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Abstract: Dendritic cells (DC) are key elements of the immune
system. In peripheral tissues, they function as sentinels taking up
and processing antigens. After migration to the draining lymph
nodes, the DC either present antigenic peptides by themselves or
transfer them to lymph node-resident DC. The skin is the
primary interface between the body and the environment and
host’s various DC subsets, including dermal DC (dDC) and
Langerhans cells (LC). Because of their anatomical position in the
epidermis, LC are believed to be responsible for induction of
adaptive cutaneous immune responses. The functions of LC and
dDC in the skin immune system in vivo are manifold, and it is
still discussed controversially whether the differentiation of T-cell

subtypes (e.g. effector T cells and regulatory T cells) may be
initiated by distinct DC subtypes. As skin DC are able to promote
or downmodulate immune responses, we chose different skin
diseases (cutaneous leishmaniasis, contact hypersensitivity, UV
radiation-induced suppression, and graft-versus-host disease) to
describe the biological interactions between different DC subtypes
and T cells that lead to the development of efficient or unwanted
immune responses. A detailed knowledge about the immune
modulatory capacity of different cutaneous DC subsets might be
helpful to specifically target these cells through the skin during
therapeutic interventions.

Please cite this paper as: Leishmaniasis, contact hypersensitivity and graft-versus-host disease: understanding the role of dendritic cell subsets in balancing

skin immunity and tolerance. Experimental Dermatology 2010; 19: 760-771.

Introduction

Dendritic cells (DC) are potent regulators of adaptive
immunity. They process and present antigens either taken
up from the extracellular space or produced intracellularly.
When DC present antigens on major histocompatibility
complex (MHC) class I or II molecules, the expression of
costimulatory surface molecules and cytokines leads to
either priming and activation or silencing of antigen-spe-
cific T cells.

Growing insight into DC biology led to the discovery of
various subgroups of these professional antigen-presenting
cells (APC). They vary in phenotype and function depend-
ing on their location in the lymphoid or non-lymphoid tis-
sues as well as on their appearance in the steady state or
during inflammatory situations. DC are constantly taking
up antigen and subsequently carry it to the draining lymph
nodes (LN). This traffic is markedly increased during
inflammation. The immune regulatory capacity of DC

located in the tissues of the inner and outer body surfaces,
namely the skin and mucosa, is of particular importance to
mount sufficient defense against pathogens but also to
avoid unwanted immune responses against foreign, yet
harmless antigens including commensal bacteria.

Skin dendritic cell subtypes

Dendritic cells are derived from haematopoietic stem cells
in the bone marrow (BM) (1,2) and are specialized to
induce and regulate T-cell immunity and tolerance (3). Sit-
uated in peripheral tissues and lymphoid organs, DC are
uniquely able to detect and capture pathogens. Although
they share many common features, multiple subtypes of
DC with distinct immune functions have been identified in
recent years (4,5).

In the mouse, several types of DC have been described
(6), which have been shown to differentially promote Thl
or Th2 responses according to their origin and state of
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Table 1. Different DC subtypes in mice

Plasmacytoid DC (pDC)
CD11¢*B220*Gr-1* (113)
Conventional DC (cDC)
Lymphoid tissue-resident DC
CD8*CD4"™9 cDC
CD8"*9CD4"? ¢DC
CD8"™9CD4" cDC

Migratory DC
Langerhans cells (LC)
Dermal DC (dDC) (Langerin* or
Langerin®9 dDC)

maturation (4,7) (Table 1). Several factors, e.g. antigen
uptake itself as well as proinflammatory cytokines, can
induce DC maturation and promote a proinflammatory
phenotype. DC take up antigen via different groups of
receptor families, such as Fc receptors for antigen—antibody
complexes, pattern-recognition receptors such as Toll-like
receptors (TLR), which enable DC to recognize a wide
range of microbial stimuli (8), and C-type lectin receptors
for binding of glycoproteins (9).

The DC system can be divided into type-1 interferon-
producing plasmacytoid DC (pDC) (10) and conventional
DCs (¢cDC) (11). ¢cDC involved in defense mechanisms
against pathogens comprise all DC subsets located in anti-
gen-capture areas related to epithelia surfaces (such as the
skin) and secondary lymphoid organs (LN, spleen, bron-
chial- and gut-associated lymphoid tissues) (5). These can
be further subdivided into lymphoid tissue-resident DC
and migratory DC that act as sentinels in the periphery.
For example, the skin harbours Langerhans cells (LC) in
the epidermis and dermal DC (dDC).

Langerhans cells have long been thought to play a pivotal
role in the initiation of immune responses by acquiring
antigens that are encountered in the skin (12). They repre-
sent a unique DC subset localized in basal and suprabasal
layers of the epidermis and in stratified mucosal epithelia
(13). Langerin (CD207) is a C-type lectin predominantly
expressed by LC (14,15), but Langerin expression was also
found on some murine CD8«* LN DC (16,17). In addition,
a new subset of Langerin® dDC that is independent from
epidermal LC has recently been identified (18-20).
Recently, it was described that next to LC in transit from
the epidermis, the dermis contains two more subsets of
Langerin-positive dDC (distinguished from each other by
differential expression of CD103) and two subsets of Lang-
erin-negative dDC that differ in their expression of CD11b
(21). Both Langerin® DC subsets constitute no more than
~3% of all dDC, CD207"8CD11b" dDC represent the
majority of all dDC (~66%), whereas CD207"*CD11b"®
dDC are less frequent (~16%). Thus, murine skin contains
at least five phenotypically distinct DC populations, i.e. epi-
dermal LC, two Langerin® and two Langerin™® dDC sub-
sets, which may also differ functionally, e.g. in their ability
to (cross-)present antigen (21-23).
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Dendritic cells reside in the skin in an immature state.
Upon antigen encounter together with inflammatory medi-
ators, they undergo maturation enabling their migration to
skin-draining LN. It was demonstrated that after epicutane-
ous application of tetramethylrhodamine (TRITC), both
LC and dDC home to the skin-draining LN (16). Antigen-
bearing LC preferentially migrate to the inner paracortex,
whereas antigen-loaded dDC accumulated in the outer
paracortex of the LN. Furthermore, Kissenpfennig et al.
(16) showed that migration of LC to the skin-draining LN
is delayed in comparison with dDC. While dDC arrived in
the LN within 2 days after epicutaneous antigen applica-
tion, LC were only detected after 4 days. Nagao et al. (23)
demonstrated that epidermal LC and Langerin-expressing
dDC are unrelated and exhibit distinct functions in vivo:
Langerin® dDC were required for optimal production of
antigen-specific IgG2a/b primarily found during Thl
immune responses, whereas LC primarily induced Th2-
associated 1gGl.

Dermal DC can be distinguished from macrophages
(M®) by their expression of MHC class II, CD11lc and
CD205. LC and dDC are both well equipped to capture
environmental antigens, migrate to the draining LN and
initiate specific T-cell immune responses. Consequently,
both skin DC populations contribute to the transport of
pathogens to the draining LN (16,24-26). Nevertheless, as
observed in herpes simplex virus (HSV) infections, despite
their important function in antigen delivery, MHC class
I-restricted antigen presentation was initiated by non-
migratory LN-resident CD8" DC, rather than by skin-
derived DC (27). Thus, inter-DC antigen transfer may
function to amplify antigen presentation in certain situa-
tions, i.e. infection with cytolytic virus. The observations in
the HSV infection model, however, cannot be generalized.
Upon lentiviral infection, which does not kill the cells, LC
are perfectly capable of direct Ag presentation and T cell
activation (28). In addition, Geijtenbeek and coworkers
(29) have shown that Langerin® LC are important for pro-
tection from HIV infection.

Additionally, infection-induced inflammatory reactions
caused by bacteria, viruses and parasites involve a strong
increase in de novo generation of DC at the infection site
and in draining LN (30-32). In these locations, Ly-6C"*
monocytes can differentiate into DC under inflammatory
conditions (33). Experimental cutaneous leishmaniasis pro-
vided new insights into the de novo DC differentiation dur-
ing infection in vivo. After L. major infection, two newly
formed DC subsets were described in the popliteal LN,
which were not found in the steady state (34). Here, der-
mal moncocyte—derived DC controlled the induction of
protective immune responses against Leishmania, indicating
that these newly generated DC were essential for T-cell
immunity against this parasite (34).
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Most of our current knowledge of cutaneous DC subsets
is derived from the analysis of steady state and inflamma-
tory conditions in murine skin. However, as described in
detail later, a number of critical findings have already been
confirmed for human DC subsets. For example, in addition
to epidermal LC, Haniffa et al. (35) recently described
three principal subsets of CD45" HLA-DR" cells in the der-
mis. The dDC population consists of a CDla" CD14"®
and a CDI1a"® CDI14" subset, whereas CD1a"™® CDI14"
FXIIla" cells were identified to be M.

Mouse models for inducible in vivo
ablation of dendritic cells

The developmental interrelations and differential in vivo
functions of the numerous phenotypically distinct DC sub-
sets are still incompletely understood. New experimental
approaches such as constitutive or inducible cell lineage
ablation enable the investigation into specific cell function
in vivo (36). In mice, toxigenic depletion methods using
diphtheria toxin (DT) have become a widely used strategy
and were first described by Saito et al. (37). The cytotoxicity
of DT is dependent on receptor-mediated endocytosis (38).
Following receptor binding by the B subunit of DT and
internalization, the toxic A chain (DTA) catalyses ADP ri-
bosylation of the eukaryotic elongation factor 2, resulting in
inhibition of translation, which finally leads to apoptotic cell
death (39,40). Two main strategies are applied to deplete
cells by DT. One method involves expression of the human
DT receptor (DTR) in the target cell population, rendering
naturally DT-resistant mouse cells susceptible to DT killing
(37,41). Here, DT needs to be injected systemically or locally
into mice to trigger cell death. Another approach is based
on the endogenous expression of DTA (42,43).

The DT/DTR system has been successfully used to
achieve conditional ablation of DC in CDI11¢-DTR mice
(44). Jung et al. generated mice that carried a transgene
encoding a human DTR-green fluorescent protein (GFP)
fusion protein under control of the murine CD1llc pro-
moter. Murine CDllc expression is largely restricted to
the DC compartment. In CD11c-DTR mice, a single i.p.
injection of DT leads to depletion of all CD11c™&" cells
for 2 days after which the DC compartment is gradually
and completely restored by day 6 after DT (44). Interest-
ingly, LC are not depleted in these mice. However, some
other immunologically relevant cells such as CD8 T cells,
splenic M® populations and mast cells were also affected
to varying degree by DT treatment (45,46).

To understand the in vivo dynamics and functions of
Langerin® DC in general and LC in particular, knockin
mice expressing the same DTR-eGFP ¢DNA under control
of the endogenous langerin promoter were generated (47).
Another group made knockin mice by targeting an IRES-

C57BL/6 Bone marrow  Lang-DTR Bone marrow

CD11 c-]DTR Langerin-]DTA LangerirlDTR Langerin-DTR C57BL/6
+DT +DT +DT +DT
e »* E +* e
=<
Depletion of Constitufr 'rr'gﬂ_{;l x ion of Depiation of
CO11e™" DC, deficiency Langerin® dDC, LC ondy (radio- Langsrin®
Majarity of LC. of LC only Langarin*CDE" LN resistant) dDC only
not affectad DG

W Langerhans celis (LC) Langefin™a dDC <4 Langerin® dDC

Figure 1. Overview of the different murine DC ablation models.
Mouse models were generated for the inducible depletion of either
CD11c"9" DC (44) or Langerin* DC (16,47) using the DTR/DT system.
Alternatively, Langerin-DTA mice exhibit a constitutive Langerhans cells
(LC) deficiency throughout life (48). Separation of effects mediated by
either LC or Langerin® dDC can be achieved by timed DT treatments
that allow for the depletion of all Langerin® DC (DT injected on day 1
and 2 prior to immunization) or selective depletion of only LC (DT
administered from day 7 to 10). Although not ideal (only about 50%
reconstitution of Langerin* dDC), this approach is frequently used in
the light of the major time and effort required to generate wild-type
bone marrow x Langerin-DTR chimeras.

DTR-eGFP cassette into the 3’-untranslated region of lang-
erin (16). In both of these Langerin-DTR strains, LC, Lang-
erin® dDC, and Langerin"CD8x" DC can be efficiently
depleted from skin, LN, spleen and thymus following a sin-
gle intraperitoneal (i.p.) injection of DT (16,47). Repopula-
tion of the epidermis is slow with LC starting to reappear
only at 2—4 weeks after DT injection (47), whereas Langer-
in" dDC start to reappear in the skin already 4 days follow-
ing DT treatment, demonstrating that this DC subset is
capable of replenishing the connective tissue significantly
faster than LC the epidermis.

On the other hand, a bacterial artificial chromosome
(BAC) transgenic mouse strain was generated by inserting
DTA into the 3’-untranslated region of the human langerin
gene (48). In contrast to the two inducible Langerin-DTR
models, these Langerin-DTA mice constitutively lack LC.
Importantly, only LC and no other Langerin® DC are
absent in these mice, likely reflecting that regulation of
expression of the human promotor does not entirely corre-
late with murine langerin (Fig. 1).

Bone marrow (BM) reconstitution studies with congenic
strains (CD45.1 and CD45.2) provided evidence that Lang-
erin” dDC and LC develop independently and exhibit dis-
tinct repopulation kinetics and migratory properties
(18,20). Before syngeneic BM transplantation, the mice
need to be conditioned by e.g. (sub-)lethal irradiation to
enable engraftment with donor BM. Epidermal LC are
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radio-resistant, and after irradiation and BM transplanta-
tion, LC remain of host origin throughout life in the steady
state (49). In contrast, all other DC subtypes are radiosen-
sitive and replaced by donor-derived cells. As a result, it is
now possible to selectively deplete either LC or Langerin"
dDC and Langerin"CD8u" DC depending on the chosen
chimeras (host: Langerin-DTR, donor: C57BL/6 wt, or vice
versa, Fig. 1).

Thus, selective cell depletion allows for an analysis of
the function of a distinct DC subtype during pathogenic
infections or other skin diseases with the aim of improving
current therapeutic approaches. In the future, modern
genome/proteome analysis might reveal even better molec-
ular targets for the selective depletion of different DC subsets.

Cutaneous leishmaniasis

Leishmaniasis is a parasitic disease transmitted by the bite
of a sand fly (Fig.2), which affects ~12 million people
worldwide. The infectious metacyclic promastigotes, repre-

Sand
fly

Skin of host organism
(e.g. human, mouse)

Figure 2. Life cycle of L. major. Leishmania parasites are inoculated
into the skin upon the bite of a sand fly or in a mouse model via
needle inoculation. This leads to a rapid influx of neutrophils to the
wound site, which phagocytose L. major promastigotes. In the
following, macrophages phagocytose infected neutrophils or they take
up viable parasites released from apoptotic neutrophils. Inside the
macrophages, L. major promastigotes transform into the obligate
intracellular amastigote life form. Free amastigotes are released from
lysed macrophages and are able to infect DC. Infected DC migrate to
the draining lymph nodes (LN) and activate naive T cells. L. major-
resistant strains like C57BL/6 develop a protective Th1 response after
infection. The life cycle is completed upon re-infection of sand flies
after feeding at infected skin sites.

Leishmaniasis, contact hypersensitivity and GVHD |

senting the flagellated life form of the parasite, are trans-
mitted to the host skin from the salivary gland of sand
flies. As shown recently by intravital microscopy, neutroph-
ils constitute the first wave of inflammatory cells migrating
to the site of infection (50). Neutrophils efficiently capture
Leishmania major parasites early after needle inoculation or
sand fly transmission. By 6-7 days after the sand fly bite,
the majority of cells harbouring parasites were M®, which
acquired viable parasites that had been released from neu-
trophils undergoing apoptosis. Thus, in addition to com-
plement receptor 3—mediated uptake of parasites by M®,
this indirect phagocytosis of parasites by neutrophils and
subsequent transfer of parasites to M® contributes to the
silent entry of parasites into M® and parasite replication
(51). In addition, DC might be involved in the very early
events after infection as well. Using an intradermal infec-
tion model and intravital microscopy, Ng et al. (52) found
that already within minutes after infection, dDC incorpo-
rated multiple L. major parasites into cytosolic vacuoles
independently of neutrophils.

Once phagocytosed by skin-resident M®, promastigotes
differentiate into the non-flagellated amastigote form that
replicates within the acidified phagolysosomes (53). After
several divisions, the amastigotes (eventually) rupture the
cell, are released and rapidly taken up by other M® or DC.
Some parasites remain in the skin and cause cutaneous
lesions, while others visceralize (directly or by being ‘shut-
tled” within cells) to the spleen, liver and BM. The life cycle
is completed when a sand fly ingests amastigotes, which
then transform back to promastigotes (Fig. 2).

Control of parasite replication is mediated by activation
of leishmanicidal mechanisms in infected M® that are
dependent on interferon (IFN)y production by Thl or Tcl
cells. IFNy induces the expression of inducible nitric oxide
synthase (iNOS) by phagocytic cells, leading to the produc-
tion of nitric oxide (NO). Finally, IFNy-mediated NO pro-
duction is required for parasite killing (54-56). DC play an
essential role in initiating protective Thl responses in
Leishmania infection. Recently, it was shown that a popula-
tion of inflammatory DC (CD11b" CD11c" Ly-6C" MHC
class IT") were the main producers of iNOS in vivo during
the course of L. major infection, and the induction of iNOS
in these cells required the development of a local Thl envi-
ronment (57). Disease progression depends on both the
host’s immune response and the particular strain of Leish-
mania causing the disease.

Murine models of cutaneous leishmaniasis have been
used to study immune responses following needle inocula-
tion of L. major. Generally, supra-physiological high doses
of L. major stationary-phase promastigotes (2 x 10° to
2 x 107) have been injected subcutaneously or intrader-
mally into footpads of mice. To study experimental cutane-
ous leishmaniasis in a system that most closely mimics
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natural transmission, a low-dose infection model has been
established using intradermal inoculation of small numbers
(10-1000) of metacyclic promastigotes. This low-dose
infection model allowed for identification of additional fac-
tors relevant for resulting immune responses (58-60).

In murine leishmaniasis, BALB/c mice respond to infec-
tion with preferential production of Th2 type cytokines, in
particular IL-4 and IL-10, which are associated with disease
progression and susceptibility. In contrast, C57BL/6 mice
are resistant to L. major and manifest a self-healing local
inflammation with an IL-12-driven Thl response, elevated
IFNy production, M® activation and Leishmania killing.
L. major infection of C57BL/6 mice is considered a relevant
model for human self-limiting cutaneous leishmaniasis. In
contrast to M®, skin DC function as the critical APC initi-
ating the primary immune response against L. major. Here,
skin DC play an important role as bridge from innate to
adaptive immune responses as they prime naive T cells.
When DC take up Leishmania parasites, they acquire a
mature phenotype by upregulation of MHC class I and II,
increase their expression of co-stimulatory molecules,
release IL-12 and transport the parasites from infected skin
to the draining LN for presentation to T cells (61). In vitro,
DC predominantly take up the amastigote form of the par-
asite, even though only promastigotes are inoculated into
the skin by the bite of a sand fly. This effect might explain
why infected DC were not found until after several days/
weeks and at later stages of infections (58). DC were shown
to transport amastigotes from lesions to the draining LN
and to harbour long-term persistent parasites in otherwise
immune animals. Additionally, DC pulsed with Leishmania
antigen protected BALB/c mice from infection (62,63).

The immunological basis of protection against Leish-
mania parasites has been a focus of research for a number
of years. The knowledge described herein has been obtained
by studying murine experimental leishmaniasis, but also
from experimental infections of humans. Even though these
human studies were limited, it was shown that the basic
mechanisms described in mice are also valid for humans
(64—67). This especially holds true for T-cell subsets found
in skin lesions, but not in peripheral tissues. This means
that even though mixed Th1/Th2 responses against Leish-
mania can be found in the blood of infected patients,
which did not correlate with the course of disease (64), a
clear association between elevated levels of lesional IFNy
and healing was observed (65). Comparable observations
were made when studying infections with Mycobacteria
leprae, as tuberculoid (Thl-associated, restricted bacterial
growth) and lepromatous leprosy (Th2-dominated, dissem-
inated disease) have been described (68). Finally, treatment
of persisting leishmaniasis in a child with recombinant
IFNy led to complete resolution of disease (66). However,
the role of the various DC subsets for the induction of

protective immunity against Leishmania in humans is not
clear yet.

Even though lifelong immunity develops once an infec-
tion has healed, a vaccine against primary infection with
Leishmania does not exist at present. One critical issue is
how an appropriate antigen is presented to the immune
system, and how DC direct diverse key functions like
anergy, tolerance, initiation and regulation of the adaptive
immune response as well as the development of memory
responses (3). Thus, a more detailed understanding of the
complexity of the skin DC system will improve the use of
DC as tools for immune intervention strategies and
enhance otherwise insufficient immune responses against
this important human pathogen (69).

Role of different skin DC subsets for
control of L. major infections

Prior studies demonstrated that infected DC are the critical
APC responsible for T-cell priming in Leishmania infec-
tions (25,63,70,71). Because of their position in the epider-
mis, LC have been thought to play a vital role in the
initiation and control of skin diseases. By labelling of LC
with a fluorescent cell linker and in vivo tracking, LC were
shown to transport L. major from the skin to the draining
LN (62). Although both LC and dDC can home to the
draining LN, they may have different capacities in engulf-
ing promastigotes/amastigotes of the parasite and distinct
functions in experimental leishmaniasis (24,25). More
recent studies have suggested that DC other than LC may
be crucial to initiate protective anti-Leishmania immunity
(25) (Table 2).

To address the question which cells harbour and trans-
port parasites to the draining LN, Baldwin et al. (71) sys-
tematically examined the parasite load in the different DC
subpopulations isolated from draining LN of susceptible
BALB/c and resistant C57BL/6 mice (Fig. 3). Although
parasites were already detected in the LN, a few hours after
infection with 10° metacyclic promastigotes, none of the
skin DC immigrants harboured any parasites until week 3,
indicating that DC are not responsible for transport of the
parasites from the skin to the draining LN early after infec-
tion with physiologically relevant low-dose inocula. Inter-
estingly, in both Leishmania-resistant C57BL/6 and
Leishmania-susceptible BALB/c  mice, double-negative
(CD8™8Dec205™¥) DC, CD8"E"Dec205™ cells, CD§™ De-
205" dDC and CD8™ Dec205"#" LC from the LN con-
tained comparable numbers of parasites 3 weeks
postinfection, whereas pDC were not significantly parasit-
ized. In addition, the majority of DC emigrating from
infected ears at different time points were LC followed by
dDC. As it is still unclear whether LC efficiently phagocy-
tose parasites in the skin and subsequently migrate to
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Table 2. Phenotype of mouse and human skin DC subsets

Leishmaniasis, contact hypersensitivity and GVHD |

Dermal mo-DC

LC

Langerin® dDC

Langerin"®9 dDC

Murine
Tissue
Contribution during
L. major infection

Marker expression

Human
Contribution to immunity

Marker expression

Dermis, LN

Ag presentation (34)

Induction of protective
Th1 immunity (34)

CD8u

CD11b

CD11c

MHC class Il

?

DEC205 (CD205)
?

Production of:
TNFe

iNOS
IL-12/23p40

CD1c
CD11c
HLA-DR

Epidermis

Ag presentation (62)

Tolerance? (72) Suppression
(unpublished data)

CD11b
CD11c
MHC class Il

DEC205 (CD205)
Langerin (CD207)

CD1a

HLA-DR
Langerin (CD207)

Dermis
Ag presentation (24)
CD8 T-cell priming (114)

CD11c
MHC class Il
CD103

?

Langerin (CD207)

Unknown, but likely separation in:

CD1a*/CD14"9
CD1a™9/CD14* (35)

Dermis

Ag presentation (24)
Induction of protective
Th1 immunity (24)

CD11b
CD11c
MHC class Il

DEC205 (CD205)

Table adapted and modified from (22,115,116).
Mo-DC, monocyte-derived DC; LC, Langerhans cells; dDC, dermal DC; iNOS, inducible nitric oxide synthase; n.d., not determined; LN, lymph

nodes.

draining LN, infection of LC might also occur in draining
LN.

In contrast, it was demonstrated that L. major antigen
was transported to the draining LN by dDC, and not LC,
using a high-dose infection model (3 x 10° metacyclic
promastigotes). In addition, only the CD8u"*® dDC were
able to present endogenous L. major antigen to CFSE-posi-
tive CD4" T cells and induced proliferation (24). Whereas
antigen-specific effector T cells are primed by dDC in the
outer paracortex of the LN, LC may be responsible for the
maintenance of peripheral tolerance and in the induction
of regulatory T cells that exhibit immunosuppressive prop-
erties (72). lezzi et al. (73) postulated that skin-derived DC
migration is not required for initiation of L. major-specific
T-cell responses. They demonstrated that the initiation of
antigen-specific immune responses is mediated by a popu-
lation of CD11c"€"CD11b"€"CD8™*Langerin"*® DC, which
reside in LN and acquire soluble antigens transported
through the lymph after high-dose infection (2 x 10° meta-
cyclic promastigotes). Leon et al. described two de novo
formed DC subsets in the popliteal LN during L. major
high-dose infection. These DC included both dermal and
LN monocyte—derived DC. Using fluorescent parasites,
antibodies and T cells that recognized L. major antigens
presented on MHC molecules, they identified only the
monocyte-derived DC to be involved in capture and pre-
sentation of L. major (34).

Plasmacytoid DC produce large amounts of type-1 inter-
ferons after stimulation with viral or other microbial infec-
tions. IFNo released by pDC has an inhibitory effect on
viral replication, but also contributes to the activation of
natural killer (NK), T and B cells (74,75). pDC possess the
capacity to mediate resistance against L. major high-dose
infection in susceptible BALB/c mice (76). Activation
with CpG induced the release of high amounts of IFN-«
from pDC after 48 h in culture. Although Remer et al.
documented that a single treatment with L. major lysate—
pulsed pDC is sufficient to induce T cell-mediated protec-
tion, this was not accompanied by a polarized Thl cytokine
profile.

Taken together, advances have been made in the charac-
terization of the different DC subpopulations which may
direct T-cell responses and influence disease progression in
leishmaniasis. New experimental settings, e.g. the in vivo
depletion of distinct DC subtypes will provide better
insights into the complex DC network in orchestrating the
anti-Leishmania immune response.

Function of LC and other skin DC in
contact hypersensitivity

Similar to the situation in leishmaniasis, DC and LC have
been shown to be critically involved in the induction and
elicitation of contact hypersensitivity (CHS) in humans and
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Figure 3. Different dendritic cell subtypes may be involved in the
induction and maintenance of adaptive T cell-dependent immunity
against L. major. In the steady state, migratory DC (Langerhans cells,
LC; dermal Langerin* and Langerin™® DC, Lang*’ "9 dDC) in the skin
migrate to the lymph node (LN) and acquire a mature phenotype. LN-
resident DC remain immature in the absence of an activating stimulus.
During Leishmania infection, L. major promastigotes are internalized by
skin-resident dermal macrophages (M®), in which they transform to
non-flagellated amastigotes. Monocyte-derived DC are not found in the
steady state and immigrate into skin as a consequence of infection and
inflammation. Within days/weeks, the various skin DC take up L. major
amastigotes released from lysed M® and migrate to the draining LN. In
the LN, L. major antigen may be processed by LN-resident DC as well.
Consequently, L. major antigen-specific T cells with a Th1-like
phenotype are activated and proliferate.

mice. CHS is a common skin disease, presenting clinically
as allergic contact dermatitis. Millions of individuals suffer
from allergic contact dermatitis, e.g., against nickel.
Experimentally, CHS is induced by application of a sen-
sitizing dose of hapten (e.g. dinitro-fluorobenzene (DNFB),
oxazolone — both comparably weak sensitizers — or the
strong hapten trinitrochlorobenzene (TNCB)) onto the
skin, which leads to DC activation, transport of haptenized
self-proteins to the draining LN and antigen presentation
to naive T cells. Upon re-exposure to the same hapten
(experimentally applied at a site different from the sensiti-
zation area, i.e. the ears), recruitment of hapten-specific T
cells leads to local inflammation usually measured as ear
swelling reaction. It was previously demonstrated that the
T cells responsible for elicitation of CHS responses are
primarily antigen-specific CD8" and — to some extent —
IFNy-producing CD4" Th1 cells or Thy (thymocyte differ-
entiation antigen)-1" NK cells, whereas Th2 as well as Treg
contribute to control of inflammation (77,78). The Treg
involved in the regulation/suppression of CHS are primar-
ily CD4"CD25™" cells and act via production of IL-10 (77).
Following primary exposure to the contact allergen in
the skin, LC/dDC take up haptenized proteins and migrate

to the regional LN, where they prime naive hapten-specific
T cells during the asymptomatic sensitization phase.
LC/dDC activation and mobilization is mediated by proin-
flammatory cytokines [tumor necrosis factor (TNF) TNFa«
and IL-1f produced e.g. by ‘irritated’/stimulated keratino-
cytes and/or LC/dDC] (78). LC/dDC activation correlates
with induction of cytokine secretion (IL-1f, IL-6, IL-12),
enhanced surface expression of MHC class I and II, and
costimulatory molecules. Although according to the classical
paradigm they were considered critical inducers of CHS,
LC appear to be dispensable for T-cell sensitization in
CHS, and dDC may also contribute to priming of naive
T cells after contact with hapten.

Taking advantage of the mouse models described previ-
ously, the role of LC when compared to other skin DC
subsets in CHS has recently been re-examined (22,79).
Using the two inducible Langerin-DTR mice and applica-
tion of DT immediately before hapten sensitization, it was
demonstrated that ear-swelling responses were either unal-
tered (16) or diminished but not absent (47), suggesting
that LC and Langerin® dDC are not absolutely required for
T-cell priming and induction of CHS. In contrast, mice
constitutively lacking only LC developed enhanced CHS,
suggesting that LC may exert a regulatory function and
limit contact allergy (48).

Apart from variations in the experimental design of these
initial studies, the controversial results may rely on the
presence/absence of Langerin™ dDC, which seem to partici-
pate in the induction of CHS (22). This hypothesis is sup-
ported by a recent study using platelet-activating factor
(PAF)-deficient mice (80). In these mice, migration of hap-
ten-pulsed LC was markedly inhibited, whereas recruitment
of antigen-loaded dDC to draining LN was unaltered. As a
result, CHS responses were comparable to those in wild-
type mice, but not enhanced as in LC-deficient Langerin-
DTA mice (48). Moreover, based on the faster repopulation
kinetics of dermal Langerin® DC, timed toxin treatments
can be used to achieve selective depletion of only LC in
Langerin-DTR mice. Specifically, applying the hapten onto
the skin 1-2 or 7-14 days after DT will lead to sensitization
in the absence of, respectively, all Langerin® (skin) DC and
LC alone (Fig. 1). In initial experiments using this strategy,
CHS was diminished when all Langerin® DC were depleted
and indistinguishable from wild type (but again not
enhanced) when only LC were lacking (19). From this it
was concluded that the magnitude of a CHS reaction is a
function of the Langerin® dDC subset. However, more
recent experiments demonstrate that hapten dose and
access to the dermis are the critical parameters that deter-
mine whether CHS is similar or reduced when compared
to wild type. At a low hapten dose, ear swelling is
decreased both when all Langerin” DC and when LC are
depleted. In contrast, upon painting of a higher concentra-
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tion of hapten onto the skin, CHS is diminished only when
all Langerin® skin DC are missing (81). These data suggest
functional redundancy of the different skin DC subsets in
CHS. In conclusion, the degree of ear swelling is deter-
mined by the efficiency of LC/dDC antigen transport and
naive T-cell priming during hapten sensitization, rather
than a function of a particular skin DC subset (82).

In contrast to CHS, delayed-type hypersensitivity (DTH)
reactions are primarily elicited by antigen-specific CD4" T
cells. The experimental models for studying DTH responses
vary tremendously between different research laboratories.
In the majority of studies, DTH is elicited by intradermal
or even subcutaneous injection of antigen in the presence
of adjuvant. In others, epidermal expression of a neo-self
antigen such as ovalbumin (OVA) is achieved genetically in
transgenic mice (83). While initial experiments suggested
functional redundancy of LC and dDC in activating reac-
tions towards epidermally restricted OVA, two authors
demonstrated that keratinocyte-derived OVA was cross-
presented to T cells by Langerin® dDC, and not LC
(21,84). However, it is still premature to draw definite con-
clusions about the physiological role of the different skin
DC subsets from these studies. A comprehensive overview
of this complex area of research is beyond the scope of this
review and has recently been elegantly discussed elsewhere
(83).

Requirement of LC in UV radiation
induced immunosuppression

Based on the findings in the CHS model, a relevant ques-
tion is whether a similar redundancy of skin DC function
may also exist for UV radiation (UVR)-induced immuno-
suppression, which has long been considered to be exclu-
sively mediated by LC. Middle wavelength range UVR
(UVB, 290-320 nm) can be a risk to human health by
inducing skin cancer, but also suppresses adaptive immu-
nity and therefore can be used therapeutically to treat auto-
immune skin diseases (e.g. psoriasis). Experimentally,
UVR-mediated immunosuppression was demonstrated by
inhibition of CHS. Hapten sensitization via UVR-treated
skin induces antigen-specific tolerance (85). As UVR expo-
sure induced LC depletion from the epidermis, attenuated
ear swelling reactions were initially explained by inhibition
of sensitization and inefficient T-cell priming. Later, it was
demonstrated that immunological unresponsiveness is sys-
temic. CHS could not be elicited when the same hapten
was painted at a later time point onto non-UVR exposed
skin maintaining a physiological number of LC. In addi-
tion, hapten-specific tolerance could be adoptively trans-
ferred by spleen or LN cells (86) and was mediated by
UVR-induced CD47CD25" Treg (87) secreting high
amounts of IL-10 (88). Development of UVR Treg required
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migration of DNA-damaged, but still viable LC to the local
LN (89,90), which demonstrated that the capacity of epi-
dermal LC to induce Treg was dependent on receptor acti-
vator of NF-xB (RANK) interaction with its ligand
(RANKL, also known as TRANCE). RANKL/TRANCE was
induced on keratinocytes by UVR and is known to increase
DC survival by upregulating expression of Bcl-X; (91). This
mechanism may be operating in UVR-damaged LC to delay
their death until after they have reached the draining LN.

However, the conclusion that LC are responsible for
UVR-induced Treg and suppression of CHS was based on
the identification of Langerin® skin DC in the nodes, which
as we know in the meantime may also include Langerin"
dDC. Taking advantage of timed toxin treatments of Lang-
erin-DTR mice, it was recently shown that UVR-induced
inhibition of CHS and induction of Treg did not occur in
the absence of epidermal LC (92). These findings strongly
support a critical requirement of LC in UVR-mediated
immunosuppression. In contrast, in a similar recent study
using LC-depleted Langerin-DTR mice, it was found that
LC are dispensable for UVR-induced suppression of CHS
(93). However, probably the UVR dose in these experi-
ments was too low, because against published literature
(85,94,95) the authors claimed that LC were not depleted
by UVR. Moreover, the development of Treg following
UVR was not determined in this study.

Taken together, a continuous downtuning of the adap-
tive skin immune system may be beneficial to limit
unwanted reactions to e.g. commensal bacteria and this
may be achieved by physiological doses of UVR. LC appear
to be an essential part of this regulatory system (92), in
contrast to their redundant function in CHS.

Langerhans cells and graft-versus-host
disease

Allogeneic haematopoietic stem cell transplantation is a
curative therapy for many haematologic malignancies and
some non-malignant diseases (96). For malignant tumors,
the major remission-maintaining therapeutic effect of stem
cell transplantation is carried out by donor-derived T cells
(97). On the other hand, T cells of donor origin can also
cause damage to healthy host-tissue resulting in graft-ver-
sus-host disease (GVHD). GVHD is the major cause of
non-relapse mortality following stem cell transplantation
(98). In acute GVHD, cytotoxic CD8" T cells are the main
effectors of the underlying immune reaction leading to
inflammation of the skin, gut and liver. In contrast,
chronic GVHD resembles the features of chronic autoim-
mune disease like, e.g., systemic sclerosis and is mediated
by multiple effector mechanisms.

Current understanding holds that GVHD pathophysiol-
ogy consists of three steps (99,100). First, tissue damage is
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caused by the preparative (chemo-) radiotherapy (the
conditioning regimen) prior to stem cell transplantation.
Secondly, the local inflammation caused by tissue damage
— especially of the intestinal mucosa — leads to the activa-
tion of resident DC in mucosa-associated lymphatic tissue.
The translocation of bacterial products such as lipopolysac-
charides (LPS) via the bloodstream also activates host APC
in other organs (101). Activated donor-derived T cells are
subsequently primed against host antigens in secondary
lymphoid organs. In the third step (effector phase) of
GVHD, multiple cells and soluble mediators of the innate
as well as the adaptive immune system cause severe tissue
damage and eventually death.

The essential role of APC for GVHD has been proven by
transplantation of f2-microglobulin knockout (f2m™"")
mice with haematopoietic stem cells derived from wild-type
animals and vice versa. GVHD developed only in the pres-
ence of MHC class I-positive APC — even in f2m~~ mice
lacking MHC class I on tissue cells (102). Consequently,
the GVHD-preventing effect of KIR (killer cell immuno-
globulin-like receptor)-mismatched donor NK cells in
haploidentical transplantation (103) is most likely associated
with the NK cells’ DC-depleting capacity. In contrast to the
initiation phase, donor DC are more detrimental than host
DC during later stages of GVHD (104). As in leishmaniasis,
the GVHD-promoting T-cell response is primed in second-
ary lymphoid organs and blocking T-cell homing to sec-
ondary lymphoid organs in splenectomized mice prevents
the initiation and development of GVHD (105).

After allogeneic stem cell transplantation, APC in the
peripheral blood of the patient are rapidly replaced by cells
derived from the haematopoietic cell transplant (106). LC
of the epidermis, however, persist in patients for months
after stem cell transplantation (107). One reason for this
phenomenon is the resistance of LC to gamma irradiation
used in many conditioning regimen. In addition, local
depletion of LC by irritants leads to proliferation of LC
precursors in the skin without recruitment of blood-
derived progenitors (49). In humans, depletion of epider-
mal LC by GVHD-causing T cells has been demonstrated
in the early 1980s (108) and in fact depletion of T cells
from the stem cell graft in murine transplantation models
leads to persistence of host LC (109). In this model, a sec-
ondary challenge with donor T cells predominantly induced
GVHD in those mice with persisting host LC (Fig. 4). In
addition, GVHD can be prevented by depleting LC with
UV radiation prior to T-cell challenge. The influence of
T-cell depletion on the persistence of host LC in humans is
less well documented than in mice. However, the density of
LC at the time of stem cell transplantation depends on the
intensity of the preceding conditioning regimen (110,111).

In different models of GVHD, the role of LC in
comparison with that of other skin-derived DC is still
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Figure 4. Persistence of host Langerhans cells (LC) is associated with
skin GVHD. Lethally irradiated BALB/c mice are reconstituted with
either an unaltered (T-cell replete) bone marrow graft (a) or with a T
cell-depleted graft (b) from C57BL/6 mice. LC remained of host origin
after transplantation with T cell-depleted allogenic haematopoetic stems
cells (HSC) but are largely replaced by donor-derived LC after
transplantation with a T-cell replete full marrow graft. A second
transplantation of a C57BL/6 T-cell replete full marrow graft only
results in GVHD and infiltrating donor T cells in the skin of mice with
persistent LC (109).

(b)

GVHD

controversial. When skin allografts from either Langerin-
DTA mice or wild types were transplanted onto MHC-
mismatched recipients, the presence of LC did not seem
to be required for rejection (112). This is in contrast to
the critical role of LC in transplant rejection reported by
Merad et al. (109), and it is currently not clear whether
these incongruous results are because of generally
enhanced T-cell reactions in Langerin-DTA mice (48) not
observed with any other LC-deficient mouse model
(16,19,47). Moreover, the kinetics of replacement of skin
DC after stem cell transplantation supports the critical role
of LC in mediating GVHD, because all dDC populations
are rapidly replaced by donor cells. In humans, the kinet-
ics of replacement of dermal APC by transplant-derived
cells has been studied extensively (35). The CD1a" dDC as
well as the FXIIIa"*¢/CD14" dDC are replaced by donor
cells within the first 40 days following transplantation —
faster than the replacement of LC (110). Dermal M® can
be distinguished from CD14" dDC by their auto-fluores-
cence and the expression of FXIIIa. They remain of host
origin in relevant percentages even beyond the first year
after transplantation. It is unlikely, however, that dermal
M® contribute to the stimulation of donor T cells because
they are not depleted during skin GVHD (35). In contrast,
LC as well as dDC are rapidly replaced by donor-derived
cells after any episode of acute GVHD (108). This advo-
cates for their capacity to serve as targets for infiltrating
donor-derived T cells.

In summary, host skin DC are critical for inducing acute
GVHD. In particular, epidermal LC persist longer than
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dDC after stem cell transplantation and are depleted by
donor T cells, suggesting a crucial role of LC in cutaneous
GVHD. The priming of donor T cells seems to be depen-
dent on their homing to secondary lymphoid organs, where
they encounter allo-antigens presented by skin-derived DC.
Therefore, approaches to either deplete host DC from
GVHD target organs or to block their homing receptors
and co-stimulatory molecules may provide new strategies
to prevent GVHD. However, the hierarchy of different reci-
pient-derived skin DC subsets in their ability to induce
acute GVHD needs further investigation.

Conclusions

There are still controversial and unresolved issues surround-
ing skin DC—mediated immune responses. The majority of
knowledge is derived from studies in murine experimental
models; however, critical aspects such as the persistence of
host LC and the correlation to induction of GVHD have
been shown to be relevant for humans as well. As DC are
critical regulators of skin immune responses, they are attrac-
tive targets for immunotherapeutic approaches. Thus, it is
important to understand the precise contribution of a partic-
ular (skin) DC subset during immune responses against vari-
ous antigens, including pathogens, haptens or alloantigens.
Building on this knowledge, future targeted immune inter-
vention strategies will need to circumvent these cells or
exploit DC/LC to, respectively, prevent deleterious and elicit
efficient protective immune reactions.
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