin-derived DCs imprints skin tropism

of T cells [110, 111]. The gut and skin use the vitamin A me-
tabolite RA and the vitamin D-derived metabolite [1,25-
(OH)2D3], respectively, to induce tissue-specific homing mole-
cules specifically [64, 112, 113].

The inflammatory cytokines that are made by DCs also have
a context-dependent role in shaping the effector T cell re-
sponses. For example, we have reported recently that IL-6 is
differentially required in the systemic and mucosal immune
systems for Th17 differentiation, in that it is critical for Th17
lineage priming in the skin and the mucosal tissue, such as the
gut and the lung, but is completely dispensable for Th17 prim-
ing in the spleen (Fig. 1). These differential cytokine require-
ments for Th17 lineage commitment are guided by different
populations of DCs resident in different tissues: CD103� DCs
that are present in the skin and LP but not in the spleen favor
the generation of iTreg cells and suppress Th17 differentiation.
IL-6 is required to overcome this effect [114]. The context-de-
pendent role of cytokines is also observed to regulate lympho-
cyte trafficking. For example, the IL-12 induces and IL-4 sup-
presses the expression of the skin-homing molecule cutaneous
lymphocyte-associated antigen on activated T cells [115], but
these cytokines have the opposite effect on the skin-homing
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Figure 1. Tissue-specific role of IL-6 in Th17 differentiation. Systemic and mucosal/cutaneous immune systems have differential requirements of
IL-6 for Th17 lineage differentiation. In the systemic immune system (left and right, upper), which lacks CD103� DCs, IL-1 but not IL-6 is re-
quired for generating Th17. In the mucosal and cutaneous immune systems (left and right, lower), CD103� DCs produce TFG-� and RA to in-
hibit Th17 differentiation and favor immune regulation. IL-6 is necessary to overcome the inhibitory effect of TGF-� and RA and is therefore re-
quired for Th17 differentiation in the mucosal and cutaneous immune systems. In the absence of IL-6 (right), the systemic immune system can
still generate Th17 cells, but the mucosal/cutaneous immune systems fail to do so and instead, generate iTreg cells, as a result of TGF-� and RA
signals from CD103� DCs. ROR�t, Thymus-specific retinoic acid receptor-related orphan receptor �.
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chemokine receptor CCR4, which is up-regulated by IL-4 and
suppressed by IL-12 [116]. It has been observed that different
effector T cells preferentially express distinct combinations of
receptors [117]. Although the underlining mechanism and
significance still remain to be investigated, it has been pro-
posed that the coordinated expression of homing molecules
by different T cells requires the coordinated activity of multi-
ple cytokines, in the context of environmental cues, to allow
tissue- and subset-dependent trafficking of effector cells to
their proper sites [64].

REGULATION OF T CELL RESPONSES BY
TISSUE-SPECIFIC FACTORS AND THE
COMMENSAL MICROBIOTA

Apart from thymically generated Tregs (nTreg), Tregs can also
be induced in the periphery from naïve CD4 T cells [118].
The GALT is a preferential site for iTreg generation. GALT
APCs (DCs and macrophages), particularly CD103� DCs, are
very efficient in inducing iTreg differentiation as a result of
their ability to produce a high amount of TGF-� and RA [40,
119]. It is likely that the superior iTreg-inducing capacity of
gut APCs is imposed by the local microenvironment, as human
IEC-derived TSLP, TGF-�, and RA have been shown to condi-
tion monocyte-derived DCs to become iTreg-inducing tolero-
genic DCs [120, 121]. Another study demonstrated that intesti-
nal ECs synthesize RA from dietary retinol and that monocyte-
derived DCs treated with RA can acquire characteristics of
mucosal DCs, such as secretion of TGF-�, the ability to induce
gut-homing molecules, and IgA production [122]. Gut iTregs
are generated upon encounter with commensal microbiota.
Sequencing of colonic Treg TCRs reveals a distinct TCR reper-
toire compared with Tregs from the spleen and LNs, with
many of the iTreg TCRs specific for commensal bacteria-de-
rived antigens. In contrast, effector T cells with the same speci-
ficities are pathogenic [123]. iTregs have been proposed to be
important in maintaining immune homeostasis in the intestine
by providing tolerance to the commensal microbiota [124].
This idea is also supported by the observation that mice lack-
ing the TGF-�-activating integrin �v�8 in DCs have reduced
iTregs in the gut and develop colitis [125]. Mice lacking a par-
ticular region of the Foxp3 enhancer required for iTreg but
not nTreg development acquire severe type 2 inflammation,
specifically in the gut but not systemically [126]. Therefore,
iTreg generation is required specifically at the mucosal surface
to maintain immune tolerance. We have observed that IL-6-
deficient mice lack Th17 cells but harbor elevated Tregs spe-
cifically in the intestine but not the spleen. These data support
the notion that the reciprocal regulation of Th17 and iTreg
cells is seen predominantly in mucosal tissues and is absent in
the systemic immune system [114].

Intestinal ECs can also directly regulate intestinal T cells.
IECs sense microbes and produce anti-inflammatory cytokines,
such as TSLP, IL-25, TGF-�, and IL-10, to dampen proinflam-
matory immunity in the gut [127]. Gut DCs themselves have
been shown to express TSLP in response to TLR ligation.
TSLP is produced by the CD103� subset and acts directly on T
cells to reduce their capacity to produce IL-17 and promote

the development of Tregs [128]. Commensal-dependent ex-
pression of the IL-17 family member IL-25 by IECs limits the
expansion of Th17 cells in the intestine by repressing macro-
phage-derived IL-23 [129]. IECs also express surface molecules
to deliver regulatory signals. One well-characterized example
of these surface molecules is the MHC-I-like molecule, TL, the
ligand for the CD8�� receptor [130]. CD8�� engagement by
TL alters TCR signals, leading to reduced proliferation and
cytotoxicity but elevated cytokine secretion, which allows pro-
tection without any expense to tissue integrity [72].

GALT DCs can also be immunogenic, as is seen in the case
of pathogenic infections and colitis. The proinflammatory
function of gut DCs could be carried out by a distinct DC sub-
set, such as the recently reported E-cadherin-expressing popu-
lation [131]. However, it is equally important to appreciate
that the tolerogenic function of CD103� DCs is dynamic and
subject to change by the local microenvironment. In fact, un-
der highly inflammatory conditions, CD103 DCs are impaired
in their ability to produce TGF-� and RA and lose their ability
to generate iTreg cells but instead, promote the induction of
Th1 and Th17 cells [132]. Therefore, it is important to reas-
sess the activity of CD103� DCs in different contexts. This con-
cept is supported by work showing that RA, in the context of
intestinal inflammation, instead of being immunosuppressive,
synergizes with IL-15 to promote celiac disease [133].

Conditioning of DCs by the neighboring environment is also
seen in the skin. Skin-resident mast cells have been shown to
confer tolerogenic capacities to skin-derived DCs in a skin
graft model [134]. Similar to the intestine, the skin local mi-
croenvironment also uses tissue-specific metabolites to give
tolerogenic properties to T cells. The skin synthesizes vitamin
D3 upon exposure to sunlight, which is subsequently con-
verted to [1,25-(OH)2D3], which has immunoregulatory activi-
ties [135–137]. Vitamin D3, together with dexamethasone, in-
duced naïve CD4 T cells to become IL-10 producers with regu-
latory capacity [138].

In addition to tissue-specific factors of host origin, commen-
sals play an important role in regulating the immune response
at barrier sites. Gut commensals are able to limit trafficking of
bacterial antigens to the MLNs by CX3CR1hi DCs, thereby con-
straining the intestinal immune response to avoid inflamma-
tion [139]. Certain bacterial spices (Clostridium) or bacterial
products (Bacteroides fragillis polysaccharide A) have been im-
plicated to promote iTreg generation [140, 141]. Incubation
of ECs with the probiotic Lactobacillus paracasei B21060 results
in the induction of immunomodulatory mediators by ECs,
which limits the release of cytokines (reduced IL-12p70) and
the capacity of DCs to drive the development of Th1 T cells in
response to Salmonella [142]. Consistently, L. paracasei was
shown to be protective in dextran sulfate sodium-induced coli-
tis [142]. On the other hand, certain bacterial species or prod-
ucts are immunostimulatory. Segmented filamentous bacteria
and bacteria-derived ATP have been shown to enhance Th17
cell generation in the gut [143, 144]. Bacterial DNA sup-
presses iTreg cell generation, while promoting Th1 and Th17
effector cells through TLR9 [145].

Although the gut and the skin are in close contact with mi-
crobial communities that are important for the development
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and maintenance of local immunity, it has been shown re-
cently that the intestinal and skin microbiota only control
their resident barrier sites but have no immunoregulatory ef-
fect on the other barrier system. Both compartments contain
T cells that produce IFN-� and IL-17A in a commensal-depen-
dent manner. Mono-association of germ-free mice with a gut
commensal, segmented filamentous bacteria restored cytokine
production by intestinal T cells but failed to do so to skin T
cells. Likewise, mono-association of germ-free mice by a skin
commensal, Staphylococcus epidermidis, restored cytokine pro-
duction by skin-resident but not intestinal T cells. IL-1�

production induced by the skin commensal is selectively re-
quired for IL-17A production by dermal T cells, consistent
with the notion that different immune compartments have
evolved distinct pathways to control their local immune re-
sponses [146].

TISSUE-SPECIFIC REGULATION OF B
CELL RESPONSES

A major hallmark of mucosal immune response is IgA produc-
tion by B cells, and it is pertinent to the discussion here, as
there is a large body of work that demonstrates that tissue-spe-
cific factors contribute to mucosal IgA responses. IgA is pro-
duced almost exclusively by the mucosal immune system. In
contrast to IgG and IgE class-switching, which stringently rely
on CD4 T cell help, IgA class-switching in the mucosa-associ-
ated lymphoid tissue can take place via TD and T cell-indepen-
dent mechanisms (Fig. 2). IgA production in the mucosal im-
mune system seems to use an alternative pathway compared
with systemic antibody responses. For instance, mice deficient
in CD28 have a compromised antibody response when chal-
lenged with a T-dependent antigen through the systemic
route. However, these mice retain the ability to produce anti-
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Figure 2. Pathways for induction of IgA response in the intestine. IgM� B cells in the LP, PPs, ILFs, and mLNs undergo IgA class-switching upon
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gen-specific IgA when a T-dependent antigen is administered
orally [147]. The mucosal microenvironment conditions DCs
and T cells, such that the generation of IgA-producing B cells
is favored. DCs play a central role in inducing intestinal IgA
production. They can directly produce factors important for
IgA class-switching and plasma cell differentiation/survival and
also promote the generation of CD4 T cells with IgA-inducing
effector functions.

PPs, ILFs, and mLNs comprise the major IgA inductive
site in the intestine. PPs develop in the fetus independently
of the microbiota, but robust germinal center reaction de-
pends on microbial signals, as mice depleted of intestinal
bacteria have fewer and smaller germinal centers in the PPs
[148]. In PPs, CX3CR1� DCs are present underneath of the
follicle-associated epithelium, suggesting that these DCs may
be responsible for transporting antigens from the intestinal
lumen to the PPs [42]. CD103� DCs migrate from the LP to
the interfollicular area of PPs and mLNs to present antigen
to T cells [38, 41]. As they sample antigen from the gut,
intestinal DCs receive “conditioning” signals from intestinal
ECs, such as TSLP, that renders intestinal DCs, particularly
CD103� DCs, to release IL-10 and RA to promote the devel-
opment of iTreg cells, as discussed before [54, 149].
Through the secretion of IL-10 and TGF-�1, iTregs, to-
gether with other TGF-�-producing cells, help to create an
environment that favors IgA CSR [150, 151]. Furthermore,
intestinal Tregs themselves are able to differentiate into fol-
licular Th cells, which induce germinal center B cell differ-
entiation as well as IgA CSR and production via CD40L, IL-
21, and TGF-�1 [152]. TIP DCs, which are abundant in the
GALT, enhance TD IgA responses by up-regulating the ex-
pression of the TGF-�R on follicular B cells from PPs via
NO [153]. Additionally, FDCs in the PPs also promote IgA
production through the release of BAFF, APRIL, and TGF-�
upon conditioning by mucosal signals, such as commensal
TLR ligands and RA. These factors enhance the IgA-induc-
ing function of T cells in the PPs [154].

T-independent IgA class-switching takes place in the ILFs
and the LP [155, 156]. DCs in the ILFs, similar to their PP
counterparts, are also highly capable of producing the IgA-
inducing factors TGF-�1, BAFF, and APRIL, which are en-
hanced by microbial TLR signals [155, 157, 158]. IgA CSR in
the LP likely involves in situ activation of B cells by DCs [156].
Several LP DC subsets, including TIP DCs (via BAFF and
APRIL) and TLR5-expressing CD11b�CD11c� DCs (via RA
and IL-6), have been shown to acquire IgA-inducing function
upon microbial sensing [153, 156]. pDCs, activated by type I
IFNs from intestinal stromal cells produce BAFF and APRIL,
can also induce TI IgA class-switch [159]. IECs also secrete
BAFF and APRIL upon TLR activation to induce IgA class-
switching of LP B cells or do so indirectly by enhancing their
production by DCs via TSLP [160, 161]. BAFF and APRIL trig-
ger IgA CSR by engaging the CD40-related receptor TACI. To-
gether with cytokine and TLR signals, TACI induces AID ex-
pression via NF-�B, followed by CSR, antibody production, and
plasma cell differentiation [162, 163].

CONCLUDING REMARKS

In the past, the study of the immune system had been largely
limited to primary and secondary lymphoid organs. This led to
a wealth of information, leading to greater understanding of
how T and B cells are selected in the thymus and bone mar-
row and how they differentiate into effector cells (or antibody-
producing cells) in response to varied challenges. The second-
ary lymphoid organs, such as the spleen and pLNs, are largely
sterile organs, unless there is a systemic infection. Thus, stud-
ies that introduce the pathogen directly into circulation to
measure immune responses in the spleen and LNs miss the
complexity of interactions that happen at the site of infection.
Many pathogens enter the body via mucosal surfaces and inter-
act and influence the behavior of resident cells. In addition,
the skin and mucosal surfaces are in constant contact with a
large and diverse population of commensal organisms, and
this requires a balancing act that suppresses immune responses
against commensals but maintains the ability to mount robust
responses against virulent pathogens. One way in which this
could be achieved is to set up different thresholds for activa-
tion [164]. For example, the intestinal immune system is in
constant contact with the microflora, but overt immune re-
sponses that result in inflammation are absent. This is mainly
because of two reasons: the commensal microflora are not vir-
ulent and do not attempt to cross the intestinal barrier, and
the immune cells in the gut reside in a fairly immunosuppres-
sive microenvironment. In the event of an infection with a
pathogen, the virulent microbe will try to cross the intestinal
barrier and in addition, will express additional ligands that will
activate the innate-immune system, resulting in a higher state
of inflammation. These signals will then have the ability to
overcome the suppressive milieu and induce productive im-
mune responses against the pathogen. In contrast, if a non-
pathogenic commensal microbe is introduced into the sys-
temic immune system, either by the i.p. or i.v. route, the
splenic and LN microenvironment is not suppressive, and a
productive immune response could be induced regardless of
the pathogenic capacity of the microbe. The nature of resul-
tant immune responses, when the pathogen enters by its natu-
ral route or when introduced by artificial route, will be differ-
ent, as the primary interactions between the pathogen and the
resident cells will be different. These interactions are dictated
not only by the differences in cell populations that reside in
particular tissues but also by tissue-specific factors that influ-
ence cellular behavior [165]. Despite recent important studies,
there are several outstanding questions that remain to be ad-
dressed. For example, a productive immune response induced
by a particular pathogen is not necessarily a protective one. If
a Th17 response is necessary to eliminate a particular class of
pathogen, and the immune system mounts a robust Th1 re-
sponse, it is unlikely to be protective. We also do not clearly
understand how engagement of multiple PRRs in vivo by a
given pathogen shapes the nature of adaptive immunity. The
role of tissue-specific factors in influencing development of
effective memory also needs to be elucidated. Understanding
the molecular and cellular basis of immune responses in the
tissues will not only lead to important discoveries about the
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immune system but will also help us design and deliver a bet-
ter vaccine and think of targeted therapies for organ-specific
autoimmunity.
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