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Summary
Langerhans cells (LCs) are antigen-presenting dendritic cells (DCs) that reside in epithelia. The
best studied example is the LC of the epidermis. By electron microscopy, their identifying feature
is the unique rod- or tennis racket-shaped Birbeck granule. The phenotypic hallmark is their
expression of the C-type lectin receptor langerin/CD207. Langerin, however, is also expressed on
a recently discovered population of DC in the dermis and other tissues of the body. These ‘dermal
langerin+ dendritic cells’ are unrelated to LCs. The complex field of langerin-negative dermal DCs
is not dealt with here. In this article, we briefly review the history, ontogeny, and homeostasis of
LCs. More emphasis is laid on the discussion of functional properties in vivo. Novel models using
genetically engineered mice are contributing tremendously to our understanding of the role of LCs
in eliciting adaptive immune responses against pathogens or tumors and in inducing and
maintaining tolerance against self antigens and innocuous substances in vivo. Also, innate effector
functions are increasingly being recognized. Current activities in this area are reviewed, and
possibilities for future exploitation of LC in medicine, e.g. for the improvement of vaccines, are
contemplated.
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Introduction
Dendritic cells (DCs) are key regulators in the immune system. They mediate between the
innate and the adaptive immune system, and they critically determine whether immunity or
tolerance is generated in the body (1-3). DCs were first discovered, unknowingly, in 1868 by
Paul Langerhans (4) at Berlin; he described conspicuous dendritically shaped cells in the
human epidermis that were eventually named after him (Fig. 1).

In 1973, DCs were discovered in the spleens of mice (5). However, it took another 12 years
until Langerhans cells (LCs) were definitively recognized as a member of the DC system.
This was the seminal paper in 1985 by Gerold Schuler and Ralph Steinman entitled ‘Murine
epidermal Langerhans cells mature into potent immunostimulatory dendritic cells in vitro’
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(6). This milestone did not appear out of the blue. Rather, it was preceded by a number of
important observations and experiments that are summarized in Table 1.

The 1985 breakthrough was not the end of LC research; in fact, it marked the beginning of a
new era. Table 2 highlights important findings that facilitated to shape the picture of LC and
other langerin+ DC as it is today. This period was characterized by the establishment of a so-
called ‘LC paradigm’ (16, 17) and its subsequent challenge. Today, LC research is bustling
with exciting activities, and milestones seem to be set at an increasingly rapid pace.

Review articles on LC have regularly been published over the years (including early and
recent reviews in this Journal). Even the old articles are still worthwhile reading, because
they allow the reader to follow the historic development of our views on LCs. They
sometimes also contain observations that have only recently been substantiated and better
understood by more advanced experimental techniques, e.g. the detection of proliferating
LCs within the epidermis (Table 3).

Genetically engineered cell-ablation models
Some 5 years ago, mouse models that significantly stimulated LC research were established
(30). As they will recur throughout this article, they will be described in advance. In essence,
these models allow the researcher to deliberately ‘remove’ langerin+ cells from a mouse (24,
25) or, alternatively, have a mouse that never possesses LCs (26). The generation of the
models is summarized in much detail in an excellent recent review authored by the three
protagonists of this approach (31).

Two different principles to generate such mice have been applied. (i) One approach is based
on the fact that mouse cells are at least 1000–100 000 times less sensitive to diphtheria toxin
as compared with human or simian cells. This is because of a mutation in the rodent
diphtheria toxin receptor (DTR) that prevents binding of the toxin (30). The groups of
Clausen/Bennett (25) and Malissen/Kissenpfennig (24) knocked the high affinity human
DTR into the langerin gene locus. In these ‘Langerin-DTR’ mice, langerin+ cells can be
efficiently depleted in response to intraperitoneal administration of the toxin. This inducible
ablation strategy is similar to what was previously achieved in CD11c-DTR mice (32).
However, in the CD11c-driven model virtually all DCs can be eliminated with the notable
exception of LCs that are not depleted from the epidermis (30). Importantly, cell ablation is
transient. However, it takes few weeks until the epidermis is repopulated with new LCs. (ii)
The group of Kaplan/Shlomchik (26) chose another approach. They engineered mice in
which expression of the diphtheria toxin subunit A (DTA) was driven by the regulatory
elements of human langerin. These ‘Langerin-DTA’ mice exhibited a constitutive absence
of epidermal LCs. For still unknown reasons (presumably because of the use of a human
langerin promoter), only epidermal LCs are missing; langerin+ cells in the dermis and in
lymphoid organs are still present.

LCs and more
‘Classical’ LCs

The typical LCs occur in the supra-basal layer of the epidermis. This is more apparent in
human skin, where the epidermis is thicker and layered in a more pronounced way as
compared with mouse epidermis. With regard to the possible encounter of LCs with
pathogens, it seems important that they also occur in special types of skin such as rectal skin
or foreskin and, most importantly, in various mucosae of the body (33, 34). Some examples
for mucosal LCs are presented in Table 4. LCs were mainly recognized by virtue of their
human leukocyte antigen (HLA)-DR and CD1a expression which is specific for LCs in
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healthy human epidermis. Major histocompatibility complex class II (MHC-II) was also the
most common antibody marker in murine epidermis until the advent of anti-langerin/CD207
antibodies some years ago (21). Now, the state-of-the-art marker for identifying LCs in
mouse and human is Langerin. The ultrastructural presence of Birbeck granules was also an
important piece of identification.

The Birbeck granule is a unique organelle of LCs (7). It has the shape of a rod or a tennis
racket (Fig. 2). For many years, this organelle remained ‘enigmatic’ until Jenny Valladeau
and Sem Saeland finally identified the langerin/CD207 molecule (a C-type lectin receptor)
as the main molecular component of these granules and suggested a role in antigen uptake
(19, 20, 51), as one would expect from an endocytic C-type lectin receptor. There is
evidence that viral particles (HIV) can gain access to and are degraded in Birbeck granules
(52). However, thorough cell biologic studies by Daniel Hanau’s group (53, 54) suggest that
Birbeck granules are part of the endosomal recycling network and may be not primarily
involved in endocytosis. The antibodies against langerin have led to a boost in LCs research
because only then (i.e. some 10 years ago) did it become technically possible to
unequivocally identify and track LCs by immunohistochemistry/immunofluorescence. Most
of the anti-murine langerin antibodies were directed against intracellular portions of the
molecule. Only recently has an antibody been generated that recognizes a cell surface-
exposed epitope of langerin and may therefore be suitable for cell sorting (55), although one
has to be aware of the fast internalization of extracellular langerin (56, 57), which may make
sorting tricky. The lack of langerin antibodies was particularly cumbersome in the mouse
system. A highly useful antibody against human Birbeck granules (Lag) had already been
generated earlier (58, 59). This antibody eventually turned out to recognize an intracellular
epitope of the langerin molecule (19).

Dermal langerin+ DCs
The picture of the skin DCs has recently become more complex (60). In addition to classical
LC and dermal DC [i.e. langerin-negative (61)], a triplet of papers in 2007 (27-29) has
identified another population of langerin+ DCs that reside in the dermis. To long-standing
members of the LC community this came somewhat as a surprise. Langerin+ cells residing
in the steady-state dermis are rare and they have therefore often been overlooked or not been
paid much attention to. If ever they were spotted, they were regarded as LCs that were just
in transit through the dermis on their way to the lymph nodes (62). This conclusion was
plausible indeed, because langerin turned out to be a marker that persisted during LCs
maturation and migration and could therefore be used as a tracer (63). Our own unpublished
extensive cells counts in human skin sections yielded a rough estimate of one langerin+

dermal cell per each 2 mm of section length. In the overlying epidermis, this frequency is at
least 20–30 times higher (64, 65). Obviously, in those days no distinctions could be drawn
between epidermal LCs en route through the dermis and the novel dermal langerin+ DCs.
The same numerical relations exist in murine skin: ear epidermis of BALB/c mice contains
about 1000 LCs per mm2. In contrast, only about 50–80 langerin-expressing cells (both
transiting LCs and dermal langerin+ DCs) can be found in 1 mm2 of dermis (66). These
numbers emphasize how sporadically langerin-expressing cells appear in the dermis.

Yet, there are several pieces of evidence that firmly establish the novel dermal langerin+

DCs as a distinct subset of cutaneous DCs, not related to LCs (Table 5). (i) Unlike LCs,
dermal langerin+ DCs are radiosensitive. This means that in bone marrow radiation chimeras
these cells are replaced by donor cells (27, 28), whereas LCs remain of recipient origin and
are not exchanged (22). (ii) In the Langerin-DTR mouse model, dermal langerin+ DCs
display repopulation kinetics distinct from LCs. After the complete disappearance of all
langerin+ cells in response to the administration of diphtheria toxin, dermal langerin+ DCs
partly return into the dermis (as well as into the skin-draining lymph nodes) after a few days.
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At this time point the epidermis is still devoid of LCs, indicating that dermal langerin+ DCs
cannot be derived from epidermal LCs (28). (iii) In Langerin-DTA mice, where epidermal
LCs are completely missing, dermal langerin+ DCs are present in normal numbers (29). (iv)
Likewise, dermal langerin+ DCs develop normally in transforming growth factor (TGF)-β
knock-out mice (67) that are otherwise characterized by a complete lack of LCs in the
epidermis (68). (v) In sharp contrast to epidermal LCs, the development of dermal langerin+

DCs is dependent on the cytokine Flt3 ligand. This becomes apparent in Flt3L knock-out
mice that possess a virtually normal set of epidermal LCs but lack dermal langerin+ DCs
(69, 70). (vi) Inversely, LCs are strictly dependent on macrophage colony-stimulating factor
(M-CSF)/CSF-1 and interleukin (IL)-34, the second ligand for the M-CSF receptor.
Accordingly, M-CSF receptor knock out mice have no LCs (71) in the epidermis, but their
dermal langerin+ DCs are present in normal numbers (69, 70). (vii) Also in populations of
DCs that migrate out of murine whole skin explants, cultured without additional
chemokines, over a period of 3–4 days one can consistently find these cells at values of
around 3–10% of all langerin+ cells (i.e. including epidermal LCs) (72, 73). Values for the
ratio of dermal langerin+ DCs to epidermal LCs in transit through the dermis fluctuate
between 2:1 and 1:2 (27-29). While this may be as a result of many experimental variables,
it should be underscored that dermal langerin+ DCs always constitute a substantial
population and certainly not a trace subset. As opposed to the scarcity of dermal langerin+

DCs in situ, one can consistently and easily find them in the skin-draining lymph nodes in
substantial quantities, i.e. in the order of 30–50% of all CD11c+/langerin+ cells (27, 29, 60;
V. Flacher and P. Stoitzner, unpublished data). The apparent discrepancy of ratios observed
in skin versus lymph nodes could be as a result of differences in half-life or survival. CD103
is a useful marker for segregating this subset from migratory epidermal LCs, though it may
not be ideal (74). A word of caution is warranted when considering skin explant cultures,
where percentages of dermal langerin+ DCs vary quite a bit. This may depend critically on
the specific culture system that the authors are using, e.g. ear skin with or without CCR7
ligands (67) or body wall skin with CCR7 ligands. Nevertheless, all methodical variants
yield sizeable populations of dermal langerin+ DCs.

Currently, the most useful marker profile to identify and sort dermal langerin+ DCs from
murine skin and skin-draining lymph nodes is ‘langerin+/CD103+/CD8negative’. CD8+ DCs
need to be excluded, because it has been shown repeatedly that lymph node-resident CD8+

DCs also express langerin (56, 77, 78). High expression levels of CD11c may be used
instead of CD8 expression for this distinction (78). The epithelial cell adhesion molecule
EpCAM/CD326 is another important marker: epidermal LCs express EpCAM (67, 79);
dermal langerin+ DCs do not (67) or only to a minor extent (29). As dermal langerin+ DCs
are so rare, it is difficult and cumbersome to isolate large numbers of pure cells for electron
microscopy. Likewise, it is extremely difficult to find and identify such infrequent cells in
immuno-electron microscopic approaches on skin sections. This is why it is not known,
whether dermal langerin+ DCs possess Birbeck granules. Clearly, the expression of langerin
in a given cell does not necessarily mean that the cell contains Birbeck granules. For
example, murine-cultured LCs have lost virtually all Birbeck granules (6), yet they express
substantial levels of langerin (63).

This novel cell type also occurs in other organs and tissues such as lungs (29, 80), liver, or
the intestine (47, 81). Interestingly, langerin cannot be regarded as the identifying marker in
all tissues. CD103+ DCs in the intestine do not express langerin (69). This topic is reviewed
in much more detail by Miriam Merad in an accompanying article in this issue (82, 83).

All published descriptions of dermal langerin+ DCs have so far been in the mouse.
Obviously, the question arises whether there is a human counterpart. Given the rarity of
these dermal cells and the logistic (and ethical) difficulties in obtaining large amounts of
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human skin, it is not surprising that knowledge on human skin lags behind. Recently,
however a very likely candidate was identified in human dermis, namely a langerin+/
EpCAMnegative DCs. CD103 seems to be no reliable marker for these cells in human skin.
The dermal langerin+ DC equivalent was even found in human bone marrow transplant
patients. Like in the mouse, this cell type turned out to be of donor origin (70; M. Collin,
personal communication).

Langerin+ cells in the lymphoid organs
Again, it was the availability of anti-langerin antibodies that caused ‘a great leap forward’ in
our understanding of DC subsets in lymphoid organs. These antibodies allowed a direct
identification of langerin+ cells outside the skin (19, 21, 63). The traditional view, that all
langerin+ cells in lymph nodes would be LC from the epidermis, needed to be modified.
Three subsets of langerin-expressing DCs, i.e. CD11c+ cells, can now be distinguished in the
skin-draining lymphoid organs of the mouse (Table 6). (i) LCs that have migrated from the
epidermis are characterized by high expression levels of MHC-II, CD40, CD205 (84),
CD86, CCR7, and the absence of CD8. Moreover, they also express relatively less CD11c
(55, 78). (ii) Migrated dermal langerin+ DCs look similar to the phenotype they have while
still in the dermis. They express CD103 but largely lack EpCAM, and they are found in the
CD11c+/CD8negative fraction of DCs (29). (iii) A resident, presumably blood-derived
population of langerin+ DCs has been described in spleens and lymph nodes (56, 77). These
cells can be distinguished from migratory langerin+ cells by their expression of CD8, and
high levels of CD11c, and by their lack of CCR7. Importantly, the frequency of this subset is
markedly mouse strain-dependent. It is substantial in BALB/c mice but small to absent in
C57BL/6 mice (55, 78). In lymph nodes that do not drain skin, such as the mesenteric nodes,
this CD8+ subset comprises almost all langerin+ cells (56). Likewise, all langerin+ DCs in
the spleen of mice belong to the CD8+ subset.

Where are the different subsets of langerin+ DCs localized within the lymph nodes or the
spleen? As expected, the bulk of langerin+ cells in the skin-draining lymph nodes can be
found in the T-cell areas (21, 55, 63). In the spleen, a detailed recent analysis (85) revealed
that in the steady-state most langerin+ DCs localize to the marginal zone around white pulp
nodules into which blood vessels flow. This means that they are ideally placed to take up
antigens that are flushed into the spleen by the bloodstream (85). Given the extraordinary
capacity of this subset to cross-present antigens (86) and to promote Th1 responses (87), this
is of great relevance.

Regarding the interesting question whether the occurrence of Birbeck granules may be
restricted to the one or the other subset, no answer can be given to date. Occasional Birbeck
granules have been found in DCs in the lymph node in response to cutaneous sensitization,
but this was long before DCs subsets, let alone langerin was known (88). Back then, these
Birbeck granules were taken as a solid argument for the migration of LCs to the lymph
nodes (89). Only in the spleen, the highly purified CD8+ subset was investigated by electron
microscopy; no Birbeck granules were found (56).

A big discrepancy exists between our knowledge on langerin expression in DCs of murine
and human lymphoid organs. All the above-mentioned findings are in the mouse. Occasional
spottings of Birbeck granules in human lymph nodes were reported (90, 91). Langerin+ cells
were first detected in human lymph nodes in 1986 using antibodies directed against the
‘Lag’ antigen (58), which we now know is a part of the langerin molecule (19). The first
study using anti-langerin antibodies was performed by Geissmann et al. (92) looking at
lymph nodes in dermatopathic lymphadenitis where they found an accumulation of many
langerin+ cells that were phenotypically immature and that localized to the afferent sinus and
to the T-cell area. These were pathological nodes, though. Angel et al. (93) recently
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provided a detailed analysis of normal human lymph nodes. Langerin+ cells, all of them co-
expressing CD1a, were found in the paracortex of skin-draining nodes, i.e. in the T-cell area.
About half of these langerin+ DC were phenotypically mature as indicated by their
expression of DC-LAMP/CD208. As opposed to murine lymph nodes, where epidermal LCs
and langerinnegative dermal DCs settle in distinct regions (24), CD1a+/langerin+ and CD1a+/
langerinnegative DCs are intermingled in the same area. Subsets of langerin+ DCs in human
lymph nodes, in analogy to the mouse, cannot be defined (yet).

Ontogeny and homeostasis
During their life, LCs need to establish and/or maintain their typical network in the
epidermis (Fig. 1) under three different conditions. First, before and around birth the
epidermis needs to be populated by LCs or their precursors. Second, the density of LCs in
the undisturbed, steady-state adult epidermis needs to be somehow maintained. Third, after
an inflammation, in the course of which LCs migrate away from the epidermis towards the
draining lymph nodes, the epidermis needs to be replenished with fresh LCs. These three
scenarios will be considered separately. The same applies to dermal langerin+ cells as well.

Initial seeding of the epidermis with LCs
This has been best described in the mouse where pregnancy lasts only for about 3 weeks,
and where epidermal sheet specimens can be readily prepared starting around day 17 of
gestation. The final numbers of LCs are reached some 10 days after birth. At this time point,
the densities are maximal with almost 2000 LCs per mm2. Subsequently, they drop to adult
levels, i.e. 700–1000 per mm2 (94-96). This is mainly because the given number of LCs
remains constant while the area of skin increases as the mouse grows. The initial wave of
LCs that enters the epidermis in perinatal life has a high proliferative potential. Many (20–
35%) LCs actively divide; Geissmann even speaks of an ‘explosive’ proliferation in the first
week after birth with some 60% of LCs in cell cycle as determined by Ki-67
immunolabeling (97). This number falls to 2–5% in adult epidermis (22, 98). Thus, the
initial network of LCs is established by immigration of precursors and their subsequent
proliferation in situ. LC precursors acquire immunologically relevant molecules in a
stepwise fashion, only after arrival in the epidermis (94-96). In murine prenatal epidermis,
most LC precursors express only ATPase and CD45. Around birth, MHC-II molecules are
added, and a few days later de novo expression of C-type lectin receptors follows, first
langerin (96), and then DEC-205/CD205 (99). This sequence of surface molecule expression
can also be observed, at least for MHC-II and langerin, when LCs repopulate the epidermis
after tape stripping, when bone marrow-derived precursor populations are injected into the
skin (100) or when monocytes were experimentally used as LC precursors (71). The
development of dermal langerin+ DCs in the perinatal period has not been studied yet.

Less is known about the ontogeny of human LCs. Early work (101, 102) described that
dendritically shaped cells in the fetal epidermis first expressed HLA-DR and ATPase and
only later acquired CD1a. Recently, Adelheid Elbe-Bürger’s group took on the demanding
task to study human prenatal skin and described for the first time in detail the development
of the LC network in the epidermis. Similar to the mouse system, there is a high
proliferation rate of CD45+ leukocytes in the fetal/embryonic skin that decreases after birth.
During the first to second trimester markers on epidermal leukocytes come up in a stepwise
order, first HLA-DR, then CD1c, followed by langerin and CD1a. Interestingly, this
correlated with TGF-β expression in the epidermis. High expression of IL-10 in embryonic
skin seems to keep the LC in a functional blockade (103).
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Maintenance of LC homeostasis in the steady-state epidermis
The bone marrow derivation of LCs was proven many years ago in mice (13, 14) and in
humans (104). It remained unclear, however, how LCs would maintain their numbers in an
undisturbed epidermis. Krueger’s group highlighted the remarkable longevity of LCs for the
first time: LCs in human skin transplanted onto nude mice persisted in the grafts for at least
9 weeks (105). Much later, this could be recapitulated in the human system: In a hand
transplant patient, LCs of the hand donor survived in the graft for more than 4 years (106).
These observations suggested some homeostatic proliferation of LCs within the epidermis.
Indeed, over the years, several investigators showed a low degree of LC division in the
epidermis. (i) Very rare spottings of mitotic LCs were reported (107-109). (ii) By classical
autoradiographic methods or by BrdU labeling, a small percentage of LCs was shown to
incorporate labeled nucleotides, indicating cell division (110, 111). (iii) Labeling studies
with cell cycle-specific antibodies also detected few dividing LCs within the steady-state
epidermis of mice (98) and humans (103). Only recently, Miriam Merad (22) elegantly
proved what Krueger et al. (105) anticipated in 1983: ‘....Langerhans cells or Langerhans
cell precursors are capable of dividing in the skin or, alternatively, represent an extremely
long-lived cell population.’ In bone marrow chimeric mice and in a model of murine
parabiosis Merad demonstrated that LCs were radio-resistant and that they, indeed, remained
of host origin for almost 2 years, i.e. virtually the entire life of the mouse. No influx of
progenitor cells from the blood occurred. In accordance with the scattered previous reports
(see above), they found that about one-third of all LCs had divided within the 30 day BrdU-
labeling period in the steady-state epidermis (22). This is similar to Kamath et al. (110), who
found that about a quarter of all LCs had divided within 2 weeks. This proves indeed that
LCs self-renew in the steady-state epidermis. Based on today’s knowledge, one could
modify Krueger’ sentence in the following way: ‘…Langerhans cells are capable of dividing
in the skin and they represent an extremely long-lived cell population.’ LCs in other
epithelia may be different, though. For instance, vaginal mucosal DCs (probably LCs) (45)
or DCs in the airway epithelium (112) are not as long-lived and are repopulated by
circulating precursor cells. This may reflect the relationship of these DCs to dermal
langerin+ DCs rather than to epidermal LCs. Dermal langerin+ DCs are not as long-lived as
LCs. This point will be discussed in more detail in the companion paper by Miriam Merad.

Replenishment of inflamed epidermis with LCs
LCs leave the epidermis in response to inflammatory stimuli like contact sensitizers, etc.
(113) or gentle tape stripping (100). After some time, the densities of LCs are back to
normal. This is the situation where monocytes act as progenitors for LCs (114). Again, it
was the seminal work of Merad’s team who showed that, in response to inflammatory
stimuli (UV irradiation in their case), progenitor cells from the blood entered the LC-
depleted epidermis in a CCR2-dependent way and gave rise to LCs (22). They further
defined the progenitor and found it to be a monocyte characterized by high expression of the
Gr-1 molecule. This monocyte migrated to inflamed epidermis, proliferated there, and
acquired LC features such as langerin expression (71). These data highlight that monocytes
can turn into LCs in situ under appropriate conditions, and that this is an important
mechanism for ensuring that the epidermis is not left deprived from LCs after an
inflammation. These data were foreshadowed by some early observations on the
repopulation of human epidermis with LCs after clinical bone marrow transplantation.
Returning cells within the epidermis exhibited morphological and phenotypical features of
macrophages before they acquired LCs characteristics, in particular Birbeck granules. The
authors then concluded that a ‘phenotypic transformation of macrophages to LCs in the skin’
(115) had occurred. in vitro, the transformation of monocytes into LC-like cells, expressing
langerin and containing some Birbeck granules was anticipated by Geissmann et al. (116).
Whether this is the only and predominant mechanism for the replenishment of LCs remains
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to be determined. For instance, an additional role for dermal cells possessing features of
hematopoietic stem cells may be envisaged (117).

Lineage of LCs
As discussed above (Table 5), the presence of LCs in the epidermis is strictly dependent on
the presence of certain cytokines and growth factors. As opposed to all other types of DCs,
LCs develop independently of Flt3-ligand.

The development of different hematopoietic cell lineages is regulated by different patterns
of transcription factor expression. A few transcription factors were identified, that are
critically involved in the development of epidermal LCs. Above all, the differentiation of
LCs is dependent on TGF-β1. This becomes most impressively apparent in TGF-β1
knockout mice that totally lack epidermal LCs (68, 118). TGF-β1 appears to be derived
from LCs themselves and act in an autocrine way (76). TGF-β1 induces the transcription
factor Id2. Therefore, it came not entirely unexpected that Id2 knockout mice did also not
have any LCs in their epidermis (119), just like TGF-β1 knockout mice. Runx3 is another
transcription factor that is regarded as a key regulator of cell lineage decisions. It is involved
in TGF-β1 signaling and again, mice that lack this transcription factor are devoid of LCs
(120). The dependence on TGF-β1 and its downstream target Id2 was also found for human
LCs derived from CD34+ hematopoietic progenitor cells (121, 122). Other transcription
factors, whose absence severely affects DC subsets in the spleen and elsewhere (e.g. Rel-b,
Ikaros), do not have an influence on the development of LCs. Some transcription factors that
are unrelated to the TGF-β1 signaling pathway also appear to interfere with the development
of LCs, though not as dramatically as Id2 or Runx3. There are factors such as Gfi1 whose
absence leads to a marked increase in the densities of LCs in the epidermis (123), and other
factors such as members of the interferon regulatory factor family whose absence leads to a
reduction, though not complete absence of LCs (124). For a much more detailed overview
over this intricate topic, the reader is referred to an excellent review by Martin Zenke (125)
and to the companion articles by Manz and Liu and Nussenzweig in this volume.

LC function in vitro: the LC paradigm
Schuler and Steinman (6) showed for the first time that murine LCs occur in two distinct
states. When freshly isolated from the epidermis by standard trypsinization techniques, they
expressed relatively little surface MHC-II, but displayed substantial levels of molecules that
are present on macrophages/monocytes at higher levels, namely F4/80, Fc receptors (CD32),
and ATPase/ADPase. These LCs were poor stimulators of resting T cells in the allogeneic
mixed leukocyte reaction (MLR). In contrast, they were extraordinarily potent in processing
protein antigen into immunogenic MHC-II–peptide complexes for presentation to antigen-
specific T-cells (T-cell hybridomas in that case) (15). When epidermal cell suspensions,
containing LCs or highly purified LC [in the presence of GM-CSF (126, 127)] were cultured
for 3 days, this picture was inverted. MHC-II surface expression increased tremendously,
F4/80, CD32, and ATPase were strongly downregulated, and so was the ability to process
protein antigens. In contrast, T-cell stimulatory capacity in the MLR was dramatically
upregulated. Philipp Pierre and Ira Mellman extended this model by one additional
important aspect emphasizing the obvious: freshly isolated LCs in suspension are not
identical to LCs in situ. These authors [and others (128)] showed that LCs in situ have
virtually no MHC-II surface expression; rather, most of these molecules are intracellular.
Only upon a maturation stimulus, MHC-II molecules begin to translocate to the cell surface
(129).

These in vitro observations allowed for the design a scenario for what could happen in vivo
when antigen, in particular pathogen, is recognized by LCs. Upon this encounter, they start
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to undergo a complex maturation process that involves the upregulation of MHC-II and
costimulatory molecules. They set into operation the machinery to process antigens and they
begin to express chemokine receptors, in particular CCR7, and downregulate E-cadherin
(130) that allow them to leave the skin and migrate to the lymphoid organs, typically the
draining lymph nodes (62, 63, 72, 131). During migration they downregulate MHC-II
synthesis (132) and processing capacity (133), thereby ensuring that antigen picked up and
processed while still in the skin is not displaced and lost on the way to the lymph nodes.
Once in the nodes, they efficiently stimulate T lymphocytes and thus start the immune
response. This scenario was frequently called the ‘LC paradigm’ (16, 17). It was then
thought that LCs are a prototypic example for all other types of DCs.

Starting from the classical experiments by Stingl, Katz, and others, who demonstrated the T-
cell stimulatory capacity of epidermal LCs in mouse (134, 135) and humans (136), much
evidence for an immunogenic function of LCs in vitro has accumulated over the years. The
above-mentioned studies on the differential expression of antigen-presenting functions in
immature and mature LCs (6, 15) were widely recapitulated and extended, e.g. by showing
the capability of LCs to cross-present (137) or to efficiently induce cytotoxic T lymphocytes
(CTLs) in vitro (138). Even though some early studies on LCs may have inadvertently
included dermal langerin+ DCs, as sometimes insinuated (139), it should be emphasized
here that cross-presenting capacity was indeed demonstrated for defined populations of LCs
that did not contain dermal langerin+ DCs (137).

Clearly, much less evidence was acquired in vitro for a possible role for LCs in the
development and maintenance of peripheral tolerance. Early observations suggested that
LCs cultured in the presence of IL-10 would induce anergy in responding T cells (140). An
important hint at a potential role of LCs in tolerance came from experiments by the group of
Mellman (141). They found that the disruption of E-cadherin bonds between DC clusters
leads to an incomplete maturation of these cells, the main feature being a markedly reduced
production of cytokines needed for efficient T-cell stimulation (e.g. IL-12) and, as a
consequence, the induction of regulatory T cells. When injected into mice, these DC-
induced tolerance (141). Notably, this type of ‘phenotypic maturation’ occurred in the
steady-state, i.e. in the absence of micobial stimuli. In the mouse, these seminal data have
not yet been verified in LCs or other langerin+ DCs. They would, however, serve as an
attractive explanation for a tolerogenic function of LCs in the steady-state. Indeed, LCs are
anchored within the epidermis by means of E-cadherin bonds (130, 142) that need to be
broken when they leave the epidermis to migrate to the lymph nodes (143). In humans, these
observations were also not made in ‘real’ LC but rather in langerin+ DCs derived from
CD34+ hematopoietic stem cells (141, 144).

LC function in vivo: challenging the LC paradigm
In the past decade, the LC paradigm has been challenged, or at least extended, in three ways.
(i) As opposed to the early days, the situation has become more complex. Besides classical
epidermal LCs, we now have to consider the immunologic functions of dermal langerin+

DCs and lymph node-resident langerin+ DCs. (ii) The LC paradigm was mainly about an
immunogenic function of these cells. In the meantime we have learned that DCs not only
induce immunity but that they can also efficiently mediate and maintain peripheral tolerance
(145-147). (iii) The straightforward concept that LCs pick up antigens in the skin and
present them to T cells in the draining lymph nodes was put into question by some
inconsistent and unexpected observations (23, 24, 26).

It should be strongly emphasized that there is a wide gap between what we know about LC
function in vitro and in vivo. Most of our knowledge stems from observations in in vitro

Romani et al. Page 9

Immunol Rev. Author manuscript; available in PMC 2010 September 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



models. Only in the past 5 years has there been a marked increase in research activities
looking at the in vivo functions of langerin+ cells in the skin. This was mainly because of the
availability of the above-mentioned mouse models that allow to selectively deplete langerin+

cells and/or selectively visualize and trace them in the living animal (31).

LC function in vivo: observations in the contact hypersensitivity model
The early years: evidence for an immunogenic role of LCs in vivo

Silberberg was first to postulate a role for LCs in the generation of immunity in delayed type
hypersensitivity (DTH) reactions in the skin. In her classical studies, she noted a ‘close
apposition of mononuclear cells to LCs in contact allergic reactions’ (148). Almost 40 years
later, the role of LCs in vivo in this reaction is still not entirely clear. At first glance this may
sound surprising, given the abundance of reports on contact hypersensitivity (CHS), a mouse
model that has commonly been regarded as a good, if not the ideal model to study LC
biology in vivo. It is important to realize, however, that the outcome of this assay (in general
ear swelling) does not only measure the sensitizing capacity of epidermal LCs, but also of
langerin+ (27-29) and langerinnegative (61, 149, 150) dermal DCs. This means that
experimental manipulations like UV irradiation (151), corticosteroids (152), etc., that
previously aimed at depleting LCs, were likely to affect all these types of skin DCs, rather
than exclusively LCs. Nevertheless, the potential of LCs to induce CHS in vivo was
demonstrated already many years ago by adoptive transfer of haptenized LCs into naive
animals (153). Furthermore, detailed early dose-response studies with haptens also hinted
strongly at an in vivo function for LCs in CHS when low doses of hapten were applied
(154).

The recent years: more ‘cons’ than ‘pros’ for an immunogenic role of LCs in vivo
When the in vivo ablation models of LCs were introduced (see above) (30, 31), the first
observations in the classical CHS model came as a big surprise to many LC ‘stalwarts’. In
two of these studies, CHS was not impaired at all in the absence of LCs: Kissenpfennig et al.
(24) found no difference in the magnitude of ear swelling in the inducible ablation model;
Kaplan et al. (26) noted even an increase in the swelling responses in the constitutive
ablation model. Only the study of Bennett et al. (25) showed a reduction (but not an
absence) of ear swelling when langerin+ cells in the skin were missing. At that time, the
population of dermal langerin+ DCs was not yet known and the observed effects were
therefore attributed to the presence or absence of LCs. After these initial experiments, the
evidence was rather against an essential immunogenic function of LCs in CHS. Even a
downregulatory role for LCs was compatible with the observations (26).

The present: recognition of dermal langerin+ DCs and development of a more
differentiated view

An active role for cells other than epidermal LCs was inferred from the inducible Langerin-
DTR model, where CHS responses could be measured at time points after diphtheria toxin
administration when epidermal LCs were still totally absent but dermal langerin+ DCs had
already (at least partially) returned to the dermis (29). The initial report of Langerin-DTA
mice (26) had already heralded this: good CHS can develop in the total absence of LCs. The
explanation was given in subsequent work that showed dermal langerin+ DCs to be perfectly
normal in Langerin-DTA mice (29), strongly suggesting sensitizing capacity for this subset,
too. The concentrations of DNFB used to sensitize in these experiments were apparently
high enough to penetrate through the epidermis and to reach and successfully haptenize
dermal DCs. Thus, there is no doubt, that dermal langerin+ DCs can induce CHS in vivo.
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Bennett et al. (155) also anticipated the involvement of two types of langerin+ cells in the
sensitization for CHS. Four weeks after the depletion of langerin+ cells in their Langerin-
DTR mice, i.e. when LCs were still largely absent from the epidermis, ear swelling
responses to the hapten were still reduced in spite of the repopulation of lymph nodes by
CD8+/langerin+ resident DCs and of the dermis by dermal langerin+ DCs. Importantly, this
was especially the case when low concentrations of hapten were applied (155, 156). Very
recent observations in a bone marrow chimera model, where LCs are present, but dermal
langerin+ DCs are absent, also support an immunogenic role for LCs: Honda et al. (70) find
unimpaired CHS responses when there were no dermal langerin+ DCs in the sensitized skin
(70). Thus, there is also no more doubt, that epidermal LCs have the capacity to induce CHS
in vivo.

These observations inevitably lead to the question which DCs type is the critical one in CHS
in vivo. In the subsequent search for explanations, antigen/hapten concentration turned out
to be critical – not unexpectedly. As suggested by earlier experiments (154), recent,
thorough studies unequivocally revealed a critical role for LCs (156, 157, 158): in the
absence of all langerin+ cells (i.e. epidermal and dermal ones) CHS was significantly
reduced, in many mice even completely abrogated. So was the transport by langerin+ cells of
a topically applied fluorescent hapten (fluorescein isothiocyanate) to the lymph node (155).
When low concentrations of hapten were applied, ear swelling responses were also markedly
diminished in the absence of LCs (but the presence of dermal langerin+ DCs). At higher
hapten doses, LCs turned out not to be necessary any longer (Table 7), because hapten could
now diffuse into the dermis and reach dermal langerin+ (and also langerinnegative) DCs that
induced CHS (156). We like to emphasize that in the latter experiments ‘French’ (24) and
‘Dutch’ (25) Langerin-DTR-mice were analyzed side-by-side with high and low
concentrations of haptens, and they showed no differences in CHS responses. This seemed
important because of the many experimental variables that otherwise often lead to seemingly
contradictory results. In addition to the crucial role of hapten concentration, some other
parameters may influence the in vivo responses in the CHS assay. Mice with a constitutive
absence of LCs (26) may respond differently to sensitization and/or may possess different T-
cell properties as compared with mice with inducible ablation of LCs (30, 31). The site of
sensitization may be of importance: Wang et al. (157) suggest that LCs are more important
when immunization (protein antigen, not haptens) is performed through the flank skin of a
mouse as opposed to ear skin, most probably caused by the better diffusion of antigen into
the dermis of the thinner ear skin in contrast to body wall skin. Finally, one must not forget
that in addition to LCs and dermal langerin+ DCs, also langerinnegative dermal DCs
contribute to the sensitization of CHS (150), especially when the doses of hapten are high.

Langerin-DTA mice revealed an additional potential property of LCs. Not only could CHS
responses (ear swelling) be induced in the total absence of epidermal LCs, but these
responses were even markedly exaggerated as compared with wildtype skin (26, 158). From
this it was concluded that LCs may have a downregulatory role. When there are no LCs,
immune reactions in the skin proceed uninhibited. Similarly, in an H-Y skin transplantation
model the donor grafts were efficiently rejected when LCs were not present, also indicating
a down-modulatory role in vivo (159). In the highly inflammatory context of a CHS-
sensitizing reaction (57), it is difficult to conceive how downregulatory properties could
develop in such ‘inflammatory Langerhans cells’. Yet, there is additional evidence for a
regulatory LC function in models other than CHS (70, 159) (see below), and LC-derived
IL-10 and LC interaction with T cells have been identified as possible mechanisms for
suppression (158). Interestingly, in LC-depleted Langerin-DTR mice one cannot observe
enhanced CHS. Therefore, more research is needed to fully resolve this important issue.
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In terms of CHS reactions there appears to be functional redundancy in the skin. It is
primarily the accessibility of the hapten that decides which types of skin DCs are operative
in inducing the CHS response. Definitely, all of them are capable of doing so.

LC function in vivo: observations in the ‘OVA model’
The model antigen ovalbumin (OVA) has become very popular. Researchers can use a wide
range of readily available and helpful tools such as commercially available peptides,
pentamers recognizing OVA peptide-specific CD8+ T cells, transgenic mice expressing
OVA peptide-specific T-cell receptors (OT-I and OT-II mice) as a convenient functional
read-out, and tumor cells expressing OVA as a tumor antigen (B16-OVA melanoma, E.G7-
OVA lymphoma, and others). Finally, there are mice that express OVA as a self antigen in
keratinocytes of the epithelia (K14-OVA or K5-OVA mice) or in pancreatic islet cells (RIP-
OVA mice). Such antigens can be inducible (162) or constitutive (163-167). Before
discussing the important data that have been obtained in this model, we wish to emphasize
the fact that this model cannot be perfectly representative for real infection or cancer
scenarios in vivo. One must be aware that the OVA peptide-specific T cells are ‘abnormally’
sensitive. This is a concern especially with the MHC class I-restricted CD8+ OT-I cells.
They can respond to minute quantities of antigen in the picomolar range rendering them 100
times more sensitive compared with transgenic T cells specific for a pathogen (168).
Therefore, all data corroborated in the OVA model need to be viewed with these caveats in
mind.

A few recent studies attempted to determine, which type of DC in the draining lymph node
would present the OVA antigen when applied onto (epicutaneous) or into (intradermal
injection, as a transgene) the skin. This was made possible by the availability of several
useful tools.

1. Langerin-enhanced green fluorescent protein (EGFP) mice (24, 25) elegantly
circumvented the lack of anti-langerin antibodies that would be suitable for cell
sorting. Only recently has an antibody been described that recognizes a cell surface
exposed epitope of the murine langerin molecule and that may be used for cell
sorting approaches (55).

2. Langerin-DTR and Langerin-DTA mice were described above.

3. Additional insight came from models where OVA is expressed under the promoter
for keratin in epidermal keratinocytes. It may be regarded as a self-antigen in these
models. Promoters for keratins 14 and 5 are used, i.e. those keratins that are
expressed in the basal keratinocytes. This means that LCs are surrounded by
keratinocytes that synthesize and secrete the OVA protein (169) or the OVA
peptide SIINFEKL (170) or carry the OVA protein in a membrane-bound form
(163, 164, 169). It is not entirely clear how dermal langerin+ or langerinnegative DCs
get access to the OVA antigen. In the case of OVA-secreting keratinocytes (169),
the antigen may diffuse into the dermis. This is certainly possible as suggested by
the inverse example: Large proteins (antibodies) that are deposited in the dermis
(66) or even injected intraperitoneally (171) can easily diffuse into the epidermis
and target epidermal LCs. In addition, keratinocyte material, possibly including the
antigen, may ‘drop down’ into the dermis, as it has been observed to happen in
human skin (172).

4. Bone marrow chimeras allow the construction of useful models. As LCs are
radioresistant (22), bone marrow transplanted mice possess virtually all leukocytes
from the donor, except LCs that remain of recipient origin. Frequently mice are
used that have mutated MHC molecules [‘bm’ mice (173)] that cannot present to
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OT-I or OT-II cells. When the donor has mutated MHC molecules one obtains a
mouse where only LCs can present OVA because they are of host origin and
therefore possess intact MHC molecules. Inversely, when the recipient has mutated
MHC molecules, one gets a mouse where LCs cannot present. Dermal langerin+

and langerinnegative DCs, however, can present.

When one tries to obtain a synopsis of the data in the OVA model, it is important to keep in
mind the fact that the early studies were performed at a time when dermal langerin+ DCs
were not yet known. Therefore, in these studies the term ‘Langerhans cells’ may often
include, unknowingly, also dermal langerin+ DCs, dependent on the timing of the
experiments. It is also important to note that those studies that demonstrated antigen uptake
by LCs in situ and subsequent (cross)-presentation to antigen-specific T cells in vitro by LCs
obtained by migration from epidermal sheets reflect only LC activities (66, 137, 162).
Dermal langerin+ DCs do not occur in these preparations.

Irrespective of the final outcome in terms of immunity or tolerance, several of these studies
show that LCs as well as dermal langerin+ DCs can indeed present and cross-present OVA
to the transgenic T cells in vivo. This was observed in experimental settings where LCs
picked up the OVA antigen in the epidermis after intradermal injection (66) or from
surrounding, genetically modified keratinocytes expressing OVA or OVA peptide (137,
162) and were then allowed to migrate out of the epidermis into the culture medium. These
migrant LCs stimulated TCR transgenic T cells. When looking further down the line into the
skin-draining lymph nodes, several studies indicated that langerin+ DCs can present in vivo.
Stoitzner et al. (174) showed this for epicutaneously applied OVA protein. Sorted langerin+

(i.e. EGFP+)/CD8negative DCs readily presented to OT-I cells in an in vitro proliferation
assay, whereas resident langerin+/CD8+ DCs did not. Waithman et al. (175) essentially
confirmed these data with similar methods. Both studies were performed at a time when no
distinction could be drawn between epidermal LCs and dermal langerin+ DCs.

Evidence for the capacity of LCs to process and present OVA in vivo came from chimera
studies. Under experimental circumstances where only LCs, but not dermal langerin+ DCs
can present, proliferation/expansion of adoptively transferred OT-I cells occurred in
response to keratinocyte-associated OVA peptide (170) or OVA protein (175). In one study,
OT-I cells did not proliferate but started to express acitvation markers CD69 and CD44
indicating antigen presentation (176). Another study by Wang et al. (157), using Langerin-
DTR mice, showed a dependence of in vivo cross-presentation on epidermal LCs under
defined conditions, which, in that case, meant immunization into the flank skin. In a similar
experiment, Kim et al. (169) demonstrated that both LCs and dermal langerin+ DCs are
dispensable for OT-I activation after intradermal injection into Langerin-DTR mice
expressing membrane-bounds OVA in the epidermis.

Two recent studies specifically attempted to discriminate between LCs and dermal langerin+

DCs. Bedoui et al. (139) found that keratinocyte-derived OVA (from K5-mOVA mice) was
presented in vivo in skin-draining lymph nodes by CD103+/CD205+/CD8negative DCs, most
likely corresponding to dermal langerin+ DCs. Henri et al. (74) also sorted DC subsets from
lymph nodes. They observed that langerin+/CD103+ DCs, i.e. dermal langerin+ DCs
presented keratinocyte-associated OVA. Interestingly, in both studies CD103negative LCs,
had no activity.

Given the above-mentioned caveats, that are inherent to the OVA system (in particular to
OT-I cells), and the fact that many of the here reported data are based on relatively small
sample sizes (n often equals no more than 2), the partly contradictory conclusions drawn
from these studies must be taken with a pinch of salt. This also emphasizes the importance
of experimental attempts that go beyond the OVA system into infection or tumor models, as
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will be described in the following paragraphs. It is certainly still too early to draw definitive
conclusions.

LC function in vivo: observations in viral infection models
It was a viral infection model that cast first doubts on a direct immunogenic role for LCs. In
2003 Allan et al. (23) noted that epicutaneously applied herpes virus is not presented to
lymph node T cells by CD8negative, migratory LCs, i.e. those that would have travelled from
the site of infection in the skin. In contrast, it was CD8+, lymph node-resident DCs
(including langerin+ cells) that presented the herpes antigens. This came unexpected, and it
did not fit into the LC paradigm. Although epidermis-derived LCs did not prime the T cells,
they were nonetheless required to transport the pathogen or its breakdown products to the
nodes (177). Another herpes virus model revealed that LCs of the vaginal epithelium do also
not present viral antigens to lymph node T cells. In that case, however, it was a CD8negative

population of submucosal DCs that carried and presented viral peptides (178). Regarding the
virus infection models, a key issue is whether infected LCs die, as it is the case with the
cytopathic herpes viruses (179, 180), or whether they stay alive as, for instance, in a
cutaneous lentivirus infection model. In the latter it was shown, that indeed, CD8negative/
DEC-205+ skin-derived DCs (containing LCs and langerin+ and langerinnegative dermal
DCs) presented the antigen to T cells in the draining lymph nodes (181). The relative
presentation capacities of skin DC subsets were not determined in that study. Importantly,
when another, apoptosis-inducing viral vector (vaccinia virus) was used, presentation in the
draining lymph nodes was taken over by the CD8+ DC fraction, consistent with the
hypothesis, that the apoptotic skin DCs (including LCs) are taken up by the resident,
presumably blood-derived CD8+ DC population which then cross-presents them to the
CD8+ T cells (182). A more refined look at the herpes simplex virus (HSV) model
essentially confirmed the above notion, at least for dermal langerin+ DCs. Bedoui et al.
(139) investigated the second wave of HSV infection, i.e. the recrudescence phase, when
herpes virus infects the keratinocytes of the epidermis from its reservoir, the cutaneous
nerves, rather than through a superficial wound (scarification) like in the first wave of
infection. In the recrudescence phase, it turned out to be mainly cutaneous CD103+ DCs
(containing langerin+ and possibly some langerinnegative DCs) and CD8+ lymph node-
resident DCs that presented HSV antigen to CD8+ T cells. LCs played a minor direct role in
antigen presentation, possibly because they are infected and then killed by this cytolytic
virus as opposed to the dermal langerin+ DCs that remain undamaged during the second
wave of viral infection. In the more vigorous primary wave of infection CD8+ DCs are the
only ones capable of performing cross-presentation in the node, presumably because both
LCs and dermal langerin+ DCs, both CD8negative, become apoptotic.

Based on these observations, Carbone, Heath, and colleagues developed the theory, that
antigen-transporting LCs are taken up by resident, CD8+ DCs in the lymph nodes which in
turn (cross) present the microbial antigens to CD4 and CD8 cells (182, 183), and that dermal
langerin+ DCs play a dominant immunogenic role (139). Clearly, this theory cannot be
generalized to all experimental settings, let alone to all in vivo situations. Yet, it is an
interesting working hypothesis that sparked valuable follow-up studies. Another point of
note is that it is currently not clear whether and how the CD8+ and CD8negative subsets of
DCs or langerin+ cells in the murine lymphoid organs relate to the human lymphoid organs.
Only few attempts to characterize such subpopulations have been published (184), the C-
type lectin Clec9A being a promising marker molecule for the putative human counterpart of
CD8+ DCs (185).
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LC function in vivo: observations in non-viral infection models
The best studied non-viral pathogen is Leishmania (186). Early observations indicated that
LCs transported the protozoans from the skin to the lymph nodes (187). Surprisingly,
however, in experimental Leishmania infection of mice, antigen presentation in the lymph
nodes was not achieved by skin-derived LCs, but rather by langerinnegative/CD8negative,
presumably dermal DCs (186, 188). More recent experiments made use of Langerin-DTR
mice. There, it became apparent that indeed, mice recovered clinically from Leishmania
infection irrespective of the fact of whether they had langerin+ DCs or not. Proliferation of
CD8+ T cells, however, was dependent on the presence of dermal langerin+ DCs but not on
LCs (189).

Even though there may be concerns as to the validity of such experimental infection models
for ‘real life’, where pathogen doses are likely smaller, LCs appear to be unexpectedly non-
protective. The role of dermal langerin+ DCs in these models remains to be studied in more
detail.

LC function in vivo: observations in tumor models
Targeting antigens to LCs in situ is an attractive possibility for tumor therapy. The
attractivity is based on several observations in vitro indicating that human LCs are very
capable of inducing cytotoxic T lymphocytes. This was shown for both CD34-derived LC-
like DCs (190, 191) as well as for ‘real’ LCs isolated from human epidermis (138).
Moreover, the ability to cross-present protein antigens was shown for murine (137) and
human (138) LCs.

To gain more insight into the in vivo function of LCs in the context of a tumor, Stoitzner et
al. (174) used the model of inducible LC ablation (Langerin-DTR mice) (24). Immunity
against an experimental melanoma tumor was induced by epicutaneous immunization of
mice with the tumor antigen. Protection from the tumor was lost when epicutaneous
immunization was performed onto epidermis that had been depleted of LCs and dermal
langerin+ DCs before, strongly suggesting an immunogenic function of these cells in vivo.
Different tumor models may behave differently, e.g. the commonly used transplantable
tumor cell lines (e.g. B16-OVA) versus spontaneously arising tumors (192-194). In these
latter models, it will be interesting to investigate a possible function of LCs in
immunosurveillance. The hypothesis to test would be that LCs are constantly and critically
involved in surveying the epidermis to prevent the growth of a tumor.

In the CHS model (see above), LCs serve as the exclusive antigen-presenting cells only
when the hapten is applied at a low concentration that precludes access to the hapten for the
other, dermal types of skin DCs. Some observations in the tumor model are reminiscent of
CHS. When the antigen dose used for immunization is high enough, the dependence on LCs
is lost (174), indicating that dermal langerin+ and/or langerinnegative dermal DCs also present
the tumor antigen. A contribution of dermal langerin+ DCs was not ruled out in the above-
mentioned study; a contribution of dermal langerinnegative DCs was shown to be likely
because these cells did present epicutaneously applied antigen in the draining lymph nodes
(174). Similarly, when the strength of immunization is increased even more, e.g. by co-
administering the immunostimulatory lipid α-galactosyl-ceramide (195), skin DCs appear
not to be necessary at all: both the ablation of langerin+ cells in the Langerin-DTR mice and
even the removal of the immunization site (the ear, ‘Van Gogh experiment’) (73) did not
reduce the magnitude of ensuing T-cell responses. Thus, it seems to be the opportunity for a
given type of skin DCs to capture the antigen that decides whether this type of DCs induces
a response. There may be differences between the types of skin DCs in the immunogenic
potential in tumor models that need to be worked out in future experiments. Also, the
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surprising observation that in Langerin-DTA mice, that never possess LCs, tumor protection
is better will need to be related to other models (196). Importantly, however, epidermal LCs
can clearly fulfill an immunogenic role during vaccination against cancer in vivo.

LC function in vivo: induction and maintenance of peripheral tolerance
One of the most straightforward experiments suggesting a tolerogenic function for LCs in
vivo was conducted in Steven Katz’s group. Shibaki et al. (164) constructed mice that
expressed the OVA antigen under the keratin 14 promoter. When these mice were
challenged in a DTH reaction with an intradermal injection of OVA, they turned out to be
unresponsive, indicating tolerance. The authors did not go further in defining the mechanism
of this tolerance (anergy versus deletion versus regulatory T cells). Nevertheless, these
observations strongly suggest that LCs in the steady-state may have presented the OVA
antigen to T cells in a tolerogenic context. Migratory skin DCs from whole skin explant
cultures containing LCs and dermal langerin+ as well as langerinnegative DCs did indeed
efficiently present the antigen to T cells (OT-I cells). This is emphasized by the authors’
observation that transgenic OVA could not be detected in the thymus, making a contribution
of central tolerance unlikely.

Waithman et al. (175) examined the consequences of self-antigen presentation (in K5-
mOVA mice) by skin DCs on the fate of responding T cells. By using the MHC-I mutated
bm1 mice in a bone marrow chimera setting, they followed numbers of injected OT-I cells
over a period of 6 weeks. In the presence of OVA-expressing keratinocytes OT-I cells were
deleted during that period. Importantly, this deletion also took place when only
radioresistant epidermal LCs, but not the other, radiosensitive, skin DCs subsets could
present the OVA antigen. A population of radioresistant dermal DCs (langerinnegative) might
have contributed; however, this population is minor relative to LCs (197). Therefore, this
observation hints at a tolerogenic function for LCs in vivo in the steady-state. Furthermore,
in a model where OVA expression in keratinocytes is inducible (162), it was shown that LCs
migrating from such epidermal explants induced T cells (OT-I) that produced less
interferon-γ, suggestive for tolerance. Recent evidence suggests that radioresistant stromal
cells such as lymph node stromal cells or keratinocytes might be important mediators of
tolerance induction in some K14-OVA mouse models. The group of Boes (167)
demonstrated in K14-mOVA mice that skin-derived DCs as well as lymph node-resident
CD8+ DCs were able to present OVA peptide to CD8+ T cells in vitro. In contrast, in vivo
only lymph node-resident DCs were important for activation of CD4+ T cells. Cross-
presentation in the lymph nodes was possible in the complete absence of DCs and might be
performed by stromal cells as supported by few other reports (169, 198). In accordance with
these findings, the group of Hogquist reported recently that Langerin+ DCs are dispensable
for antigen presentation in their model in which an MHC class I-restricted peptide is
expressed under the K14 promoter (176).

LCs were shown to induce regulatory T cells in a mouse model (199). In another study
(reviewed in 70) in the murine leishmaniasis model, the depletion of LCs enhanced Th1
responses resulting in smaller lesions after intradermal infection with physiologic doses of
parasites. Concomitantly, numbers of regulatory T cells were decreased suggesting a
suppressive role of LCs during Leishmania infection (70). Yet another indirect hint comes
from experiments by Shklovskaya et al. (200): LCs respond to contact sensitizer by
upregulating CD86 and CD40 to a lesser degree as compared with dermal DCs (including
langerin+ and langerinnegative DCs).

A word of caution is warranted. When judging (and trying to generalize) the data from
currently employed experimental mouse models, it is important to be always aware of
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potentially confounding factors such as the use of (i) constitutive (26) versus inducible LC
ablation (24, 25); (ii) constitutive (163, 164, 167, 170) versus inducible (162) expression of
model antigens, typically OVA; (iii) transgenic model antigen in the form of peptide (170)
versus soluble (169) or membrane-bound whole protein (163, 164, 167, 169); (iv) CD4-(OT-
II, DO11.10 cells) versus CD8-(OT-I) restricted TCR transgenic T cells; (v) low versus high
numbers of adoptively transferred transgenic T cells; and (vi) adoptively transferred TCR
transgenic T cells (e.g. OT cells)(167, 169, 170, 176) versus endogenous T cells (164).

Clearly, more work is needed to gain a definitive picture about the tolerogenic potential of
LCs in vivo. It is more complicated than anticipated, with dermal DCs and resident lymph
node DC subsets also playing roles in antigen presentation. Moreover, radioresistant non-
LCs, presumably stromal cells in the skin and lymph node may be involved. Nevertheless,
the synopsis of the present data does indeed lend some support to a tolerogenic role for LCs
in the steady-state, in accordance with the same role proposed for DCs in general (147).

LC function in vivo: generating a synthesis
The past few years of research on the in vivo functions of LCs may be viewed from the
standpoint of dialectics. The LC paradigm was the ‘thesis’. The various challenges of the
paradigm may be considered as the ‘anti-thesis’. We are now in the process of generating a
‘syn-thesis’. This has not yet been achieved. Yet, some main features have become clear. (i)
There is no ‘one fits all’ theory for LC function in vivo. LCs are certainly not the
‘ubiquitous T-cell primers’ (201), but the past few years have provided strong evidence for
an immunogenic function under certain conditions. (ii) The role of LCs in the skin immune
system is manifold. It depends on the circumstances in the skin (steady-state versus
inflammation), the type of pathogens, the doses of antigens and on other variables. (iii) LCs
are not alone any more. The novel population of dermal langerin+ DCs has clearly been
shown to exert immunogenic functions in vivo. It remains to be determined how these two
subsets of langerin+ skin DCs and, in addition, langerinnegative dermal DCs share the tasks
among each other in different immunologic situations. (iv) The notion (and the evidence)
that LCs in vivo can act in a tolerogenic/downregulatory fashion in the steady-state has
certainly been reinforced recently.

Importance of LCs for medicine
Four important aspects of LCs that relate directly to clinical medicine are briefly discussed
here.

LC histiocytosis
LC histiocytosis (LCH) is characterized by an accumulation of langerin+ DCs in skin, bone
or other tissues of the body (202). In the early days, a definitive diagnosis was the ultra-
structural proof of Birbeck granules. Now, it can immuno-histologically be recognized by
the expression of langerin in the histiocytic cells. Interestingly, it is still not clear whether
this disease should be considered a neoplasm or an inflammatory infiltration of the diseased
tissue by these langerin+ histiocytes. Research with clinical samples has shown that a
‘cytokine storm’ is involved in the maintenance of this disease (203). Moreover, IL-17A
appears to be involved in an as yet unknown way (204), and also regulatory T cells seem to
play a role in LCH (205). Mouse models for this disease are being developed (206), but time
will tell how useful they will be for the further investigation of the pathophysiology of LCH.
This topic is reviewed in much more detail by Maarten Egeler in this issue.
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LCs in atopic dermatitis
This common inflammatory skin disorder is often associated with other atopic conditions
such as allergic rhinitis and asthma. The clinical manifestation of atopic dermatitis is
thought to result from complex interactions of environmental factors, skin barrier defects,
and immunologic phenomena. Its pathogenesis is still not well understood. Recent findings
highlight the importance of LCs and infiltrating inflammatory DCs in atopic skin lesions.
TSLP (thymic stromal lymphopoietin) was identified as a critical cytokine that matures and
modifies DCs from human blood such that they promote the development of pro-allergic
CD4+ helper T cells, i.e. IL-4/13- and tumor necrosis factor-α (TNFα)-producing cells
(207). We could recently show that the same holds true also for human epidermal LCs.
TSLP-treated LCs produce the Th2-attracting chemokine TARC (CCL17), and they induce
CD4+ T cells that secrete comparably more IL-4, IL-5, IL-13, and TNFα and elaborate
markedly less interferon-γ (208). Interestingly, dermal (langerinnegative) DCs did not
respond to TSLP in the same way (S. Ebner, unpublished data). Dubrac et al. attempted to
validate these observations in a mouse model where the topical administration of vitamin D3
leads to a disease that resembles human atopic dermatitis with eczema, neutrophil, and
eosinophil infiltrates and elevated IgE levels in the serum (209). When this treatment was
given to Langerin-DTR mice that lacked LCs as well as dermal langerin+ DCs, the atopic
disease did not develop. A contribution of dermal langerin+ cells could not formally be ruled
out but it was rendered unlikely by the observation that no obvious phenotypic changes
could be seen in these cells in response to Vitamin D3, as opposed to epidermal LCs that
upregulated maturation markers. Furthermore, the small size of this population in the dermis
argues against them being a major contributor (210).

Innate functions of LCs in disease
A key observation was made by Geijtenbeek’s group, who showed that HIV particles could
be taken up by human LCs and were routed into the Birbeck granules. But rather than being
transmitted to T cells for infection, as expected, the virions were degraded and not passed on
to T cells (52). This was contrary to dermal DCs that readily spread the virions to CD4+ T
cells. This innate anti-viral activity was dependent on the expression of the langerin
molecule. It will be interesting to learn whether such a protective function also applies to
viruses other than HIV and whether and how it may eventually be harnessed for therapy or
prevention of infection (211, 212). The constitutive opsonization of HIV in vivo, that
reduces infectivity, may at the same time also reduce or abrogate the protective function of
langerin in vivo (213). These issues need to be studied in the future.

Another unexpected function of human LCs, that as yet stands alone but may also be a
starting point for further investigations, was described (214): LCs appear to be involved in
the local regulation of dermal blood flow. They make prostanoid synthases required for the
formation of vasodilatory prostaglandins E2 and D2. Depletion of epidermal LCs in
Langerin-DTR mice abolished nicotinic acid-induced flushing. This model mimics flushing
in humans, that occurs as a frequent side effect of niacin treatment for dyslipidemia. These
studies may help to develop new ways to suppress the unwanted effects of this widespread
therapy.

Langerin-expressing cells as targets for improved vaccinations
Seminal work from Ralph Steinman’s and Michel Nussenzweig’s laboratories over the past
few years has revealed and emphasized the potential of targeting antigens directly to DCs. In
essence, this is achieved by coupling an antigen to an antibody that recognizes an antigen
uptake receptor, typically a C-type lectin, on the surface of DCs. The most widely used
target is the DEC-205/CD205 molecule on DCs. It was shown that T and B-cell responses to
such conjugated forms of antigen are magnitudes larger as compared with similar
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concentrations of unconjugated protein antigen (145, 215-218). This concept is currently
being exploited for the improvement of vaccines (185, 219). There is evidence that LCs are
superior to other skin DCs in inducing cytotoxic T-cell responses in vitro (138, 190), and it
was shown that they are involved in protection from tumors (174). LCs and dermal langerin+

DCs express DEC-205 and they can readily be targeted with antibodies against DEC-205,
but also against langerin (66). Both targeting pathways lead to increased T-cell responses
(220). Combining these different pieces of evidence, it appears attractive and promising to
study in more detail how to best target antigens to skin DCs, particularly to LCs, and how to
harness most efficiently such boosted immune responses for vaccination purposes against
tumors but ultimately also against infectious agents.

Concluding remarks
Since about the turn of the century, LC research has been gaining momentum as
impressively illustrated by several fruitful Langerhans Cell Workshops (16, 70, 221), mainly
because of the development of useful in vivo research tools. These tools have not brought
about an immediate clarification of all the secrets of LC function in vivo. This expectation
was probably unrealistic. Rather, the many pieces of data, that are being collected using
these tools, are like mosaic stones. It will still take a while until the final picture emerges.
We are convinced, however, that the special properties of LCs and dermal langerin+ DCs
will soon be better understood and be successfully ‘taken into medicine’ (2) in the
foreseeable future.
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Fig. 1.
Langerhans cells in an epidermal sheet from mouse skin. They are visualized by
immunostaining with anti-major histocompatibility complex (MHC)-II antibodies in the
large picture. The inset depicts double-labeling of MHC-II (green fluroescence) and langerin
(red fluorescence). Nuclei are counterstained with DAPI (4′,6-diamidino-2-phenylindole)
(blue). Conventional epi-fluorescence microscopy.
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Fig. 2.
Transmission electronmicroscopy of Birbeck granules in Langerhans cells from human
epidermis. Note the conspicuous rod and tennis racket shapes, and the very precisely
‘drawn’ limiting membranes of the structures. The diameter of the rod portion is about 50
nm.
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