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Origin and functional
heterogeneity of non-lymphoid
tissue dendritic cells in mice

Summary: Dendritic cells (DCs) have been extensively studied in mice
lymphoid organs, but less is known about the origin and the mechanisms
that regulate DC development and function in non-lymphoid tissues.
Here, we discuss recent evidence establishing the contribution of the DC-
restricted lineage to the non-lymphoid tissue DC pool and discuss the
mechanisms that control the homeostasis of non-lymphoid tissue DCs.
We also review recent results underlining the functional specialization
of tissue DCs and discuss the potential implications of these findings in
tissue immunity and in the development of novel vaccine strategies.

Keywords: dendritic cells, CD103™ dendritic cells, non-lymphoid tissue, homeostasis,
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Introduction

Dendritic cells (DCs) are a heterogeneous population of cells
that localize in most tissue including lymphoid and non-lym-
phoid organs in the steady state. The main role of tissue DCs is
the induction of specific immunity against invading pathogens
(1, 2). Three types of DCs have been described in mice and
humans. Plasmacytoid DCs represent a population of DCs that
accumulate mainly in lymphoid organs in the steady state and
whose major function is to secrete very high amounts of inter-
feron-o (IFNa) in response to viral infections prior to differ-
entiating into mature DCs able to prime T cells against viral
antigens (3). Monocyte-derived DCs accumulate mainly in
inflamed tissue (4). By opposition to plasmacytoid DCs and
monocyte-derived DCs, tissue-resident steady-state DCs are
called ‘classical’ DCs (cDCs). This review focuses mainly
on the origin, developmental cues, and function of non-

lymphoid tissue-resident cDCs.

Phenotypic characterization of non-lymphoid
tissue-resident cDCs

Non-lymphoid tissue-resident cDCs are present in most tissues
in the steady state. DCs that populate stratified epithelia are

often called Langerhans cells (LCs), whereas DCs in connective
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tissues are called interstitial DCs. Because these terms do not
provide details on the origin or function of the cells, we chose
to refer to non-lymphoid tissue DCs only by the name of the
tissue in which these cells reside.

Phenotypically, DCs have a forward and side scatter that fall
in the monocyte gate, they lack lineage markers, express both
the hematopoietic marker CD45 and the integrin CD11c and
constitutively express major histocompatibility complex class
II (MHCII). Several studies have now established that this defi-
nition is too broad and includes distinct DC populations with

different origins and functions.

The cutaneous DC network

Cutaneous DCs are present throughout the skin in the epi-
dermis and the dermis (5). DCs in the epidermis are also
known as LCs, whereas dermal DCs belong to a broader
subset of interstitial DCs (5). Through their extended den-
drites, LCs form a continuous cellular network to survey for-
eign antigens that breach the skin thus providing the first
immunological barrier to the external environment. Epider-
mal LCs account for 3—5% of all nucleated cells in the epi-
dermis of mice and human, with approximately 700
LCs/mm” that are arranged in a network occupying the
interstices between neighboring keratinocytes (5). LCs are
the only hematopoietic cells in the epidermis in quiescent
human skin, whereas mice have an additional population of
epidermal yd T cells (6).

Human and murine LCs are easily identified in the epider-
mis based on the expression of CD45 and MHCII molecules.
They also constitutively express the lectin receptor langerin
along with its associated Birbeck granules. Human and murine
LCs express the adhesion molecules E-cadherin and the epithe-
lial-cell adhesion molecule (EpCAM), which anchor LCs to
neighboring keratinocytes (7, 8) and the lectin CD205 impli-
cated in antigen capture and antigen processing (9, 10).
Human but not murine LCs express high levels of CD1a (pre-
viously named OKT6; 11), a member of the group 1 CD1 pro-
tein (CDla, CD1b, and CDIc), which has the capacity to
present microbial lipid antigens to T cells (12). Some studies
refer to all DC populations present in stratified epithelia as
LCs, including those present in the cornea (13), oral mucosa
(14), tonsils (15), pharynx, upper esophagus (16), vagina,
and ectocervix (16). Stratified epithelia DCs have been called
LCs based on their localization and the expression of langerin,
but it remains to be examined whether these cells are ontoge-
nically related to LCs. One key feature of epidermal LCs is their
ability to repopulate locally independently of circulating pre-
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cursors (17). This key homeostatic property distinguishes
them not only from other cutaneous DCs but also from DCs in
other stratified epithelia locations (18) suggesting that epider-
mal LCs represent a unique population. We therefore propose
restricting the term LCs to epidermal DCs.

Dermal DCs have been much less studied than LCs owing to
the difficulty in isolating these cells. DCs in the dermis include
dermal-resident DCs and migratory LCs on their way to the
draining lymph nodes (LNs; 5). Up until recently, human and
murine dermal-resident DCs were thought to form a homoge-
nous population easily distinguishable from migratory LCs
based on the absence of langerin expression (19). There is
now clear evidence that at least in mice, dermal-resident DCs
contain an additional DC population, independent of LCs that
also express langerin (20-23).

The classical dermal langerin™ DCs represent the majority of
the dermal DC pool, they lack langerin expression, and express
high levels of the integrin CD11b and several macrophage
markers such as F4/80, CX3CR1, and SIRPa (24). The recently
identified langerin” DC population represents 20% of the total
dermal DC pool. In contrast to LCs, dermal langerin® DCs
express the integrin oEB7 (also called CD103) (25), they lack
the adhesion molecules E-cadherin and Epcam, and express
low levels of the integrin CD11b (Fig. 1). CD103" DCs do not
express the chemokine receptor CX3CR1, F4/80, and SIRPa
(24). For simplicity, the two dermal-resident DC populations
are referred to as CD103" DCs and CD11b" DCs throughout
this review. CD103 is not an essential molecule for DC develop-
ment, nor it is a specific marker of DCs. CD103 is also expressed
on epithelial T cells (25), and CD103™"~ mice do not have
major defects in DC development (J. Helft and M. Merad,
unpublished data). CD103"CD11b~ langerin® DCs are also
present in lymphoid organs where they co-express CD8olol
antigen on the cell surface (J. Helft and M. Merad, unpublished
data). In these DC subsets,
MHCII"CD11¢"CD103 langerin CD11b™ cells have also been
identified in the dermis and shown to migrate to the draining
LN in the inflamed setting (23, 24).

addition to two major

The lung cDC network

Lung MHCII'CD11c¢" cells form a rich network of cells that
accumulates in the airways epithelia and the lung parenchyma
(26). DCs that accumulate in the stratified epithelia of the
large airways resemble LCs (18, 26). They are organized in a
tight network of cells (26) and express high levels of langerin
(27, 28) and the integrin CD11b (A.J. Bonito, F. Ginhoux,
and M. Merad, unpublished data). The lung parenchyma contains
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CD103* DCs CD103*CD11b* DCs CD103°CD11b™ DCs
CD45* CD45* CD45*
MHCII* MHCII* MHCII*
CD11chigh CD11chigh CD11chigh
Langerin* Langerin~ Langerin~
CD11b'w CD11bMigh CD11b-
SIRPo~ SIRPo* CD103~
CX3CR1- CX3CR1-

F4/80- F4/80~
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Flt3 FIt3, GMCSFR ?
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Fig. 1. Characterization of tissue-resident dendritic cells (DCs). Two DC compartments with distinct cell surface phenotype and immune function

have been identified in most non-lymphoid tissues. The nature of the bone marrow precursor that gives rise to each DC subset, the growth factor

receptor requirements, as well as the transcription factors that control their development are summarized here. Additional DC populations can be

found in the skin and intestine. In the skin, embryonically derived DCs also called Langerhans cells populate the epidermis. In the intestine, a popula-
tion of CD103 " DCs with a distinct phenotype and regulatory program than most non-lymphoid tissue CD103™ DCs populates the lamina propria.

two DC populations that accumulate near the small airway
epithelia. Phenotypically, these cells resemble those present in
the dermis and include CD103" DCs and CD11b" DCs (29)
(Fig. 1). Although in most tissues the proportion of CD103™"
DCs among total DCs rarely exceeds 20%, they are present in
higher numbers in the lung where they represent up to 40%

of the total lung DC pool.

The intestinal cDC network

MHCII'CD11c" cells are present throughout the intestine
where they reside in the lamina propria facing the lumen (30,
31) and in the muscular layers and the serosa facing the peri-
toneum (32). DCs also accumulate in intestinal lymphoid tis-

sues that include the Peyer’s patches, isolated lymphoid
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follicles, and the mesenteric LNs (33). Although the pheno-
type of DCs in the Peyer’s patches and mesenteric LNs has
been the subject of several reviews (33, 34), the diversity
of lamina propria DCs is only starting to be unraveled. Here, we
will review mainly recent developments in lamina propria DC
biology.

Lamina propric DCs that express the cell surface molecule
CD103 or CX3CRI play key roles in mucosal immunity.
CD103" DCs were shown to have a superior ability to induce
the expression of gut homing molecules on T lymphocytes
and to drive the peripheral generation of Foxp3™" T-regulatory
cells (29, 35, 36), whereas the expression of CX3CR1 by DCs
is thought to control the projection of dendrites through the
epithelial cell layer and the sampling of luminal antigens (37).
However, it remained unclear whether CD103 and CX3CRI
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molecules were expressed by similar or distinct DC popula-
tions. We recently found that MHCIT*CD1 1¢™ DCs accumulate
mainly in the intraepithelial and lamina propria cell fractions
and were absent from the muscularis and the serosa.
MHCII'CD11c”  DCs three populations
characterized as CD103°CD11b”, CD103"CDI11b",
CD1037CD11b* DCs (38) (Figs 1 and 2). CD1037CD11b~ DCs

were enriched in the Peyer’s patches, and the majority of these

included best

and

cells also co-expressed CD8oor on the cell surface, whereas
CD103"CD11b" and CD1037CDI1b* DCs

mainly in the lamina propria. Similar to other tissues, lamina pro-

accumulated

pria CD103™ DCs in the small bowel represented no more than
20% of the total DC pool. CX3CR1 was expressed exclusively
on CD103°CDI1b" DCs
CD103"CD11b~ DCs and CD103°CD11b" DCs (38). In con-

trast to the mucosa, the muscularis and serosa layers contained

and was absent from

only one homogeneous DC population characterized as
MHCIT"'CD11c°CD1037CD11b"CX;CR17* (38). Similar pop-
ulations were found in the colon, although the number of
CD103"CD11b~ DCs was higher in the colon than in the small
bowel. Altogether our results suggest that most CD103 " DCs
in non-lymphoid tissues express low levels of CD11b and lack
CX3CR1, with the exception of the lamina propria CD103 ™ DCs
that express high levels of CD11b but still lack CX3CRI1.
CD103"CD11b~ DCs are also present in the gut, but they
accumulate mainly in the lymphoid tissue and similar to the
CD103" DC subset of lymphoid organ-resident CD8" DCs,
they express the CD8aot homodimer and the integrin CD103
and lack the integrin CD11b (38).

cDCs in distant tissues

MHCIT'CD11c" cells are present in most tissues in the steady
state with the exception of the brain parenchyma. Liver,
kidney, and pancreatic islet DCs resemble those present in
the dermis and the lung parenchyma and include CD103"
and CD11b" DCs (24) (Fig. 1). In all these tissues, the rela-
tive number of CD103" DCs is much lower than that of
CD11b" DCs and rarely exceeds 20% of the total tissue DC
pool. The phenotype of these DC compartments is similar to
the phenotype of the dermal DC subsets with the exception
of langerin, which is expressed at variable levels among
tissue DCs and is absent from pancreatic islet DCs (24). In
addition to these two major DC subsets, MHCII'CD11c"
CD103 langerin CD11b™ cells (24) can also be found in
these tissues and a better characterization of this population
both at the protein and mRNA levels is currently being done

in the laboratory.
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Tissue-migratory DCs

DCs are thought to migrate to the draining LN at a very low
rate in the steady state (39—41) and their rate of migration is
increased during inflammation (42). The chemokine receptor
CCR7 controls DC migration to the draining LN (43, reviewed
in 44). CCR7-deficient mice LNs lack mainly tissue-migratory
DCs but not lymphoid-resident DCs (44).

Transgenic mice with enforced production of melanin gran-
ules in the skin have been used to assess steady-state migration
of cutaneous DCs. Because melanin granules are not degrad-
able they can be used to trace antigen trafficking to the LN in
these mice. Interestingly, melanin granules were absent from
the LN of mice deficient in transforming growth factor-B1
(TGF-B1) but not in mice deficient in Fms-like thyrosine
kinase 3 ligand (Flt3L; 40). As LCs represent the only cutane-
ous DC subset that is dependent on TGE-B1 (8) and indepen-
dent of FIt3L (see next), these results suggest that LCs are the
main population that transport melanin to the draining LN in
the steady state. To assess the steady-state migration of DCs in
other tissues, we used LysM-Cre X Rosa26-floxstopfloxEGFP mice in
which Cre activity removes a stop cassette upstream of the flo-
xed reporter and induces irreversible expression of enhanced
green fluorescence protein (eGFP) in lysozyme M (LysM)-
positive cells and their progeny (45). Lysozyme is expressed
by granulocytes, monocytes, and a subset of DCs. The hypoth-
esis underlying this study was that eGFP* DCs in non-lym-
phoid tissues should not give rise to DCs expressing lower
eGFP levels in the draining LN, as eGFP expression is irrevers-
ible in these mice. Therefore, this model can be used only to
trace the steady-state migration of lysozyme eGFP' DCs but
not lysozyme eGFP~ DCs (45). In the lamina propria, 90% of
CD1037CD11b" lamina propriac DCs are eGFP™ in LysM-Cre X
Rosa26-floxstopfloxEGFP  mice, whereas less than 20% DCs
eGFP in LN that
CD1037CD11b" lamina propria DCs are unlikely to migrate to

express the mesenteric suggesting
the mesenteric LN in the steady state (38). The migration of
lamina propria CD103"CD11b~ DCs could not be assessed in this
model because they express low levels of lysozyme/eGFP.

In contrast in the inflamed setting, tissue DC migration to
the draining LN increases many fold (45). Interestingly in the
skin, cutaneous DC subsets differentially migrate to the drain-
ing LN in response to contact sensitizing agents. Migration of
CD11b" and CD103" dermal DCs peaked after 1 day, fol-
lowed by LCs at 4 days post-skin sensitization (23, 46)
although in a herpes simplex virus (HSV) skin infection
model, epidermal LCs emigrated from the epidermis at earlier
time points (47). Similarly in the gut, CD103"CD11b" lamina

© 2010 John Wiley & Sons A/S  Immunological Reviews 234/2010



propria are the first DC population to arrive in the mesenteric
LN upon Salmonella infection (38) (see next section). The func-
tional implications of the differential migration of tissue DC

populations remain to be examined.

Turnover of non-lymphoid tissue DCs

Tissue ¢DCs sample antigens and migrate constantly through
afferent lymphatics to the T-cell areas of LNs, a process that
increases many fold in response to inflammatory signals
(reviewed in 44). Although DC efflux from tissues to the tis-
sue-draining LN is difficult to quantify accurately, it is clear
that tissue DC homeostasis requires constant replacement with
new cells. Results from studies assessing bromodeoxyuridine
(BrdU) labeling, cell cycle analysis, and rate of DC replacement
in bone marrow chimera mice and parabiotic mice have
helped characterize DC turnover in tissue. Although most of
these studies have been performed in lymphoid tissue-resident
DCs, recent studies have started to examine the turnover of
DCs in non-lymphoid tissue.

BrdU labels actively proliferating cells and cells that derive
from proliferating precursors. As DCs are constantly recruited
from circulating bone marrow-derived circulating precursors,
we measured BrdU labeling at early time points after injection
to identify DC proliferation in non-lymphoid tissues. We
found that 12 h after BrdU injection, 5-10% of DCs in the
dermis and lung, and 10-20% of DCs in the liver and kidney
were labeled with BrdU. The relative numbers of BrdU-
labeled CD103" DCs and CD11b" DCs were similar except in
the kidney where the CD11b" DC subset was labeled to a
lower level suggesting that both DC subsets in tissues are
dividing in the steady state (24).

Although the rate at which tissue-resident DCs are replaced
by hematopoietic precursors in bone marrow chimera mice is
often used as a measure of DC turnover in mice, these mea-
sures reflect only DC turnover after radiation-induced injuries
as bone marrow reconstitution is usually performed in irradi-
ated animals. Kidney and heart cDCs are replaced in
2—4 weeks after lethal irradiation and bone marrow reconsti-
tution, whereas DC repopulation in the vagina (16), airway
epithelia (18), and the intestine is more rapid and occurs in
7—13 days (M. Bogunovic and M. Merad, unpublished data).

Parabiotic mice provide a valuable assessment of the physio-
logical turnover of DCs in non-lymphoid tissues. Parabionts
are surgically attached mice that share the same blood circula-
tion but separate organs for long periods of time (48). The
level of tissue DC chimerism in parabionts depends on DC

turnover in tissue, but is also dependent on the half-life of DC

© 2010 John Wiley & Sons A/S ® Immunological Reviews 234/2010
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precursors in the blood. Circulating myeloid precursors are
thought to have a shorter lifespan in circulation than lym-
phoid precursors, leading to a reduced mixing of myeloid
cells compared with lymphoid cells in parabionts (49).
Instead, measurement of the decay of parabiont-derived DCs
in the lung, liver, kidney and spleen after parabiosis separation
provides a better assessment of DC lifespan in non-lymphoid
tissues. The rate of DC replacement by blood precursors
occurs in 12—14 days in most tissues including the spleen,
LN, liver, and kidney with the exception of the lung. Among
lung DCs, most CD11b" DCs were lost in 30 days after separa-
tion (15 days half-life), whereas only 50% of parabiont-
derived lung CD103" DCs were lost at that time (30 days
half-life) (24). These results suggest that DCs in non-lym-
phoid tissues undergo a limited number of divisions and must
be continually replaced by blood-borne precursors.

In contrast, epidermal LC lifespan differs fundamentally
from that of other ¢DCs (reviewed in 5). Approximately,
2—-3% of LCs are constantly cycling in the steady state and LCs
are maintained locally independently of circulating precursors
throughout life (17). Although not representative of steady-
state turnover, it is interesting that in patients who received
allogeneic hematopoietic cell transplantation, recipient LCs
can be identified unequivocally in the epidermis more than
1 year after transplantation (50). Donor LCs have also been
shown to persist for years in a recipient of a human limb graft
(51) suggesting that human LCs like their murine counter-

parts repopulate locally in the steady state.

Origin of non-lymphoid tissue-resident cDCs
The DC-restricted lineage

With the exception of epidermal LCs, DCs have a limited life-
span in tissue and must be continually replaced by circulating
blood DC precursors (17, 49). The identity of the circulating
precursors that contribute to steady-state DC replenishment
has been difficult to establish. Recent results from several labo-
ratories revealed the presence of a DC-restricted lineage that
originates from the bone marrow and gives rise to DCs in
most tissues.

Functionally specialized hematopoietic cells in peripheral
tissue are thought to derive from bone marrow hematopoietic
progenitors that have progressively lost their developmental
potential to other cell types (52). Current data suggest the ear-
liest lineage potential decision a developing multipotent pro-
genitor population must make is whether to become a
lymphoid or myeloid cell type, and once it does, this decision

is permanent. Early committed myeloid and lymphoid pro-
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genitors have been identified in mice and men (52). Common
myeloid progenitors (CMPs) give rise to granulocytes, ery-
throcytes, megakaryocytes, and monocytes, whereas common
lymphoid progenitors give rise mainly to lymphocytes. In
addition to these committed progenitors, more recent studies
reveal overlapping and alternative graded stages of early line-
age commitment (53).

The successive commitment steps in DC differentiation
have recently been elucidated (Fig. 2). Studies suggest that
DCs differentiate from a myeloid precursor that has lost the
potential to give rise to granulocytes, erythrocytes, and
megakaryocytes but maintains its capacity to differentiate
into monocytes, macrophages, DCs, and plasmacytoid DCs.
This precursor called the macrophage/DC precursor (MDP)
gives rise to a common DC precursor (CDP) which subse-
quently produces cDC-restricted precursors called pre-cDCs

and plasmacytoid DCs in the bone marrow but has lost the

potential to give rise to monocytes (49, 54—61). Pre-cDCs
leave the bone marrow and circulate through the blood to
home to lymphoid organs where they differentiate into lym-
phoid tissue-resident DCs (Fig. 2). Each of these differentia-
tion steps corresponds to distinct immuno-phenotypes that
can be captured using flow cytometry analysis. Because adop-
tive transfer of purified progenitors in vivo in congenic mice
remains the main model to assess the differentiation potential
of hematopoietic restricted progenitors, accurate phenotypic
markers are critical to define these progenitor populations.
For example, MDPs were first described as lineage negative
cells expressing the chemokine receptor CX3CR1, the recep-
tor for the macrophage colony-stimulating factor receptor
(M-CSFR also called CD115), and c-kit and were thought
to give rise upon adoptive transfer to macrophages and
lymphoid organ-resident cDCs but not to plasmacytoid DCs.
Subsequent studies showed that lineage_ckithX3CR1+

GMP
\ Blood Spleen
. MDP \ CDs*DC
pDC
‘ \‘. Pre-pDC? 7\ /
CDP ppc | —> CDs- DC
| N P l ‘* —
I / @ Pre-DC
pre-DC
: Monocyte \‘ @
I %. J e Pre-Dc /
I _
I Bone marrow -
—_— — CDE!+ Dc
CDB‘ DC
Monocyte Pre-DC CD103' DC
. @ Migratory DC
Peripheral tissues \ / / % CcD11b* DC
% Z?:l; Draining
CD11b* DC CcD103* DC lymph nodes

Fig. 2. Origin of non-lymphoid tissue dendritic cells (DCs). The successive commitment steps in DC differentiation have recently been elucidated.

These studies suggest that DCs differentiate from a myeloid precursor that

has lost the potential to give rise to granulocytes, erythrocytes, and megak-

aryocytes but maintains its capacity to differentiate into monocytes, macrophages, DCs, and plasmacytoid DCs. This precursor called the macro-
phage/DC precursor (MDP) gives rise to a common DC precursor (CDP), which subsequently produces classical DC (cDC)-restricted precursors called

(pre-cDCs) and plasmacytoid DCs in the bone marrow but has lost the potential to give rise to monocytes. Pre-cDCs leave the bone marrow and circu-
late through the blood to home to lymphoid organs where they differentiate into lymphoid tissue-resident CD8a" and CD8o.~ DCs. Pre-cDCs also
home to non-lymphoid tissue to give rise to DCs. In the intestine, pre-cDCs give rise exclusively to lamina propria CD1037CD11b* DCs and Peyer’s
patches CD1037CD11b~ DCs but fail to give rise to CD1037CD11b" DCs, whereas monocytes give rise exclusively to CD103~CD11b" DCs. In other
tissues, pre-cDCs give rise preferentially to CD103" DCs, although they can also differentiate into CD11b" DCs, whereas monocytes give rise mainly

to CD11b™.
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M-CSFR"-expressing the receptor for Flt3 can also give rise
to plasmacytoid DCs in addition to monocytes, macrophages,
and ¢DCs (58). This revised phenotypic definition is now
used to define MDP in vivo (Table 1). Based on these results,
we conclude that a DC-restricted lineage is present in the
bone marrow and separates from a monocyte/macrophage
lineage at the level of the MDP.

Common lymphoid precursors are very efficient at giving
rise to thymic DCs but less efficient than the common myeloid
precursor at giving rise to spleen and LN DCs upon adoptive
transfer in irradiated animals (62). Common lymphoid pre-
cursors can also differentiate directly into DCs upon stimula-
tion with Toll-like receptor (TLR) ligands in vitro bypassing the
usual cellular differentiation steps (63). These data suggest
that although myeloid progenitors are the main contributors
of non-thymic DCs, lymphoid precursors can also acquire the
ability to differentiate into non-thymic DCs in response to
injury signals.

Recent studies in the laboratory established that in addition
to blood and lymphoid organs, pre-cDCs are also present in
non-lymphoid tissues, such as the liver, kidney, and lung
suggesting that pre-cDCs not only home to lymphoid organs
but also to non-lymphoid tissues (24). To examine the contri-
bution of DC-restricted precursors to non-lymphoid tissue
DCs, we adoptively transferred purified CDP and pre-cDCs
intravenously into naive congenic mice and looked for their
DC progeny 7 days later. CDP and pre-cDCs gave rise prefer-
entially to liver and kidney CD103™ DCs but were also able to
give rise to CD11b" DCs in these tissues (24). Although the
preferential differentiation of DC-restricted progenitors into
CD103" DCs could reflect true developmental bias, we cannot
rule out that ex vivo manipulation of DC progenitors also
affected their differentiation potential.

We were unable to recover CDP or pre-cDCs progeny in the
lung, likely because the half-life of lung DCs exceeds the half-

Helft et al - Homeostasis of non-lymphoid tissue DCs

life of circulating DC precursors as discussed before and we
are currently examining whether CDP and pre-cDCs give rise
to lung DCs in mice that have been depleted of their lung DC
content. In the intestine, CDP and pre-cDCs gave rise exclu-
sively to CD103°CD11b" DCs in the lamina propria and to
CD103"CD11b™ DCs in the Peyer’s patches but did not give
rise to CD1037CD11b" lamina propria DCs, restricting the con-
tribution of the DC-restricted lineage only to mucosal
CD103" DCs (38).

Monocyte contribution to non-lymphoid tissue DCs in the
steady state

Monocytes were initially described as circulating precursors
for tissue macrophages. Two monocyte subsets can be found
in mouse blood. These monocytes differ in the expression of
the molecule Ly6C as well as molecules involved in leukocyte
migration and homing (64). Ly6C™ monocytes are
CCR2"CX3CR1°VCD62L*, whereas Ly6C” monocytes are
CCR2CX3CR1™MCD62L” (64). Interestingly, Ly6c™ mono-
cytes are recruited to inflamed tissues, whereas the Ly6C™ sub-
set appears to be recruited to non-inflammatory sites by a
CX3CR1-dependent mechanism (64). These subsets corre-
spond to the CD14"CD16~ and CD14 CD16" human mono-
cyte subpopulations, respectively (65).

The discovery of the culture conditions that leads to the dif-
ferentiation of human circulating monocytes into DCs in vitro
(66) has been largely used in the field to study the cues that
regulate DC differentiation and maturation processes. Mono-
cyte-derived DCs have also been used to promote tissue
immunity in patients (67). However, the exact contribution
of monocytes to tissue-resident DCs in the steady state remains
a difficult question to address experimentally. Genetic tagging
of monocytes is difficult owing to the lack of specific markers.

Systemic injection of latex beads has been used to follow the

Table 1. Phenotype of the classical dendritic cell (¢cDC) progenitors in mice

CDP

MDP MDP MDPA MDP (Onai et al; CDP Pre-cDCs
DC precursor (Fogg et al.) (Varol et al.) (Waskow et al.) (Liu et al.) Naik et al.) (Liu et al.) (Liu et al)
Lineage markers - - - - - - -
CDllc - - - - - - +
MHC I - - - - - - -
c-kit + + F High Low Low ND
CX3CRI + + + + ND + +
CDI15 F (MRNA+) + + + + + ND
Fit3/CD 135 F (mRNA+) ND F + + + High
References (56) 61) (178) (58) (59, 60) (58) (58)

MDP, macrophage/DC precursor; CDP, common DC precursor; MHC, major histocompatibility complex; FIt3, Fms-like thyrosine kinase 3; ND, not

determined.
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progeny of the two monocyte subsets in vivo (68). Using this
technique, Ly6/c” monocytes were found to give rise to lung
CD103" DCs, whereas Ly6c1'® monocytes differentiate mainly
into lung CD103™ DCs (69). Adoptive transfer experiments
have also been used to trace monocyte differential potential
in vivo. In contrast to DC-restricted precursors, monocytes do
not expand after adoptive transfer and monocyte-derived cells
may never reach threshold detection levels which may explain
why several studies have failed to detect monocyte-derived
DCs in this model. We have also failed to detect a substantial
contribution of adoptively transferred monocytes to lung, kid-
ney, liver, and lamina propria DCs in the steady state (24). To
increase the sensitivity of the transfer, we and others have
injected monocytes into transgenic mice expressing the diph-
theria toxin receptor (DTR) under the CDIlc promoter
(CD11c™ DTR mice) and used DT injection to eliminate tis-
sue-resident CD11c" cells (70). In DT-treated mice, adop-
tively transferred monocytes gave rise to lamina propria
CD1037CD11b" DCs but failed to give rise to CD103" DCs
(38, 71). We are currently examining whether monocytes can
also give rise to DCs in other tissues in DT-treated mice and
whether similar to mucosal DCs they give rise specifically to
CD103™ DCs.

The LC exception

In contrast to most DC populations, LCs are maintained locally
independently of circulating precursors in the steady state
(17). These results were established in two separate models.
First, in parabiotic mice, LCs did not mix in the epidermis up
to a year after parabiosis, whereas approximately 20—-30% der-
mal and lymphoid organ DCs were mixed in 4 months post-
parabiosis. In lethally irradiated mice, LCs remained of host
origin more than 18 months post-transplant, whereas lym-
phoid organ DCs were almost entirely replaced by 3—4 weeks
post-transplant.

Induction of minor skin injuries such as X-ray irradiation
or skin sensitization in congenic bone marrow chimeric mice
leads to partial elimination of LCs followed by their complete
recovery in 1—4 weeks after tissue injury. LC recovery occurs
LCs

remained of host origin in these mice (17). Recent data in

independently of circulating precursors, as most
the laboratory suggest that LC repopulation in these mice
occurs through local proliferation of differentiated LCs and
we are currently examining the mechanisms that control LC
proliferation and LC homeostasis in adult skin. In contrast, in
major inflammatory injuries such as graft versus host disease
(72) and exposure to ultraviolet (UV) light (17), LCs are
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repopulated by circulating precursors in a M-CSFR-dependent
manner (73). LC repopulation can also be of mixed origin
and derives from local and circulating precursors in a model
of mild cutaneous graft versus host disease (72) and in HSV-
infected skin that leads to limited LC depletion in the infected
dermatome (47). LC repopulation by circulating precursors
is dependent on the chemokine receptor CCR2 and CCR2
ligands including the macrophage chemokine proteins MCP-
1 and MCP-3 that are secreted at much higher levels in UV-
exposed skin compared with sensitized or X-ray-exposed skin
(17, 72).

Orrigin of DCs in inflamed tissues

Depending on the degree of inflammation, tissue-resident
DCs are either absent or reduced from injured sites and
replaced by newly recruited blood-derived DCs. Monocytes
represent an important source of blood-derived DCs in
inflamed tissue and participate in tissue immunity (65).

In the skin for example, monocyte-derived DCs accumulate
in the dermis of inflamed skin and play a role in tissue immu-
nity (74, 75). In contrast, in the epidermis the replacement of
LCs by circulating monocytes is dependent on the degree of
inflammation as we have shown that embryonically derived
LCs are replaced by monocyte-derived cells upon exposure to
UV light, but not after mild injuries such as exposure to skin
sensitizers (17).

The exact half-life of monocyte-derived DCs in inflamed tis-
sue remains to be established but it is likely that inflammatory
DCs are replaced by resident DCs once inflammation subsides.
The mechanisms that control the repopulation of tissue-
resident DCs during the repair process remain to be

examined.

Cytokines that control DC homeostasis in

non-lymphoid tissues
The cytokine FIt3L and its receptor (Flt3) play a key role in
the development of DCs in mice and humans. Flt3L is ubiq-
uitously secreted by multiple tissue stroma and endothelial
cells and by activated T cells (76, 77), whereas the expres-
sion of the Flt3 receptor is restricted to the DC lineage. Bio-
active levels of Flt3L are measurable in the serum in the
steady state and increase upon inflammation and hematopoi-
etic stress, such as irradiation-induced cytopenia. Flt3L as a
single cytokine is sufficient to drive the differentiation of
mouse and human hematopoietic bone marrow progenitors
into DCs in vitro (78). Loss of Flt3 expression in hematopoi-

etic progenitors correlates with the loss of DC differentiation
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potential (79), whereas enforcement of Flt3 expression on
progenitors lacking Flt3 expression rescues their ability to
differentiate into DCs (80). Consistently, mice that are defi-
cient in Flt3 and Flt3L have reduced numbers of plasmacy-
toid DCs and ¢DCs in lymphoid organs (81). Intriguingly,
reduction of lymphoid organ DC is more severe in mice that
lack Flt3L compared with those lacking Flt3 suggesting the
presence of an alternative Flt3L receptor at least in mice.
Injection or conditional expression of FIt3L in mice leads to
massive expansion of ¢DCs in lymphoid and non-lymphoid
organs such as the intestine, the pancreas, and the liver (79,
82-86). Injection of Flt3L in humans also leads to massive
expansion of blood ¢DCs (87-89).

We recently examined the role of Flt3 and FIt3L in the
development of non-lymphoid tissue DCs. We found that pre-
cDCs were strongly reduced from the lung, liver, and kidney
of mice that lack FIt3L (24). CD103" DCs were absent from
the dermis, lung, liver, pancreatic islet, kidney, lamina propria,
and Peyer’s patches of mice lacking Flt3 or its ligand, whereas
CD1037CD11b" DCs were reduced but at a lower levels in
these mice (24). In contrast, epidermal LCs developed nor-
mally in Flt3- and Flt3L-deficient mice (24). We also found
that FIt3L administration in the steady state induces DCs to
proliferate in non-lymphoid tissues suggesting that similar to
what has been found for lymphoid organ DCs, Flt3L plays a
role not only in DC development but also in the homeostasis
of differentiated DCs in the steady state.

Granulocyte macrophage colony stimulating factor (GM-
CSF) is a key cytokine for the differentiation of hematopoietic
progenitors (90, 91) and monocytes (66) into DCs in vitro in
mice and humans. Injection of GM-CSF is used in clinical
studies to attract or generate DCs at disease sites (92, 93).
GM-CSF does not play a role in the development of DCs in
lymphoid organs in the steady state (94) but may play a role
in these tissues during inflammation (95). These results sug-
gested that GM-CSF mainly controlled the development of
inflammatory DCs. Recently, several studies including studies
from our group revealed the role of the GM-CSF receptor in
the development of steady-state DCs in non-lymphoid tissues.
One study showed that absence of the GM-CSF receptor com-
promises the development of CD11b" DCs but not CD11b~
DCs in the lamina propria (71), whereas our study showed that
among CD11b" lamina propria DCs GM-CSF receptor controls
only the development of CD103"CD11b" DCs but not
CD11b"CX3CR1" DCs (38). In the skin, GM-CSF was shown
to play a role in the development of dermal CD11b" DCs but
not CD11b~ DCs (96). However, the role of GM-CSF in DC

development in sterile tissues remains to be established.
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M-CSF is a key cytokine for macrophage development. Mice
that lack M-CSF or its receptor, M-CSFR, lack several macro-
phage populations and develop osteopetrosis owing to the
absence of osteoclasts (97, 98). M-CSF is secreted by endothe-
lia, stroma cells, osteoblasts, and macrophages, and is detect-
the
inflammation (99). M-CSFR reporter mice in which GFP is

able in steady-state serum and increases upon
expressed under the M-CSFR promoter revealed that GFP is
expressed by most lymphoid organ DCs, but the exact correla-
tion of GFP levels and the protein expression in these mice
remains unclear (100). Although initially thought to be dis-
pensable for DC development (101, 102), data from our labo-
ratory established that M-CSFR is required for LC development
and mice that lack M-CSFR also lack epidermal LCs (73).
Importantly, in addition to LCs, we recently showed that
M-CSFR plays a role in the development of CD1037CD11b"
DCs in several tissues including the dermis, lung, liver, kid-
ney, and intestine, but is dispensable for the development of
CD103" DCs in these tissues.

In addition to M-CSF, TGF-B1 is a non-redundant cytokine
for LC development in vivo in mice (8, 103) and for LC differ-
entiation in vitro from human hematopoietic progenitors (104,
105). In the skin, keratinocytes are a source of TGF-B1 and it
has been assumed that exogenous TGF-B1 was critical for LC
development (103). Recent data, however, have challenged
this view as mice in which the absence of TGF-B1 secretion is
restricted to LCs cannot form epidermal LCs (106) suggesting
that an autocrine source of TGF-f1 controls LC development.

These data suggest that the development of non-lymphoid
tissue DCs is regulated by a cytokine network that includes at
least Flt3L, M-CSF, GM-CSF, and TGF-f1. Fl3L plays an
instructive role in the commitment of hematopoietic progeni-
tors into the DC-restricted lineage and plays an additional role
in the homeostasis of tissue CD103" DCs. M-CSF regulates the
development of CD1037CD11b" DCs in non-lymphoid tissues
and controls together with TGF-B1, the homeostasis of epi-
dermal LCs. GM-CSF controls the development of dermal
CD11b" DCs and intestinal CD103™ DCs but does not play a
role in the differentiation of intestinal CD103~ DCs.

Transcription factors in the development of
non-lymphoid tissue DCs

Several transcription factors have been shown to control the
development of all lymphoid organ DC populations in vivo.
For example, STAT3, a transcription factor downstream Flt3
signaling and the E-twenty six (ETS) family of DNA-binding

proteins member PU.1 controls the development of lymphoid
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organ CD8u~ and CD8a" ¢DCs (107-109) and likely plays a
key role in the development of non-lymphoid tissue DCs. We
have recently reviewed elsewhere the role of transcription fac-
tors in the development of lymphoid organ ¢DCs in vitro and in
vivo (110). Here, we chose to focus on those transcription fac-
tors that were shown to control the development of non-lym-
phoid tissue DC populations.

Interferon-regulatory factor (IRF) belongs to the family of
IRF proteins [formerly also called PU.1 interaction partner
(Pip) or interferon consensus sequence-binding protein
(ICSBP)].
organ CD8a DCs and slightly reduced epidermal LCs

IRF-2-deficient mice have reduced lymphoid

(111); IRF-4-deficient mice have reduced lymphoid organ
CD8a~ DCs and slightly reduced plasmacytoid DCs; whereas
CD8a" DCs are unaffected (112, 113). IRF-8-deficient mice
have reduced plasmacytoid DCs and lymphoid organ CD8o."
DCs but intact lymphoid organ CD8c~ DCs. IRF-8-deficient
mice also have reduced epidermal LCs (114-117), whereas
mice that carry the BXH2 IRF8 mutation have a defect in
the development of CD8a" DCs but not lymphoid organ
CD8o~ DCs or plasmacytoid DCs (118). We have recently
examined whether the development of non-lymphoid tissue
DCs was compromised in mice carrying the BXH2 IRF-8
mice. Although we have not observed the reported reduc-
tion in LC number in these mice, IRF-8~~ 1Cs have much
reduced MHCII expression levels compared with IRF8*/*
LCs (Ginhoux and Merad, unpublished data). Strikingly,
IRF8™~ mice and mice that carry the IRF8 BXH2 mutation
completely lacked CD103" DCs but had wildtype levels of
CD11b" DCs in the dermis, lung, liver, and kidney (24).
Altogether, these results suggest that IRF8 controls the dif-
ferentiation of CD103"CD11b~ DCs in most tissues as well
as the development of lymphoid organ CD8a" DCs, but
does not control the development of CD8o lymphoid
organ DCs, LGCs,
CD1037CD11b" DCs in non-lymphoid tissues.

The inhibitor of DNA-binding protein-2 (Id-2) plays a role

epidermal and the development of

in the differentiation of several hematopoietic lineages and
mice that lack Id2 have a severe reduction of lymphoid organ
CD8a." DCs, and lack LCs (119). The LC deficiency is thought
to be a result of a defect in TGF-P signaling (119) although
this remains to be clearly established. We recently discovered
that similar to IRF8™~ mice, 12"~ mice also lack CD103™
DCs in the dermis, lung, liver, and kidney, whereas CD1 b+
DCs were not affected in these mice. Similar to IRF8 ™/~ mice,
lamina propria CDO3"CD11b* and CX3CR1" DCs were not
affected in 1d277~ mice, whereas CD1037CD11b~ Peyer’s

patches DCs were completely absent in these mice (24).
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Using expression profile studies, the transcription factor
Batf3 was found to be highly expressed in DCs compared with
other hematopoietic and non-hematopoietic cells. Batf3-defi-
cient mice have a selective loss of spleen CD8a" DCs and
dermal CD1037CD11b~ DCs, whereas lymphoid organ
CD8o~ DCs and dermal CD11b" DCs remain unaffected in
these mice (120). Whether Batf3 also controls the develop-
ment of CD103™" DCs in other tissues remains to be examined.

Runx3, a member of the runx domain family of transcrip-
tion factors, mediates TGF-[3 responses. The absence of Runx3
in mature DCs results in the loss of TGF-B-mediated inhibition
of maturation, therefore leading to DC activation and inflam-
mation. Importantly, lack of appropriate TGF-B-induced
Runx3 signaling also leads to a defect in LC development
(119, 121).

These results establish that lymphoid organ CD8a" DCs and
non-lymphoid tissue CD103'CD11b~ DCs are controlled by a
similar group of transcription factors that include IRF8, Batf3,
and Id2, whereas Id2 and Runx3 also control the development
of epidermal LCs. How and at what stage during the develop-
ment these factors control non-lymphoid tissue DC homeosta-

sis remains to be established.

Functional specialization of tissue-resident

non-lymphoid tissue cDCs
Several studies have established the functional diversity of DC
populations in the spleen. CD4" and CD8a" splenic DC sub-
sets express different Toll-like receptors, lectin receptors,
phagocytic receptors (122—124) and distinct antigen-process-
ing and presentation machinery (123-126). Splenic CD4"
DCs interact preferentially with CD4" T cells, whereas CD8o"
DCs are specialized in cross-presentation of cell-associated
antigens to CD8" T cells (127, 128). In contrast to lymphoid
organ DCs, the heterogeneity of DCs in non-lymphoid tissue
has only been recently established. Next, we review recent
studies that suggest that similar to lymphoid organ DCs, non-
lymphoid tissue DCs are functionally specialized and play

different roles in tissue immunity.

Functional specialization of lung DC subsets

Lung CD103" DCs and CD11b" DCs express distinct Toll-
like receptor, cytokine receptor, and chemokine receptor
profile in the steady state (29, 129). The CD11b" DC sub-
set was shown to be a major secretory cell type and express
high levels of chemokines and cytokine mRNA in the
steady state, whereas CD103" DCs secrete low levels of

chemokines with the exception of CCL22, is a chemokine
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important in the recruitment of T-regulatory cells and Th2
cells (129).

Lung CD103" DCs have also been shown to have a lower
capacity to capture soluble ovalbumin (OVA) compared with
lung CD11b" DCs (130, 131). Despite lower ability for phago-
cytosis, purified lung CD103" DCs were much more efficient
in the steady state at presenting antigens to OVA-specific T cell
receptor (TCR) transgenic CD8" T cells (OT-I) but not to OVA-
specific TCR transgenic CD4 " T cells (OT-II), whereas CD11b"
DCs presented antigens to OT-II but not to OT-I cells (131).

As CD103" DCs are developmentally related to CD8a" DCs,
it is possible that they are also better at cross-presenting OVA
to CD8" T cells. Interestingly, the lectin CLEC9A is recently
shown to be required for the cross-presentation of necrotic
cell-associated antigens to CD8" T cells (124). This lectin is
expressed by splenic CD8a" but not CD4 " DCs (124) and also
by a population of circulating blood DCs in humans (132).
We recently discovered that CLEC9A is expressed specifically
on lung CD103" DCs but not CD11b" DCs again emphasizing
the similarity between non-lymphoid tissue CD103™" and lym-
phoid organ CD8a" DCs (J. Helft, C. Reis e Sousa, and M.
Merad, unpublished data).

Ex vivo assays in which specific DC populations isolated at dif-
ferent times after microbial infections are cultured with either
polyclonal or antigen-specific transgenic T cells have largely
been used to compare the ability of tissue-migratory DCs and
resident lymphoid organ DCs to present viral antigens to CD4 "
and CD8™ T cells in the IN. Although this assay does not take
into account differences in susceptibility to pathogens, micro-
bial-induced cellular damage as well as differences in migra-
tory abilities between different DC populations, it still provides
information on which DC subset has the potential to present
viral antigens to LN T cells. Upon lung infection with influenza
or HSV infection, the migratory CD11b'"
ably CD103" DCs) purified from the lung-draining LN was
more efficient at priming antigen-specific TCR transgenic naive
CD8" T cells (133, 134) but not memory CD8" T cells (135),
whereas both CD103" and CD11b" DCs were efficient at prim-
ing viral antigen-specific TCR-transgenic CD4 " T cells (134).
These results suggest that although both CD103" DCs and
CD11b" DCs can acquire viral antigens, CD103" DCs are better

DC subset (presum-

equipped to prime antiviral CD8" T-cell response (134).
Transgenic mice models expressing the DTR under the
mouse langerin promoter have been used recently to specifi-
cally deplete langerin™ cells upon DT injection and to assess the
role of langerin™ DCs in vivo. In the lung CD103™ DCs express
langerin and DT administration to langerin-DTR transgenic

mice eliminates lung CD103" DCs but spares lung CD11b"
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DCs (136). Upon infection with influenza virus, langerin-DTR
mice that received DT develop more severe lung infection
symptoms compared with control mice (136). However, DT
administration in langerin-DTR mice also partially depletes
LN-resident CD8a" DCs as a subset of these cells express lang-
erin (J. Helft and M. Merad, unpublished data) making it diffi-
cult to distinguish the contribution of lung CD103™ DCs and
LN CD8a" DCs to the induction of lung immunity to influenza
virus in this model. Altogether, these studies suggest the supe-
rior ability of lung CD103 " DCs to present viral and innocuous
antigens to CD8" T cells. However, the exact contribution of
the lung CD103™ DC subset to lung immunity in vivo and the
exact mechanisms underlying their greater ability to prime
CD8" T cells remain to be established.

In contrast to CD103* DCs, CD11b™ DCs are difficult to dis-
tinguish from monocyte-derived DCs that rapidly accumulate
in inflamed tissues. Therefore, studies on the role of CD11b"
DCs in inflamed lungs can reflect the role of tissue-resident
DCs or newly recruited monocyte-derived DCs or both. In a
mouse model of airway allergic inflammation, airway
CD11b" but not CD11b~ DCs were able to present the allergen
for weeks after antigen exposure and played a major role in
the activation of antigen-specific Th2 cells locally in the lung
(137). In mice infected with Mycobacteria tuberculosis, lung
CD11b" but not CD11b~ DCs were responsible for the secre-
tion of interleukin-12, a cytokine that is required for main-
taining protective Th1l immunity against the Mycobacterium
(138). In mice infected with influenza virus, pulmonary
CD11b" DCs were also required for the recruitment of circu-
lating DCs and plasmacytoid DCs to the lung and for the
amplification of CD8" T-cell response (139), a role also
shown for monocyte-derived DCs (140).

Role of cutaneous DCs in skin anti-microbial immunity

Epidermal LCs were thought to be the main DC population to
control skin immunity. However, the recent identification of
the diversity of the dermal DC compartment (5) (Fig. 1)
together with the discovery that upon skin infection with HSV
LCs are unable to present viral antigens to T cells in the drain-
ing LN (141) reignited a series of studies on the role of cuta-
neous DCs in skin immunity. In this initial study, purified
CD8o" DCs but

skin-migratory DCs were able to prime naive viral-specific

isolated from skin-draining LNs not
TCR-transgenic T cells in an ex vivo DC/T cell co-culture assay,
leading to the hypothesis that the main role of skin-migratory
DCs is to transport and deliver antigens to LN CD8a" DCs. In

contrast, upon injection of a lentiviral vector into the skin,
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cutaneous migratory DCs were able to present antigens to T
cells (142). Because HSV is highly cytolytic while lentivirus is
not, it has been proposed that the inability of LCs to present
viral antigens could be owing to virus-induced cellular damage.

Skin infection with HSV-1 leads to two phases of acute viral
replication in the skin: a primary infection that is limited to
the site of scarification and a secondary viral recrudescence
phase involving the entire innervated dermatome. Using ex vivo
assays the same group showed that although lymphoid organ
CD8o." DCs are uniquely able to activate antigen-specific naive
TCR-transgenic CD8" T cells during the first wave of infection
(141), dermal CD103" DCs but not dermal CD11b" nor LCs
were able to present antigens to naive TCR-transgenic CD8"
T cells ex vivo (143). In contrast, all migratory DCs including
LCs, dermal CD11b* DCs and dermal CD103* DCs were able
to present viral antigens to CD4" T cells in ex vivo culture
assays. These results suggest that although the three cutaneous
DC populations acquired viral antigens only, CD103" DCs
were able to present viral antigens to CD8" T cells. It remains
unclear as to whether CD103" DC interaction with CD8"
T cells ex vivo results from direct presentation of viral antigens
or cross-presentation of infected epithelial cells. In addition,
the exact contribution of CD103" DCs to HSV immunity
in vivo remains to be established.

The preferential ability of dermal CD103™ DCs to interact
with CD8" T cells, observed in the second wave of HSV infec-
tion and in lung immunization has also been observed in a
model of cutaneous leishmaniasis infection model. In this
model, depletion of CD103" dermal DCs using the langerin-
DTR transgenic mice impaired the priming of CD8" T cells,
whereas the CD4" T-cell response remained intact (144).
However, it remains possible that lymphoid organ CD8a" DCs
also participated in the induction of a CD8" T-cell response in
this model as a proportion of CD8a" DCs in lymphoid organs
are also depleted upon DT administration in langerin-DTR
mice, as discussed before.

Similarly, Batf3 =/~ mice, which lack lymphoid organ CD8o."
DCs but not CD4 " DCs, are unable to mount an efficient antivi-
ral CD8" T-cell response against subcutaneous infection with
West Nile virus. Failure to mount antiviral responses in this
model has been attributed to the absence of lymphoid organ
CD8a" DCs (120). However, dermal CD103" DCs are also
absent from these mice and the exact contribution of dermal
CD103" DCs and LN-resident CD8o." DCs in the control of cuta-
neous West Nile virus infection remains to be examined (120).

In contrast to dermal CD103" DCs, dermal CD11b" DCs
play a critical role in the local expansion of effector and regu-

latory T cells (145). Upon skin immunization with incom-

66

plete Freud adjuvant to mimic chronic skin inflammation,
dermal CD11b" DCs were shown to control the induction of
cytokine production by CD4" effector and regulatory T cells
that have infiltrated the inflamed skin, despite the fact that all
DC subsets including LCs and CD103 " DCs were able to pres-
ent MHCIL/peptide complexes at their surface (145). Whether
these dermal CD11b" DCs derive from circulating monocytes
or whether they represent tissue-resident DCs that present
antigens for prolonged periods of time as found in chronic
inflamed lung (137) remains to be examined.

These data suggest that CD103" DCs play an important role
in the priming of CD8" T cells, whereas CD11b" DCs play a
key role at the site of the infection. However, these results
remain to be confirmed in vivo through the use of tools

allowing the conditional deletion of specific DC subsets.

Role of cutaneous DCs in allergic contact dermatitis

Induction of contact hypersensitivity responses (CHS) to hap-
tens is commonly used as a mouse model for allergic contact
dermatitis. Two mouse models have recently been used to
revisit the role of LCs in CHS. These models include the lang-
erin-DTR transgenic mouse expressing DTR under the mouse
langerin promoter (46, 146) and the langerin-DTA mice,
which express the DT A under the human langerin promoter
(147). Studies using the langerin-DTR mouse model have
shown that CHS is either slightly reduced or unaffected after
DT administration (46, 146). Subsequent studies have shown
that two cutaneous DC populations can lead to CHS. These
include the LCs when hapten administration is restricted to
the epidermis or the dermal CD103" DCs when the hapten
diffuses to the dermis (148, 149). In contrast to these results,
the use of the langerin-DTA transgenic mouse revealed that
CHS is increased in the absence of LCs, revealing a potential
tolerogenic role for LCs in the skin (147). Important differ-
ences exist between these two mice models. In the langerin-
DTA model, LCs are absent from birth but dermal CD103™
DCs remain unaffected because the human langerin promoter
is not expressed in these cells. In contrast, in the langerin-
DTR model both LCs and dermal CD103" DCs are condition-
ally depleted upon DT administration (20-22). To distinguish
the contribution of LCs and dermal CD103" DCs in the stud-
ies discussed before (148, 149), immunization was adminis-
tered either 1 or 7 days after DT administration as dermal DC
repopulate much faster than LCs after DT administration.
These studies found that immunization 7 days after DT lead
to a decreased CHS response when hapten administration was

restricted to the epidermis suggesting a role for LCs in the
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induction of T effector cell response against epidermal anti-
gens (148, 149). However, it now appears that the repopula-
tion of dermal CD103" DCs is slower than initially
anticipated and it is possible that incomplete CD103" DC
repopulation 7 days after DT treatment rather than LC abla-
tion interfered with the induction of a strong CHS response
in these studies (148, 149). The development of a conditional
LC mouse model in which DTR is controlled by the human
langerin promoter, should help settle the contribution of LCs
in CHS.

Role of cutaneous DCs in tolerance

In transgenic mice expressing membrane-bound OVA under a
keratinocyte promoter, LCs and dermal DCs were found to
cross-present keratinocyte-associated OVA to CD8" T cells.
Importantly in this model, LCs and to a lesser degree dermal
DCs lead to the deletional tolerance of CD8+—speciﬁc T cells,
whereas the contribution of CD8a"-resident LN DCs in this
process appeared to be limited (150). More recently, a study
from the same group infirmed the role of LCs in the presenta-
tion of self-antigens by showing that dermal CD103" DCs are
the only cutaneous DC population able to present OVA to
OVA-specific TCR-transgenic T cells in this system (143). The
discrepancy between the two studies remains to be explained
by the authors but it is possible that improved characterization
of the cutaneous DC populations that exist in the skin have
helped identify the role of CD103" DCs in this model. It is
unclear, however, whether CD103™ DCs can also lead to dele-
tional tolerance of CD8™ T cells.

The proportion of regulatory T cells among total CD4"
T cells is higher in the dermis in the steady state compared
with the blood (F. Ginhoux, J. Helft, and M. Merad, unpub-
lished data). The contribution of cutaneous DC populations if
any in the homeostasis of T-regulatory cells has still not been
clearly established. However, it is important to note that
Batf3™’” mice that lack dermal CD103" DCs and LN CD8a*
DCs do not develop overt autoimmunity suggesting that
cross-presentation of tissue antigens may not be required to

maintain tissue integrity in mice (120).

Functional specialization of lamina propria DC subsets

Several studies have established that mouse and human lamina
propria. DCs directly sample luminal antigens by extending
dendrites through the epithelial cell monolayer into the
lumen without compromising the epithelial cell integrity
(37, 151, 152). The ability of lamina propria DCs to penetrate
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the epithelium is thought to provide a mechanism by which
apoptotic epithelial cells (151, 153), commensals, and
enteric pathogens (37, 154) can be captured and transported
to the mesenteric LN. In mice, the formation of DC transepi-
thelial projections is dependent on Toll-like receptor signal-
ing by epithelial cells (152) and these projections accumulate
in the proximal (152) and terminal ileum (37). DC projec-
tions in the terminal ileum are dependent on the expression
of the fractalkine (CX3CL1) receptor (CX3CR1) by intestinal
DCs (37).

In the rat, DCs that constitutively transport apoptotic cells
to the draining LN express CD103 (153). Consistently, we
found that CD103™ DCs that lack CX3CR1 expression are the
main DC population to constitutively migrate to the mesen-
teric LN (38) (Fig. 3). Although CD103" DCs lack CX3CR1
precluding them from sampling antigens through CX3CLI-
dependent intraepithelial protrusions (37, 155), they might
use several other mechanisms to acquire luminal antigens.
Expression of the integrin CD103 by these cells, through its
interaction with the epithelial cell adhesion molecule E-cadh-
erin (25), may promote DC homing to the epithelia facilitat-
ing the sampling of cell-associated antigens (Fig. 3). The
ability of CD103" to form transepithelial projections may
explain the presence of CX3CRl-independent projection in
mice proximal ileum (152). Another possibility is that
CD103" DCs acquire antigens directly through Peyer’s
patch-independent M cells (156) or through the cross-pre-
sentation of CD103°CD11b"CX3CR1" lamina propria DC-asso-

ciated antigens.

Role of lamina propria DCs in Salmonella infection

Salmonella typhimurium (Salmonella) is a facultative intracellular
pathogenic bacterium that causes typhoid-like disease in mice.
Entero-invasive Salmonella efficiently infiltrate M cells located in
the follicle-associated epithelium (FAE) that lines the Peyer’s
patches (157, 158). Sadmonelle can also infiltrate the gut
through DC-derived transepithelial projections (37, 151). The
development of non-invasive Salmonella strains and the use of
genetically labeled DCs have revealed the key role for
CX3CR1" DCs in the translocation of non-invasive Salmonella to
the gut (37, 159).

Entry of Salmonella via M cells delivers bacteria directly into
DCs located in the sub-epithelial dome of Peyer’s patches
(160), whereas capture of Salmonella by transepithelial DC pro-
jections delivers the Salmonella to the lamina propria and the mes-
enteric LN. These different entry routes have been shown

to affect tissue immunity to Salmonelle. Penetration through
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Fig. 3. Diversity of lamina propria (LP) dendritic cells (DCs). (A) Distribution and phenotype of DCs in the intestinal LP and muscularis layer. (B) LP
CD103"CD11b" DCs originate mainly from pre-DCs, whereas LP CD103~CD11b" DCs derive from circulating monocytes. (C) In the ileum,
CD1037CD11b" DCs have been shown to sample luminal antigens by extending dendrites through the epithelial monolayer and into the lumen under
the control of CX3CR1. CD103¥CD11b"* DCs are found in the apical villi and in the intraepithelial cell fraction. They lack CX3CR1, and their ability to
uptake luminal antigens remains to be analyzed. Although CD1037CD11b" DCs can sample luminal antigens, they express low levels of CCR7 and
likely do not constitutively migrate to the mesenteric lymph node (LN) in the steady state. (D) After oral infection with invasive Salmonella, both subsets
uptake Salmonella, but CD103"CD11b" DCs are the first to transport the pathogen to the draining LN. (E) LP and mesenteric LN CD103™ DCs but not
CD103~ DCs promote ex vivo differentiation of naive T cells into Foxp3™ T-regulatory cells, which correlate with a greater ability to produce retinoic
acid. The role of each LP DC subset in the induction in T- and B-cell effector function in vivo has not been examined.

M cells is required to induce anti-Salmonella immunoglobulin
A (IgA) response, whereas Salmonella that have infiltrated
through M cells or through transepithelial DC projections are
equally capable of migrating to the mesenteric LN and induce
systemic immunity (161).

Using a Salmonella oral infection model in streptomycin-pre-
treated mice to enforce pathogen invasion through the epithe-
lia rather than Peyer’s patches (162), we found that
CD103"CD11b" lamina propria DCs were the first DC population
to transport the pathogen to the mesenteric LN. DC ability to
transport antigens from the intestinal tract to the mesenteric
LN participates in the systemic dissemination of Salmonella via
the blood stream (163). This was most clearly shown in a
model of Salmonella infection, in which the inability of DCs to
sense the pathogen compromised its transport to the mesen-
teric LN and improved the infection outcome by reducing the
systemic dissemination of the pathogen (164). Similarly, oral
infection of Flt3-deficient mice, which lack CD103" but not
CX3CR1" DCs in the lamina propria, have a reduced amount of
Salmonella in the mesenteric LN to a degree comparable with
that of CCR7-deficient mice (38). Altogether, these results
suggest that upon Salmonella oral infection CD103°CD11b*
DCs play a key role in the early transport of pathogens to the
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draining IN. However, the exact role for cD103% and
CX3CR1" lamina propria DCs in the outcome of Salmonella infec-

tion in vivo remains to be examined.

Role of lamina propria cDCs in IgA production

Secretory IgA produced by intestinal B cells play multiple pro-
tective roles including immune antigen exclusion by entrap-
ping dietary antigens and microorganisms and preventing
their entry in the gut (165). One striking feature in gut
immunity is to produce massive amounts of non-inflamma-
tory IgA antibodies (165). Peyer’s patches and to a lesser
extent, isolated follicles represent a major source for the pro-
duction of IgA (reviewed in 166). However, production of
IgA in extrafollicular sites has also been observed in human
and mice (167). B-cell production of IgA in extrafollicular
sites is controlled in part by lamina propria DCs shown to have
B-cell licensing functions implicated in class switching (167).
Naturally occurring lamina propria tumor necrosis factor (TNF)
and inducible nitric oxide synthase (iNOS)-producing DCs
also control IgA production in a TGF-B-dependent manner
(168). The role of each lamina propria DC population in IgA pro-

duction remains to be examined.
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Role of lamina propria cDC subsets in tolerance

DCs constitutively transport commensal bacteria (154) and
apoptotic epithelial cells to the mesenteric LN (153). Impair-
ment in constitutive mucosal DC migration to the mesenteric
LN in mice that lack CCR7 leads to impaired oral tolerance
(169) strongly suggesting a role for mucosal DCs in the main-
tenance of intestinal integrity.

DCs from the lamina propria of the small intestine have been
shown to be significantly better than splenic DCs at inducing
the conversion of naive Foxp3~ T cells into Foxp3™ T cells
in the presence of exogenous TGF-f (170, 171). Intrigu-
ingly, mesenteric LN CD103" DCs are much more efficient
than mesenteric LN CD103"~ DCs at inducing the conversion
of naive T cells into Foxp3™ T cells through TGE-B (171).
The superior ability of CD103" DCs to induce regulatory T
cells in the gut is partially explained by their higher expres-
sion of the enzyme Raldh that controls the metabolization of
vitamin A into retinoic acid, a dietary metabolite, required
in the differentiation of mucosal Foxp3" regulatory T cells
(170, 171). Importantly, conditional loss of TGF-B-activat-
ing integrin o,Bs by CD11c" cells results in spontaneous
autoimmune disease that selectively affects the gut (172)
and DCs that lack o, ¢ fail to induce regulatory T cells in vitro
(172).

In addition to their role in the induction of regulatory
T cells, lamina propria and mesenteric LN CD103" DCs are much
more efficient than CD103™ DCs at inducing the expression of
gut homing molecules on T lymphocytes (35, 36). Similar
results were obtained in humans, in which mesenteric LN
CD103" DCs were found to have a higher ability to induce the
expression of gut homing T cells on naive T cells (36). The
superior ability of CD103" DCs to induce gut homing recep-
tors on effector T cells may also be dependent on their supe-
rior ability to metabolize vitamin A as retinoic acids control
the induction of gut homing receptors on T (173) and B cells
(174).

Role of monocyte-derived DCs in tissue immunity

Upon inflammation, tissue-resident DCs are replaced by
blood-born DCs that derive mainly from circulating mono-
cytes (4). A subset of these cells produces TNF- and NO-
mediated microbiocidal mediators. TNF- and NO-producing
DCs were found in the spleen of mice infected with Listeria
monocytogenes and shown to contribute to innate immunity
against Listeria but were not involved in the induction of Lis-

teria-specific T-cell responses (175). Monocyte-derived DCs
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were also found in the lungs of mice infected with influ-
enza virus (140). Although, they were shown to promote
deleterious lung inflammation in this model they also con-
tributed to the amplification of local CD8" T effector cells
(140).

Upon administration of the pro-inflammatory haptens 2,4-
dinitrofluorobenzene or measles virus nucleoprotein that
have intrinsic adjuvant properties, monocyte-derived DCs
accumulated in the buccal mucosa induced in a CCR6-depen-
dent manner and were essential for the cross-priming of
OVA-specific CD8" T cells (75). Induction of antigen-specific
CD4" T-cell responses during skin Salmonella infection have
also been claimed to rely on the recruitment of monocytes to
the dermis, in a CCR6-dependent mechanism (176). In a
mouse model of Leishmania major infection in which high dose
of parasites were injected subcutaneously in the foot pad,
monocyte-derived DCs that form in the dermis and subse-
quently migrate to the draining LN wrere required for the
induction of protective Thl responses against the parasite
(74). Importantly, in HSV-infected skin, monocyte-derived
DCs were also required for the reactivation of memory CD8"
T cell at the tissue site and for the control of the infection
(177).

Division of labor for optimal immune response

Tissue-migratory DCs, tissue non-migratory DCs, lymphoid
organ-resident DCs, and monocyte-derived DCs have all been
shown to participate in the induction of tissue immunity.
Although the exact contribution of each DC population needs
to be examined in the same experimental model, it is likely
that optimal immune responses result only from a successful
collaboration between these DC populations. A potential sce-
nario for an integrated role of each DC subset in the induc-
tion of a successful immune response is described in Fig. 4.
Tissue-migratory DCs could be responsible for the transport
of tissue antigens and the initiation of a CD8" T-cell response
before dying in the LN. Once dead, their antigen cargo is
reprocessed by tissue-resident CD8o," DCs that are specialized
in the priming of CD8" T cells but potentially also by CD4"
DCs specialized in the priming of CD4" T cells. The reason
for the specialized interaction between lymphoid organ DC
subsets and specific T-cell subsets is unclear. However, the
benefit of having a DC compartment removed from the site
of injury able to relay tissue-migratory DC in T-cell presenta-
tion is likely critical for the induction of strong T-cell immu-
nity to tissue antigens. Monocyte-derived DCs recruited to

non-lymphoid tissues will subsequently replace tissue-migra-
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T cells should be able to sample antigens from several DC populations. How antigen presentation is coordinated between different DC subsets is still
unclear. However, it is now clear that tissue-migratory CD103" DCs and lymphoid organ-resident CD8a" DCs seem to be more efficient in the cross-
presentation of extracellular antigens to CD8" T cells, whereas tissue-migratory CD11b* DCs and lymphoid organ-resident CD8o.~ DCs are more effi-
cient in the major histocompatibility complex class II presentation pathway. (D) CD11b* DCs play a key role in amplifying CD4 ™" effector T cells and
memory CD8" T cells that have infiltrated inflamed tissues. Whether these cells represent tissue-resident DCs that remain in the inflamed tissue or
whether they represent newly recruited monocyte-derived DCs remains to be examined.

tory DCs, capture tissue antigens, and migrate to the LN
where they also participate in the induction of a strong effec-
tor T-cell response. Monocyte-derived DCs or non-migratory
tissue DCs that are present in inflamed tissues participate in
the activation of effector or memory T cells that infiltrate the
inflamed tissue. DCs located at the epithelial interface such as
epidermal LCs, however, may not have the privilege to prime
CD8" T-cell immune responses to avoid collateral damage at

critical interfaces.
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These results underline the sophistication of the DC network
in the induction of tissue immunity and further emphasize the
shift from an old lymphocyte-centric view to a more recent
myeloid-centric view in the control of tissue immunity. We are
only at the beginning of our understanding of the role of this
intricate network of cells upon different types of injury. A bet-
ter understanding of the contribution of antigen-presenting
cells in the induction of tissue immunity will undoubtedly

change the treatment and prevention of immune diseases.

© 2010 John Wiley & Sons A/S ® Immunological Reviews 234/2010



10.

13.

References

. Steinman RM, Hawiger D, Nussenzweig MC.

Tolerogenic dendritic cells. Annu Rev Immu-
nol 2003;21:685-711.

. Banchereau J, Steinman RM. Dendritic cells

and the control of immunity. Nature
1998;392:245-252.

. Liu YJ. IPC: professional type 1 interferon-

producing cells and plasmacytoid dendritic
cell precursors. Annu Rev Immunol
2005;23:275-306.

. Leon B, Ardavin C. Monocyte-derived

dendritic cells in innate and adaptive
immunity. Immunol Cell Biol 2008;86:
320-324.

. Merad M, Ginhoux F, Collin M. Origin,

homeostasis and function of Langerhans cells
and other langerin-expressing dendritic cells.
Nat Rev Immunol 2008;8:935-947.

. Tigelaar RE, Lewis JM, Bergstresser PR. TCR

gamma/delta+ dendritic epidermal T cells as
constituents of skin-associated lymphoid
tissue. J Invest Dermatol 1990;94:585—

63S.

. Tang A, Amagai M, Granger LG, Stanley JR,

Udey MC. Adhesion of epidermal Langerhans
cells to keratinocytes mediated by E-cadherin.
Nature 1993;361:82—85.

. Borkowski TA, Letterio JJ, Farr AG, Udey

MC. A role for endogenous transforming
growth factor beta 1 in Langerhans cell biol-
ogy: the skin of transforming growth factor
beta 1 null mice is devoid of epidermal Lan-
gerhans cells. J Exp Med 1996;184:2417—
2422.

. Inaba K, et al. Tissue distribution of the DEC-

205 protein that is detected by the monoclo-
nal antibody NLDC-145. I. Expression on
dendritic cells and other subsets of mouse
leukocytes. Cell Immunol 1995;163:148—
156.

Jiang W, et al. The receptor DEC-205
expressed by dendritic cells and thymic epi-
thelial cells is involved in antigen processing.
Nature 1995;375:151-155.

. Fithian E, Kung P, Goldstein G, Rubenfeld

M, Fenoglio C, Edelson R. Reactivity of
Langerhans cells with hybridoma antibody.
Proc Natl Acad Sci USA 1981;78:2541—
2544.

. Hunger RE, et al. Langerhans cells utilize

CD1a and langerin to efficiently present non-
peptide antigens to T cells. J Clin Invest
2004;113:701-708.

Mayer W], et al. Characterization of antigen-
presenting cells in fresh and cultured human
corneas using novel dendritic cell markers.
Invest Ophthalmol Vis Sci 2007;48:4459—
4467.

. Santoro A, et al. Recruitment of dendritic

cells in oral lichen planus. J Pathol 2005;
205:426—434.

20.

21.

22.

23.

24.

25.

26.

27.

28.

. Turville SG, et al. Diversity of receptors bind-

ing HIV on dendritic cell subsets. Nat Immu-
nol 2002;3:975-983.

. Tijima N, Linehan MM, Saeland S, Twasaki A.

Vaginal epithelial dendritic cells renew from
bone marrow precursors. Proc Natl Acad Sci
USA 2007;104:19061-19066.

. Merad M, et al. Langerhans cells renew in

the skin throughout life under steady-state
conditions. Nat Immunol 2002;3:1135—
1141.

. Holt PG, Haining S, Nelson DJ, Sedgwick JD.

Origin and steady-state turnover of class I
MHC-bearing dendritic cells in the epithe-
lium of the conducting airways. ] Immunol
1994;153:256-261.

. Valladeau J, Saeland S. Cutaneous dendritic

cells. Semin Immunol 2005;17:273—

283.

Ginhoux F, et al. Blood-derived dermal lang-
erin+ dendritic cells survey the skin in the
steady state. J Exp Med 2007;204:3133—
3146.

Poulin LF, Henri S, de Bovis B, Devilard E,
Kissenpfennig A, Malissen B. The dermis
contains langerin+ dendritic cells that
develop and function independently of epi-
dermal Langerhans cells. J Exp Med
2007;204:3119-3131.

Bursch LS, et al. Identification of a novel
population of Langerin+ dendritic cells. J
Exp Med 2007;204:3147-3156.
Shklovskaya E, Roediger B, Fazekas de St
Groth B. Epidermal and dermal dendritic
cells display differential activation and
migratory behavior while sharing the ability
to stimulate CD4+ T cell proliferation in vivo.
J Immunol 2008;181:418—430.

Ginhoux F, et al. The Origin and develop-
ment of nonlymphoid tissue CD103+ DCs. J
Exp Med 2009;206:3115-3130.

Cepek KL, et al. Adhesion between epithelial
cells and T lymphocytes mediated by E-cadh-
erin and the alpha E beta 7 integrin. Nature
1994;372:190-193.

Sertl K, Takemura T, Tschachler E, Ferrans
V], Kaliner MA, Shevach EM. Dendritic cells
with antigen-presenting capability reside in
airway epithelium, lung parenchyma, and
visceral pleura. J Exp Med 1986;163:436—
451.

Valladeau J, et al. The monoclonal antibody
DCGM4 recognizes Langerin, a protein spe-
cific of Langerhans cells, and is rapidly inter-
nalized from the cell surface. Eur ] Immunol
1999;29:2695-2704.

Valladeau J, et al. Identification of mouse
langerin/CD207 in Langerhans cells and
some dendritic cells of lymphoid tissues. J
Immunol 2002;168:782-792.

© 2010 John Wiley & Sons A/S ® Immunological Reviews 234/2010

Helft et al - Homeostasis of non-lymphoid tissue DCs

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Sung SS, Fu SM, Rose CEJr, Gaskin F, Ju ST,
Beaty SR. A major lung CD103 (alphaE)-beta7
integrin-positive epithelial dendritic cell popu-
lation expressing Langerin and tight junction
proteins. J Immunol 2006;176:2161-2172.
Coombes JL, Powrie F. Dendritic cells in
intestinal immune regulation. Nat Rev
Immunol 2008;8:435—446.

Johansson C, Kelsall BL. Phenotype and func-
tion of intestinal dendritic cells. Semin
Immunol 2005;17:284-294.
Flores-Langarica A, et al. Network of den-
dritic cells within the muscular layer of the
mouse intestine. Proc Natl Acad Sci USA
2005;102:19039-19044.

Iwasaki A. Mucosal dendritic cells. Annu Rev
Immunol 2007;25:381-418.

Kelsall BL, Leon F. Involvement of intestinal
dendritic cells in oral tolerance, immunity to
pathogens, and inflammatory bowel disease.
Immunol Rev 2005;206:132—148.
Johansson-Lindbom B, et al. Functional spe-
cialization of gut CD103+ dendritic cells in
the regulation of tissue-selective T cell hom-
ing. J Exp Med 2005;202:1063-1073.
Jaensson E, et al. Small intestinal CD103+
dendritic cells display unique functional
properties that are conserved between mice
and humans. J Exp Med 2008;205:2139—
2149.

Niess JH, et al. CX3CR1-mediated dendritic
cell access to the intestinal lumen and bacte-
rial clearance. Science 2005;307:254-258.
Bogunovic M, et al. Origin of the lamina
propria dendritic cell network. Immunity
2009;31:513-525.

Kelly RH, Balfour BM, Armstrong JA,
Griffiths S. Functional anatomy of lymph
nodes. II. Peripheral lymph-borne mononu-
clear cells. Anat Rec 1978;190:5-21.
Drexhage HA, Mullink H, de Groot J, Clarke
J, Balfour BM. A study of cells present in
peripheral lymph of pigs with special
reference to a type of cell resembling the
Langerhans cell. Cell Tissue Res
1979;202:407-430.

Hemmi H, et al. Skin antigens in the steady
state are trafficked to regional lymph nodes
by transforming growth factor-betal-
dependent cells. Int Immunol 2001;13:695—
704.

Stoitzner P, Tripp CH, Douillard P, Saeland S,
Romani N. Migratory Langerhans cells in
mouse lymph nodes in steady state and
inflammation. J Invest Dermatol 2005;
125:116-125.

Forster R, et al. CCR7 coordinates the pri-
mary immune response by establishing func-
tional microenvironments in secondary
lymphoid organs. Cell 1999;99:23-33.

71



Helft et al - Homeostasis of non-lymphoid tissue DCs

44. Randolph GJ, Ochando J, Partida-Sanchez S.
Migration of dendritic cell subsets and their
precursors. Annu Rev Immunol 2008;26:29-
3-316.

45. Jakubzick C, Bogunovic M, Bonito AJ, Kuan
EL, Merad M, Randolph JC. Lymph-
migrating, tissue-derived dendritic cells are
minor constituents within steady-state
lymph nodes. J Exp Med 2008;205:
2839-2850.

46. Kissenpfennig A, et al. Dynamics and func-
tion of Langerhans cells in vivo: dermal den-
dritic cells colonize lymph node areas
distinct from slower migrating Langerhans
cells. Immunity 2005;22:643-654.

47. Eidsmo L, Allan R, Caminschi I, van Rooijen
N, Heath WR, Carbone FR. Differential
migration of epidermal and dermal dendritic
cells during skin infection. J Immunol
2009;182:3165-3172.

48. Wright DE, Wagers AJ, Gulati AP, Johnson
FL, Weissman IL. Physiological migration of
hematopoietic stem and progenitor cells. Sci-
ence 2001;294:1933-1936.

49. Liu K, Waskow C, Liu X, Yao K, Hoh J,
Nussenzweig M. Origin of dendritic cells in
peripheral lymphoid organs of mice. Nat
Immunol 2007;8:578—-583.

50. Collin MP, et al. The fate of human Langer-
hans cells in hematopoietic stem cell trans-
plantation. J Exp Med 2006;203:27-33.

51. Kanitakis J, Petruzzo P, Dubernard JM. Turn-
over of epidermal Langerhans’ cells. N Engl J
Med 2004;351:2661-2662.

52. Kondo M, et al. Biology of hematopoietic
stem cells and progenitors: implications for
clinical application. Annu Rev Immunol
2003;21:759-806.

53. Buza-Vidas N, Luc S, Jacobsen SE. Delinea-
tion of the earliest lineage commitment steps
of haematopoietic stem cells: new develop-
ments, controversies and major challenges.
Curr Opin Hematol 2007;14:315-321.

54. Diao J, Winter E, Chen W, Cantin C, Cattral
MS. Characterization of distinct conventional
and plasmacytoid dendritic cell-committed
precursors in murine bone marrow. J Immu-
nol 2004;173:1826—-1833.

55. DiaoJ, et al. In situ replication of immediate
dendritic cell (DC) precursors contributes to
conventional DC homeostasis in lymphoid
tissue. ] Immunol 2006;176:7196—7206.

56. Fogg DK, et al. A clonogenic bone marrow
progenitor specific for macrophages and
dendritic cells. Science 2006;311:83—-87.

57. Auffray C, et al. CX3CR1+ CD115+
CD135+ common macrophage/DC precur-
sors and the role of CX3CR1 in their
response to inflammation. J Exp Med
2009;206:595-606.

58. LiuK, et al. In vivo analysis of dendritic cell
development and homeostasis. Science
2009;324:392-397.

72

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Onai N, Obata-Onai A, Schmid MA, Ohteki
T, Jarrossay D, Manz MG. Identification of
clonogenic common Flt3+ M-CSFR+ plas-
macytoid and conventional dendritic cell
progenitors in mouse bone marrow. Nat
Immunol 2007;8:1207—-1216.

Naik SH, et al. Development of plasmacytoid
and conventional dendritic cell subtypes
from single precursor cells derived in vitro
and in vivo. Nat Immunol 2007;8:1217—
1226.

Varol C, et al. Monocytes give rise to muco-
sal, but not splenic, conventional dendritic
cells. J Exp Med 2007;204:171-180.

Manz MG, Traver D, Miyamoto T, Weissman
IL, Akashi K. Dendritic cell potentials of early
lymphoid and myeloid progenitors. Blood
2001;97:3333-3341.

Nagai Y, et al. Toll-like receptors on hemato-
poietic progenitor cells stimulate innate
immune system replenishment. Immunity
2006;24:801-812.

Geissmann F, Jung S, Littman DR. Blood
monocytes consist of two principal subsets
with distinct migratory properties. Immunity
2003;19:71-82.

Leon B, Lopez-Bravo M, Ardavin C. Mono-
cyte-derived dendritic cells. Semin Immunol
2005;17:313-318.

Sallusto F, Lanzavecchia A. Efficient presenta-
tion of soluble antigen by cultured human
dendritic cells is maintained by granulo-
cyte/macrophage colony-stimulating factor
plus interleukin 4 and downregulated by
tumor necrosis factor alpha. J Exp Med
1994;179:1109-1118.

Banchereau J, Schuler-Thurner B, Palucka
AK, Schuler G. Dendritic cells as vectors for
therapy. Cell 2001;106:271-274.

Tacke F, Ginhoux F, Jakubzick C, van Rooijen
N, Merad M, Randolph GJ. Immature mono-
cytes acquire antigens from other cells in the
bone marrow and present them to T cells
after maturing in the periphery. ] Exp Med
2006;203:583-597.

Jakubzick C, et al. Blood monocyte subsets
differentially give rise to CD103+ and
CD103— pulmonary dendritic cell popula-
tions. J Immunol 2008;180:3019-3027.
Jung S, et al. In vivo depletion of CD11c(+)
dendritic cells abrogates priming of CD8(+)
T cells by exogenous cell-associated antigens.
Immunity 2002;17:211-220.

Varol C, et al. Intestinal lamina propria den-
dritic cell subsets have different origin and
functions. Immunity 2009;31:502-512.
Merad M, et al. Depletion of host Langerhans
cells before transplantation of donor alloreac-
tive T cells prevents skin graft-versus-host
disease. Nat Med 2004;10:510-517.
Ginhoux F, et al. Langerhans cells arise from
monocytes in vivo. Nat Immunol 2006;7:
265-273.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Leon B, Lopez-Bravo M, Ardavin C. Mono-
cyte-derived dendritic cells formed at the
infection site control the induction of protec-
tive T helper 1 responses against Leishmania.
Immunity 2007;26:519-531.

Le Borgne M, et al. Dendritic cells rapidly
recruited into epithelial tissues via
CCR6/CCL20 are responsible for CD8+

T cell crosspriming in vivo. Immunity
2006;24:191-201.

Lyman SD, Jacobsen SE. c-kit ligand and FIt3
ligand: stem/progenitor cell factors with
overlapping yet distinct activities. Blood
1998;91:1101-1134.

Lyman SD, et al. Identification of soluble and
membrane-bound isoforms of the murine
fle3 ligand generated by alternative splicing
of mRNAs. Oncogene 1995;10:149-157.
Onai N, Obata-Onai A, Schmid MA, Manz
MG. Flt3 in regulation of type-I interferon
producing and dendritic cell development.
Ann NY Acad Sci 2007;1106:253-261.
Karsunky H, Merad M, Cozzio A, Weissman
IL, Manz MG. Flt3 ligand regulates dendritic
cell development from Flt3+ lymphoid and
myeloid-committed progenitors to Flt3+
dendritic cells in vivo. ] Exp Med
2003;198:305-313.

Onai N, Obata-Onai A, Tussiwand R, Lanza-
vecchia A, Manz MG. Activation of the Flt3
signal transduction cascade rescues and
enhances type I interferon-producing and
dendritic cell development. J Exp Med
2006;203:227-238.

McKenna HJ, et al. Mice lacking flt3 ligand
have deficient hematopoiesis affecting hema-
topoietic progenitor cells, dendritic cells, and
natural killer cells. Blood 2000;95:3489—
3497.

Maraskovsky E, et al. Dramatic increase in
the numbers of functionally mature dendritic
cells in Flt3 ligand-treated mice: multiple
dendritic cell subpopulations identified.

J Exp Med 1996;184:1953—-1962.

Pulendran B, et al. Developmental pathways
of dendritic cells in vivo: distinct function,
phenotype, and localization of dendritic cell
subsets in FLT3 ligand-treated mice. ] Immu-
nol 1997;159:2222-2231.

Manfra DJ, Chen SC, Jensen KK, Fine JS, Wie-
kowski MT, Lira SA. Conditional expression
of murine Flt3 ligand leads to expansion of
multiple dendritic cell subsets in peripheral
blood and tissues of transgenic mice. ]
Immunol 2003;170:2843-2852.

Miller G, Pillarisetty VG, Shah AB, Lahrs S,
DeMatteo RP. Murine Flt3 ligand expands
distinct dendritic cells with both tolerogenic
and immunogenic properties. ] Immunol
2003;170:3554-3564.

Bjorck P. Isolation and characterization of
plasmacytoid dendritic cells from Flt3 ligand
and granulocyte-macrophage colony-stimu-

© 2010 John Wiley & Sons A/S ® Immunological Reviews 234/2010



87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

lating factor-treated mice. Blood
2001;98:3520-3526.

Pulendran B, et al. Flt3-ligand and granulo-
cyte colony-stimulating factor mobilize dis-
tinct human dendritic cell subsets in vivo.

J Immunol 2000;165:566—572.
Maraskovsky E, et al. In vivo generation of
human dendritic cell subsets by FIt3 ligand.
Blood 2000;96:878—884.

Fong L, et al. Altered peptide ligand vaccina-
tion with FIt3 ligand expanded dendritic cells
for tumor immunotherapy. Proc Natl Acad
Sci USA 2001;98:8809-8814.

Inaba K, et al. Generation of large numbers
of dendritic cells from mouse bone marrow
cultures supplemented with granulo-
cyte/macrophage colony-stimulating factor.
J Exp Med 1992;176:1693—-1702.

Caux C, Dezutter-Dambuyant C, Schmitt D,
Banchereau J. GM-CSF and TNF-alpha coop-
erate in the generation of dendritic Langer-
hans cells. Nature 1992;360:258-261.
Simons JW, et al. Induction of immunity to
prostate cancer antigens: results of a clinical
trial of vaccination with irradiated autolo-
gous prostate tumor cells engineered to
secrete granulocyte-macrophage colony-
stimulating factor using ex vivo gene transfer.
Cancer Res 1999;59:5160-5168.

Dranoff G, et al. Vaccination with irradiated
tumor cells engineered to secrete murine
granulocyte-macrophage colony-stimulating
factor stimulates potent, specific, and long-
lasting anti-tumor immunity. Proc Natl Acad
Sci USA 1993;90:3539-3543.

Vremec D, Lieschke GJ, Dunn AR, Robb L,
Metcalf D, Shortman K. The influence of
granulocyte/macrophage colony-stimulating
factor on dendritic cell levels in mouse
lymphoid organs. Eur ] Immunol 1997;27:
40-44.

Naik SH, et al. Intrasplenic steady-state
dendritic cell precursors that are distinct
from monocytes. Nat Immunol 2006;7:
663-671.

Kingston D, Schmid MA, Onai N, Obata-
Onai A, Baumjohann D, Manz MG. The con-
certed action of GM-CSF and Flt3-ligand on
in vivo dendritic cell homeostasis. Blood
2009;114:835-843.

Yoshida H, et al. The murine mutation
osteopetrosis is in the coding region of the
macrophage colony stimulating factor gene.
Nature 1990;345:442-444.

Dai XM, et al. Targeted disruption of the
mouse colony-stimulating factor 1 receptor
gene results in osteopetrosis, mononuclear
phagocyte deficiency, increased primitive
progenitor cell frequencies, and reproductive
defects. Blood 2002;99:111-120.

Hamilton JA. Colony-stimulating factors in
inflammation and autoimmunity. Nat Rev
Immunol 2008;8:533—544.

100.

102.

103.

104.

105.

106.

107.

109.

110.

112.

113.

Macdonald KP, et al. The colony-stimulating
factor 1 receptor is expressed on dendritic
cells during differentiation and regulates
their expansion. ] Immunol 2005;175:
1399-1405.

. Witmer-Pack MD, et al. Identification of

macrophages and dendritic cells in the osteo-
petrotic (op/op) mouse. J Cell Sci 1993;
104:1021-1029.

Takahashi K, Naito M, Shultz LD, Hayashi S,
Nishikawa S. Differentiation of dendritic cell
populations in macrophage colony-stimulat-
ing factor-deficient mice homozygous for
the osteopetrosis (op) mutation. J Leukoc
Biol 1993;53:19-28.

Borkowski TA, et al. A role for TGFbetal in
langerhans cell biology. Further characteriza-
tion of the epidermal Langerhans cell defect
in TGFbetal null mice. J Clin Invest
1997;100:575-581.

Strobl H, et al. TGF-beta 1 promotes in vitro
development of dendritic cells from CD34+
hemopoietic progenitors. ] Immunol
1996;157:1499-1507.

Caux C, et al. Respective involvement of
TGF-beta and IL-4 in the development of
Langerhans cells and non-Langerhans den-
dritic cells from CD34+ progenitors. ] Leu-
koc Biol 1999;66:781-791.

Kaplan DH, Li MO, Jenison MC, Shlomchik
WD, Flavell RA, Shlomchik MJ. Autocrine/
paracrine TGFbetal is required for the devel-
opment of epidermal Langerhans cells. ] Exp
Med 2007;204:2545-2552.

Laouar Y, Welte T, Fu XY, Flavell RA. STAT3
is required for Flt3L-dependent dendritic cell
differentiation. Immunity 2003;19:903—
912.

. Anderson KL, Perkin H, Surh CD, Venturini

S, Maki RA, Torbett BE. Transcription fac-
tor PU.1 is necessary for development of thy-
mic and myeloid progenitor-derived
dendritic cells. ] Immunol 2000;164:
1855-1861.

Guerriero A, Langmuir PB, Spain LM, Scott
EW. PU.1 is required for myeloid-derived
but not lymphoid-derived dendritic cells.
Blood 2000;95:879-885.

Merad M, Manz MG. Dendritic cell homeo-
stasis. Blood 2009;113:3418-3427.

. Ichikawa E, et al. Defective development of

splenic and epidermal CD4+ dendritic cells
in mice deficient for IFN regulatory factor-2.
Proc Natl Acad Sci USA 2004;101:3909—
3914.

Suzuki S, et al. Critical roles of interferon
regulatory factor 4 in CD11bhighCD8alpha—
dendritic cell development. Proc Natl Acad
Sci USA 2004;101:8981-8986.

Tamura T, et al. IFN regulatory factor-4 and
-8 govern dendritic cell subset development
and their functional diversity. ] Immunol
2005;174:2573-2581.

© 2010 John Wiley & Sons A/S ® Immunological Reviews 234/2010

Helft et al - Homeostasis of non-lymphoid tissue DCs

114.

115.

116.

118.

119.

120.

123.

124.

125.

126.

127.

128.

129.

Aliberti J, et al. Essential role for ICSBP in the
in vivo development of murine CD8alpha+
dendritic cells. Blood 2003;101:305-310.
Schiavoni G, et al. ICSBP is essential for the
development of mouse type I interferon-pro-
ducing cells and for the generation and acti-
vation of CD8alpha(+) dendritic cells. J Exp
Med 2002;196:1415-1425.

Schiavoni G, et al. ICSBP is critically involved
in the normal development and trafficking of
Langerhans cells and dermal dendritic cells.
Blood 2004;103:2221-2228.

. Tsujimura H, Tamura T, Ozato K. Cutting

edge: IFN consensus sequence binding pro-
tein/IFN regulatory factor 8 drives the devel-
opment of type I IFN-producing
plasmacytoid dendritic cells. ] Immunol
2003;170:1131-1135.

Tailor P, Tamura T, Morse HV IlIrd, Ozato K.
The BXH2 mutation in IRF8 differentially
impairs dendritic cell subset development in
the mouse. Blood 2008;111:1942-1945.
Hacker C, et al. Transcriptional profiling
identifies Id2 function in dendritic cell devel-
opment. Nat Immunol 2003;4:380-386.
Hildner K, et al. Batf3 deficiency reveals a
critical role for CD8alpha+ dendritic cells in
cytotoxic T cell immunity. Science 2008;
322:1097-1100.

. Fainaru O, et al. Runx3 regulates mouse

TGE-beta-mediated dendritic cell function
and its absence results in airway inflamma-
tion. EMBO J 2004;23:969-979.

. Edwards AD, Chaussabel D, Tomlinson S,

Schulz O, Sher A, Reis e Sousa C. Relation-
ships among murine CD1 1c(high) dendritic
cell subsets as revealed by baseline gene
expression patterns. J Immunol 2003;
171:47-60.

Dudziak D, et al. Differential antigen pro-
cessing by dendritic cell subsets in vivo.
Science 2007;315:107—111.

Sancho D, et al. Identification of a dendritic
cell receptor that couples sensing of necrosis
to immunity. Nature 2009;458:899-903.
Bougneres L, et al. A role for lipid bodies in
the cross-presentation of phagocytosed anti-
gens by MHC class I in dendritic cells. Immu-
nity 2009;31:232-244.

Savina A, et al. The small GTPase Rac2 con-
trols phagosomal alkalinization and antigen
crosspresentation selectively in CD8(+) den-
dritic cells. Immunity 2009;30:544-555.
Iyoda T, et al. The CD8+ dendritic cell
subset selectively endocytoses dying cells in
culture and in vivo. J Exp Med
2002;195:1289-1302.

den Haan JM, Lehar SM, Bevan MJ. CD8(+)
but not CD8(—) dendritic cells cross-prime
cytotoxic T cells in vivo. J Exp Med
2000;192:1685-1696.

Beaty SR, Rose CE Jr, Sung SS. Diverse and
potent chemokine production by lung

73



Helft et al - Homeostasis of non-lymphoid tissue DCs

130.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

74

CD11bhigh dendritic cells in homeostasis
and in allergic lung inflammation. J Immu-
nol 2007;178:1882-1895.

Hintzen G, et al. Induction of tolerance to
innocuous inhaled antigen relies on a CCR7-
dependent dendritic cell-mediated antigen
transport to the bronchial lymph node. J
Immunol 2006;177:7346—7354.

. del Rio ML, Rodriguez-Barbosa JI, Kremmer

E, Forster R. CD103—and CD103+ bron-
chial lymph node dendritic cells are special-
ized in presenting and cross-presenting
innocuous antigen to CD4+ and CD8+

T cells. ] Immunol 2007;178:6861-6866.
Caminschi I, et al. The dendritic cell sub-
type-restricted C-type lectin Clec9A is a tar-
get for vaccine enhancement. Blood
2008;112:3264-3273.

Belz GT, et al. Distinct migrating and nonmi-
grating dendritic cell populations are involved
in MHC class I-restricted antigen presentation
after lung infection with virus. Proc Natl Acad
Sci USA 2004;101:8670-8675.

Kim TS, Braciale TJ. Respiratory dendritic cell
subsets differ in their capacity to support the
induction of virus-specific cytotoxic CD8+

T cell responses. PLoS ONE 2009;4:e4204.
Belz GT, Bedoui S, Kupresanin F, Carbone
FR, Heath WR. Minimal activation of mem-
ory CD8+ T cell by tissue-derived dendritic
cells favors the stimulation of naive CD8+ T
cells. Nat Immunol 2007;8:1060—1066.
GeurtsvanKessel CH, et al. Clearance of influ-
enza virus from the lung depends on migra-
tory langerin+CD1 1b— but not plasmacytoid
dendritic cells. J Exp Med 2008;205:1621—
1634.

Julia V, Hessel EM, Malherbe L, Glaichenhaus
N, O’Garra A, Coffman RL. A restricted sub-
set of dendritic cells captures airborne anti-
gens and remains able to activate specific

T cells long after antigen exposure. Immu-
nity 2002;16:271-283.

Rothfuchs AG, et al. In situ IL-12/23p40 pro-
duction during mycobacterial infection is
sustained by CD11bhigh dendritic cells
localized in tissue sites distinct from those
harboring bacilli. ] Immunol 2009;182:
6915-6925.

McGill J, Heusel JW, Legge KL. Innate
immune control and regulation of influenza
virus infections. J Leukoc Biol 2009;86:803—
812.

Aldridge JR Jr, et al. TNF/iNOS-producing
dendritic cells are the necessary evil of lethal
influenza virus infection. Proc Natl Acad Sci
USA 2009;106:5306-5311.

Allan RS, et al. Epidermal viral immunity
induced by CD8alpha+ dendritic cells but
not by Langerhans cells. Science 2003;301:
1925-1928.

He Y, Falo LD Jr. Lentivirus as a potent and
mechanistically distinct vector for genetic

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

immunization. Curr Opin Mol Ther
2007;9:439-446.

Bedoui S, et al. Cross-presentation of viral
and self antigens by skin-derived CD103+
dendritic cells. Nat Immunol 2009;10:488—
495.

Brewig N, et al. Priming of CD8+ and CD4+
T cells in experimental leishmaniasis is initi-
ated by different dendritic cell subtypes.

J Immunol 2009;182:774-783.

McLachlan JB, Catron DM, Moon JJ, Jen-
kins MK. Dendritic cell antigen presentation
drives simultaneous cytokine production

by effector and regulatory T cells in inflamed
skin. Immunity 2009;30:277-288.

Bennett CL, et al. Inducible ablation of
mouse Langerhans cells diminishes but fails
to abrogate contact hypersensitivity. J Cell
Biol 2005;169:569-576.

Kaplan DH, Jenison MC, Saeland S, Shlomc-
hik WD, Shlomchik MJ. Epidermal langer-
hans cell-deficient mice develop enhanced
contact hypersensitivity. Immunity
2005;23:611-620.

Wang L, Bursch LS, Kissenpfennig A, Malis-
sen B, Jameson SC, Hogquist KA. Langerin
expressing cells promote skin immune
responses under defined conditions. ] Immu-
nol 2008;180:4722-4727.

Bennett CL, Noordegraaf M, Martina CA,
Clausen BE. Langerhans cells are required for
efficient presentation of topically applied
hapten to T cells. ] Immunol 2007;179:
6830-6835.

Waithman J, et al. Skin-derived dendritic
cells can mediate deletional tolerance of class
I-restricted self-reactive T cells. ] Immunol
2007;179:4535-4541.

Rescigno M, et al. Dendritic cells express
tight junction proteins and penetrate gut
epithelial monolayers to sample bacteria. Nat
Immunol 2001;2:361-367.

Chieppa M, Rescigno M, Huang AY,
Germain RN. Dynamic imaging of dendritic
cell extension into the small bowel lumen

in response to epithelial cell TLR engage-
ment. ] Exp Med 2006;203:

2841-2852.

Huang FP, et al. A discrete subpopulation of
dendritic cells transports apoptotic intestinal
epithelial cells to T cell areas of mesenteric
lymph nodes. ] Exp Med 2000;191:435—
444.

Macpherson AJ, Uhr T. Induction of protec-
tive IgA by intestinal dendritic cells carrying
commensal bacteria. Science 2004;303:
1662-1665.

Rescigno M, Rotta G, Valzasina B, Ricciardi-
Castagnoli P. Dendritic cells shuttle microbes
across gut epithelial monolayers. Immunobi-
ology 2001;204:572-581.

Jang MH, et al. Intestinal villous M cells: an
antigen entry site in the mucosal epithelium.

158.

159.

160.

161.

162.

163.

164.

165.

166.

168.

169.

170.

172.

Proc Natl Acad Sci USA 2004;101:6110—
6115.

. Jepson MA, Clark MA. The role of M cells in

Salmonella infection. Microbes Infect
2001;3:1183-1190.

Jones BD, Ghori N, Falkow S. Salmonella
typhimurium initiates murine infection by
penetrating and destroying the specialized
epithelial M cells of the Peyer’s patches. ] Exp
Med 1994;180:15-23.

Hapfelmeier S, et al. Microbe sampling by
mucosal dendritic cells is a discrete,
MyD88-independent step in DeltainvG S. ty-
phimurium colitis. J Exp Med 2008;205:
437-450.

Salazar-Gonzalez RM, et al. CCR6-mediated
dendritic cell activation of pathogen-specific
T cells in Peyer’s patches. Immunity
2006;24:623-632.

Martinoli C, Chiavelli A, Rescigno M. Entry
route of Salmonella typhimurium directs the type
of induced immune response. Immunity
2007;27:975-984.

Barthel M, et al. Pretreatment of mice with
streptomycin provides a Salmonella enterica ser-
ovar Typhimurium colitis model that allows
analysis of both pathogen and host. Infect
Immun 2003;71:2839-2858.
Vazquez-Torres A, et al. Extraintestinal dis-
semination of Salmonella by CD18-expressing
phagocytes. Nature 1999;401:804—808.
Uematsu S, et al. Detection of pathogenic
intestinal bacteria by Toll-like receptor 5 on
intestinal CD11c+ lamina propria cells. Nat
Immunol 2006;7:868—874.

Macpherson AJ, McCoy KD, Johansen FE,
Brandtzaeg P. The immune geography of IgA
induction and function. Mucosal Immunol
2008;1:11-22.

Cerutti A, Rescigno M. The biology of intes-
tinal immunoglobulin A responses. Immu-
nity 2008;28:740-750.

. Cerutti A. The regulation of IgA class switch-

ing. Nat Rev Immunol 2008;8:421—-434.
Tezuka H, et al. Regulation of IgA produc-
tion by naturally occurring TNF/iNOS-pro-
ducing dendritic cells. Nature 2007;448:
929-933.

Worbs T, et al. Oral tolerance originates in
the intestinal immune system and relies on
antigen carriage by dendritic cells. ] Exp Med
2006;203:519-527.

Sun CM, et al. Small intestine lamina propria
denderitic cells promote de novo generation of
Foxp3 T reg cells via retinoic acid. J Exp Med
2007;204:1775-1785.

. Coombes JL, et al. A functionally specialized

population of mucosal CD103+ DCs induces
Foxp3+ regulatory T cells via a TGF-beta and
retinoic acid-dependent mechanism. J Exp
Med 2007;204:1757—-1764.

Travis MA, et al. Loss of integrin alpha(v)-
beta8 on dendritic cells causes autoimmunity

© 2010 John Wiley & Sons A/S ® Immunological Reviews 234/2010



and colitis in mice. Nature 2007;449:361—
365.

173. Iwata M, Hirakiyama A, Eshima Y,
Kagechika H, Kato C, Song SY. Retinoic
acid imprints gut-homing specificity
on T cells. Immunity 2004;21:

527-538.

174. Mora JR, et al. Generation of gut-homing

IgA-secreting B cells by intestinal

176.

dendritic cells. Science 2006;314:1157—
1160.

. Serbina NV, Salazar-Mather TP, Biron CA,

Kuziel WA, Pamer EG. TNE/iNOS-producing
dendritic cells mediate innate immune
defense against bacterial infection. Immunity
2003;19:59-70.

Ravindran R, Rusch L, Itano A, Jenkins MK,
McSorley SJ. CCR6-dependent recruitment of

© 2010 John Wiley & Sons A/S ® Immunological Reviews 234/2010

Helft et al - Homeostasis of non-lymphoid tissue DCs

blood phagocytes is necessary for rapid CD4
T cell responses to local bacterial infection.
Proc Natl Acad Sci USA 2007;104:
12075-12080.

. Wakim LM, Waithman J, van Rooijen N,

Heath WR, Carbone FR. Dendritic
cell-induced memory T cell activation in
nonlymphoid tissues. Science 2008; 319:
198-202.

75



