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Ontogeny and homeostasis of Langerhans cells

Florent Ginhoux! and Miriam Merad?3

Langerhans cells (LCs) refer to the dendritic cells (DCs) that populate the epidermis. Strategically located at one of the body’s
largest interfaces with the external environment, they form the first line of defense against pathogens that breach the skin.
Although LCs share several phenotypical and functional features with lymphoid and non-lymphoid organ DCs, they also have
unique properties that distinguish them from most DC populations. In this review, we will discuss the key mechanisms that
regulate LC homeostasis in quiescent and inflamed skin. We will also discuss recent evidence that suggests that LCs arise

from dedicated precursors during early embryonic development.
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Langerhans cells (LCs) are hematopoietic cells that belong to the
myeloid lineage. They form the only myeloid cell population of the
epidermis accounting for up to 5% of total nucleated epidermal cells
in mice and humans.

LCs are part of the dendritic cell (DC) lineage, a heterogeneous
group of cells that control the induction of adaptive immune
responses.>? DCs are usually classified into two groups that include
classical and plasmacytoid DCs. Similar to classical DCs, LCs con-
stitutively express major histocompatibility complex (MHC) class II
molecules on the cell surface, lack lineage markers and express the
CDl1Ic integrin. They migrate from the epidermis to the skin draining
lymph nodes through the lymphatic vessels, and present processed
antigens to T lymphocytes (for review see Merad et al.’). However,
LCs have unique homeostatic properties that affect their role in skin
immunity. This review discusses the key features that distinguish LCs
from classical DCs.

HISTORICAL PERSPECTIVE
In 1868, Paul Langerhans first described the presence of dendritic-
shaped cells in the human epidermis. He hypothesized that these cells
were intraepidermal nerve endings, owing to their impregnation with
gold chloride that was thought to be specific for neurons.* The cells
remained an enigma to scientists for decades, and were successively
considered to be Schwann cells,” ‘effete’ or exhausted non-pigmentary
melanocytes or cells of ectodermal origin® (for review see Prunieras’).
For many years, LCs were thought to be related to melanocytes and
to share the same neural crest origin. As LCs share morphological
features with melanocytes and localize closer to the skin’s surface, they
were believed to be the progeny of exhausted melanocytes, moving
towards the surface to be shed (for review see Prunieras’). However,

several subsequent studies refuted the hypothesis that LCs were
related to melanocytes. Ultrastructural studies using electron micro-
scopy identified important differences between LCs and melanocytes,
showing that LCs lacked melanin granules but possessed specific
cytoplasmic granules that were later defined as Birbeck granules.®10
Adoptive transfer studies were also against the melanocyte
hypothesis.!®!! In these studies, mouse embryonic limb buds collected
either before (E10.5) or after (E11.5) neural crest invasion were grafted
into the spleen of adult mice. This time point was specifically chosen
as it is at E11 of the 20/21 days of mouse embryonic development
period that newly formed limb buds are colonized by melanoblasts,
the precursors of melanocytes, originating from the neural crest. In
these studies, LC-like cells were visualized in both sets of limb buds 3
weeks after transplantation, suggesting that LCs were unrelated to
melanocytes. However, these results were not conclusive, as they could
not exclude the possibility that the observed LCs were not derived
from the host adult mouse.

The most definite proof against the melanocyte origin of the
epidermal LCs came from a study by Reams and Tompkins. In this
study, embryonic limb buds were grafted into chick embryo hosts to
distinguish recipient from host-derived LCs.® Similar to earlier stu-
dies, 10! the limb buds were isolated either prior or after the seeding
of neural crest cells and LC-like cells were identified in both set of limb
bud grafts at the time of recovery from the chick embryo. However,
these cells lacked Birbeck granules and were therefore named inde-
terminate cells. It is only when the skin derived from the grafts was put
in in vitro culture for maturation that LCs with Birbeck granules
appeared at later time points (8 days). Importantly, using the same
experimental model, this study also established that purified layers
of ectodermal cells gave rise to LCs upon transplantation to chick
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embryos. On the basis of these data, LCs were thought to develop
independently of melanocytes and to be of ectodermal origin. The
importance of these findings will be discussed later in the review.

During the same time, important information was obtained from
electron microscopy studies revealing the presence of phagocyte-like
cells containing Birbeck granules in the human dermis.!? And while the
debate persisted about the origins of LCs, Hashimoto was the first to
speculate that LCs were a self-perpetuating ‘intraepithelial phagocytic
system’!> This view was supported by Shelley, Stingl and others who
believed that LCs performed macrophage-like functions, and confirmed
by Stingl e al. who showed that LCs express the receptors for antibody
constant regions and for complement components, both characteristics
of macrophages.'%!> However, it was only in 1979 that Katz and
Frelinger’s studies unequivocally established the hematopoietic nature
of LCs.1617 In these studies, lethally irradiated mice were reconstituted
with donor allogeneic or semiallogeneic hematopoietic bone marrow
(BM) progenitor cells. A few weeks after transplant, the identification
of LCs of donor origin in the skin of recipient mice established for
the first time the BM origin of these cells. Although this revealed the
capacity for LCs to be replenished from the BM under inflammatory
conditions, it also lead to the general assumption that the same
mechanisms operated in the steady state throughout adult life.

The identification of MHC class II expression on both human and
mouse epidermal LCs strongly suggested that these cells were antigen-
presenting cells.!®!° Finally, their role as epidermal antigen-presenting
cells or DCs was definitely established in a series of studies in the early
1980s.20-23

HOMEOSTASIS OF LC UNDER STEADY STATE
AND INFLAMMATORY CONDITIONS
Steady state: general concepts
The homeostasis of classical DCs results from a balance between local
proliferation, cell death and replenishment by blood-derived precur-
sors.242> Although the results from Katz and Frelinger described above
led to the concept that similar to most DCs, LCs were also maintained
by circulating precursors, the development of congenic BM transplant
mouse models allowed us to revisit this concept.?® Congenic BM
transplantation is a useful model to study the turnover of hemato-
poietic cells in lethally irradiated animals in the absence of graft-
versus-host disease (GVHD). In this model, recipient LCs that were
partially eliminated by the radiation regimen, repopulated locally
independently of donor circulating precursor cells and remained of
host origin throughout life. By contrast, the majority of leukocytes,
including lymphoid organ DCs, was replaced by donor hematopoietic
precursor cells by 3 to 4 weeks post-transplantation.?® DCs in the
airways and in the vaginal mucosa were also eliminated following
lethal irradiation and replaced by blood-borne-derived cells.?”»?8

Parabiotic mice provide a physiological model to study the turnover
of hematopoietic cells in the steady state. It is in this model that the LC
ability to maintain and renew locally throughout life, independently of
adult circulating precursors was unequivocally established.?® Parabio-
tic mice consist of two surgically attached congenic mice called
parabionts, which share a common blood circulatory system but
distinct organs for prolonged periods of time. Few weeks after the
initiation of parabiosis, the mixing of DC populations can reach up to
30% in the spleen and lymph nodes in both parabionts.?4%
In contrast, there was no mixing of LCs in the epidermis, even after
1 year of parabiosis.?

Although equivalent studies cannot be carried out in humans,
several reports suggest that human LCs share similar properties.
Proliferating LCs were identified in human skin.”»* A study in
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which human skin is grafted onto nude mice revealed the persistence
of human LCs >4 months after transplant.?! Strikingly, graft-resident
LCs were also found to remain for a year into a transplanted human
limb graft.> Human LCs also seem to resist radiation-based hemato-
poietic stem cell transplantation as a small number of recipient LCs
can be detected for at least 1 year after transplantation.’®34 These
results establish that, like their murine counterparts, human LCs are
both radioresistant and locally self-renewing.

Steady state: molecular control of LC homeostasis

In contrast to classical DC homeostasis, steady state LC homeostasis
seems to result from a balance between local proliferation, death and
emigration of LCs to the draining lymph nodes, as LCs maintain
themselves locally independently of circulating precursors. In adult
mouse and human epidermis, a minor fraction of LCs is dividing at
any single time, whereas the exact rate of LC death is not known. The
exact half-life of LCs has yet also to be clearly established, but seems
to be far longer than the 7-8 days half-life of most DC subtypes.?4*
In vivo imaging of LCs expressing the enhanced green fluorescent protein
(EGFP) indicates that the steady state turnover of epidermal LCs is
slow, with an estimated half-life of 53—78 days,36 which is consistent
with earlier in vivo labeling studies.?” In transgenic mice expressing the
diphtheria toxin receptor (DTR) under the langerin promoter, DT
administration leads to conditional depletion of the entire LC popula-
tion. In this model, LC reconstitution takes several months,3%3°
whereas lymphoid organ DCs repopulate in few days upon DT
administration in CD11¢-DTR mice.*?

The local proliferative capacity of LCs has long been identi-
fied.!32%:304142 Recent studies in our laboratory established that
1-2% epidermal LCs actively proliferate at any given time both in
mice and humans (Ginhoux, unpublished data), whereas lymphoid
organ DCs divide at the rate of 5%.2%3> DC proliferation in peripheral
lymphoid organs is dependent on lymphotoxin-B** and the Fms-like-
tyrosine-kinase 3 ligand (FIt3L) receptor.** In contrast, LCs are not
affected in mice that lack FIt3L or its receptor Flt3.3> The mechanisms
that control local LC proliferation remain to be established and one
possibility is that LC proliferation in the epidermis is triggered by LC
emigration to the draining lymph nodes.

LC differentiation is also regulated differently than classical DCs.
Flt3L and Flt3 control the differentiation of classical DCs in both mice
and humans.®> Flt3-deficient mice have severe defects in DC devel-
opment in lymphoid** and non-lymphoid organs.’> Granulocyte/
macrophage colony-stimulating factor (GM-CSF) is also an important
cytokine for the differentiation of DCs in vitro and recent work from
our group revealed the role of this cytokine in the differentiation of
one subset of DCs in the intestine.® Surprisingly, as mentioned above,
mice lacking Flt3, FlIt3L or GM-CSF have normal numbers of LCs
in vivo.>>*” In contrast, mice deficient in transforming growth factor
B-1 (TGFB-1),* inhibitor of DNA binding (ID2),*° Runt-related
transcription factor 3 (RUNX3)*® or the macrophage CSF receptor
(MCSF-R)*! lack LCs. However, the mechanisms that affect LC
development in these mice remain unclear and may include defects
in LC differentiation, proliferation and/or survival or in LC precursors
as discussed later. These results further underline the separation
between LCs and the classical DC lineage.

Repopulation of LCs during inflammation

LC homeostasis in inflamed skin depends on the type and strength of
inflammation. In severe inflammatory injuries that lead to major LC
loss, epidermal-dermal barrier damages, and the release of monocytic
chemokines, LCs are repopulated by circulating blood precursors.



Examples of severe skin injuries include skin exposure to ultraviolet
(UV) light and cutaneous GVHD that occurs after allogeneic hema-
topoietic cell transplantation.?®>1:32 Upon skin exposure to UV, LCs
are repopulated by circulating Gr1" blood monocytes.”! Similarly in
humans who have undergone allogeneic hematopoietic stem cell
transplantation, higher numbers of donor-derived LCs are found in
the skin of patients affected with cutaneous GVHD compared with
patients without skin inflammatory injuries.’> In UV or GVHD-
affected skin, LC repopulation is dependent on the expression of
CCR2 and CCR6 by circulating cells.?>>> CCR2 most likely controls
the recruitment of monocytes to the dermis, whereas CCR6 likely
control their migration to the epidermis.>® Similar observations have
been made using human cells in vitro. CD34" hematopoietic pro-
genitor cells give rise to LCs through a monocytic differentiation
pathway accompanied by the sequential expression of CCR2 and
CCR6.** In this model, monocytes were shown to respond to CCR2
ligands expressed in the perivascular region of the dermis, and
subsequently differentiate into LCs in response to CCR6 ligands
expressed by keratinocytes at the epidermal-dermal junction.* Con-
sistent with these data, circulating rnonocytes55 and dermal CD14"
cells®® that have been isolated from human skin can differentiate into
CCR6*langerin® cells in vitro in response to TGFB-1.°7 Subsequent
studies using skin-equivalent models, in which skin is reconstituted
in vitro from skin stem cells, confirmed that monocytes can
differentiate into LCs in the epithelium and suggested a role for
CXC chemokine ligand 14 (CXCL14), a chemokine that is expressed
in the skin during the steady state but is upregulated after injury.>®
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In contrast, in less severe injuries that lead to moderate LC loss,
preserve the epidermal-dermal barrier integrity and are not accom-
panied by the release of inflammatory chemokines, the remaining
LCs have the potential to repopulate themselves locally. Local LC
repopulation have first been identified in two types of skin injuries
including exposure to skin sensitizers and to x-ray irradiation.?®
Similar results were recently obtained in a mouse model of atopic
dermatitis, in which LC proliferation is controlled by keratinocyte-
derived signals.”® Interestingly, LC loss in the absence of inflam-
mation, as in the case of DT-mediated ablation in langerin-DTR
mice, leads to much slower LC repopulation, which may suggest that
inflammatory signals control the dynamics of LC proliferation.

These examples represent extreme scenarios and it is likely that
during common skin injuries, LC repopulation occurs from both
local and blood-derived precursors, as shown in a mouse model of
Herpes Simplex virus skin infection.®®

THE ORIGIN OF LC

An apparent conundrum in understanding LC ontogeny is that while
they are unequivocally of hematopoietic origin, they derive from
precursors that are present in the skin before birth and before BM
has developed (Figure 1). Indeed, early studies in rodents noted the
presence of ATPase’t LC-like cells in the epidermis in later stages of
embryonic development, around E16 and E17.100162 A study from
Romani et al.% revealed that ATPase™ cells present in the E18 murine
epidermis expressed adult LC markers including F4/80 and CDI11b
but acquired MHC class II and Birbeck granules only after birth.
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Figure 1 Ontogeny of murine Langerhans cells. We propose that Langerhans cells (LCs) might derive from yolk sac (YS) primitive macrophages that migrate to
the skin via the blood circulation during mid-embryogenesis. The YS is the first extraembryonic hematopoietic tissue during embryogenesis, starting from E7.5

to E12.5. YS myeloid precursors give rise to primitive macrophages (Gr1—C

D11b*MCSF-R*F4/80*CX3CR1-EGFP*) that emerge around E8. YS-derived

primitive macrophages will then join the intraembryonic circulation after the circulatory system has been fully established from E8.5 to E10. From the blood,

they migrate to various tissues to become fetal macrophages. On the basis of

all the evidence cited in the review, fetal macrophages are present in the

developing skin as soon as E10.5. It is unlikely that the fetal macrophages are already in the future epidermis, which consists only at this stage of only a
single layer of ectodermal cells. Fetal macrophages are rather in the subepidermal mesenchyme, or developing dermis. Importantly, fetal macrophages are
already present in the skin before the onset of monocyte production by the fetal liver. YS primitive macrophages derived fetal macrophages might be sufficient
to populate the LC compartment of embryonic skin, but at the present time, another later contribution of fetal liver monocytes, migrating from the blood to the
epidermis between E12.5 and E18.5 cannot be excluded. From E16.5/E17, putative LC precursors with the same phenotype than fetal macrophages can be

detected in the developing epidermis, which have lost its periderm and consist

at this stage of multiple layers of keratinocytes. Epidermal LC precursors in

E16.5 and E18.5 epidermis have a high proliferative index (up to 20% of proliferating cells) and differentiate into LCs after birth.
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Subsequent studies suggested that these cells were present in the
epidermis as early as E16% and lacked langerin®® and CD24% expres-
sion, two markers of mature adult LCs. These putative LC precursors
proliferate actively the first week after birth, while acquiring MHC
class IT and langerin expression.”>*>%7 More recently, we and others
found that these embryonic LC precursors express high level of
the fractalkine receptor CX3CR1°° (Ginhoux, unpublished data).
CX3CR1 is a useful marker to specifically track LC precursors as
mature LCs loose expression of this molecule during differentiation.
Interestingly, we could not detect CX3CR1*CD11b*F4/807IA™ or [A~
LC precursors in adult skin, suggesting that most LC precursors that
are present at birth have differentiated into mature LCs.

Similar to rodents, human LCs can be detected in the developing
epidermis before birth. Human HLA-DR*ATPase" can be detected as
early as 6-7 weeks of estimated gestational age (EGA).®® Consistent
with these results, HLA-DRMCD1c" leukocytes were recently found
scattered in embryonic human skin starting from 9 weeks EGA and
increased continuously as the skin develops.®” Langerin was found
to be absent on these CD457CD1c" cells between 9 and 10 weeks
EGA, but exclusively appears on CD457CD1c? cells in the epidermis
after week 11. Expression of the proliferation marker Ki67 was also
detected in over 17.0% of CD45" cells in embryonic skin, but only
3.7% in fetal skin and 0.9% in adult skin.%® Although it is difficult to
compare the kinetics of murine and human embryonic development,
these studies suggest that langerin™ LC precursors are recruited to
the epidermis in both species at a comparable development stage
of the epidermis (E16/E17 in mice and 9 weeks EGA for humans),
when the epidermis loses its periderm and starts to acquire its stratum
corneum (Figure 1) (E16/E17 in mice and between 8 to 12 weeks EGA
for humans).6%70

Identifying the LC precursor

Although it is now clear that LCs derive from embryonic hemato-
poietic precursors that seed the skin before birth, the origin of the
precursors that migrate to the epidermis to give rise to the ‘first’
endogenous wave of LCs remains unknown and difficult to establish.
Here, we discuss studies in the literature as well as recent findings from
our group regarding the origin of these precursors.

During late embryogenesis, from E12 on, the fetal liver is the
primary site of hematopoiesis, whereas the BM takes over right
after birth (Figure 1).”! As blood monocytes were known to replenish
LCs following inflammation, fetal liver-derived monocytes could
represent potential LC precursors. We recently identified monocyte-
like cells in the embryonic skin expressing CD11b, F4/80, CD115
(MCSF-R) and CX3CR1, with the difference that they lacked the
Gr-1 marker, in contrast to the majority of circulating embryonic
monocytes (Ginhoux, unpublished data). These cells correspond to
the LC precursors described earlier by Romani et al.%3 However, unlike
in adult inflamed skin,” the recruitment of LC precursors to the fetal
epidermis is independent of CCR2 and CCR6, as CCR2 and CCR6
ligands are not expressed in fetal skin (Ginhoux, unpublished data),
which is consistent with earlier data showing that mice that lack CCR2
and CCR6 have normal numbers of epidermal LCs.

Earlier studies have shown that LC-like cells are present in epider-
mal sheets derived from grafted limb buds isolated at E10.5, before the
development of fetal liver-derived hematopoiesis.>!®!! These results
imply that at early time points of development, as soon as E10.5, the
developing skin already contains progenitors with LC potential
(Figure 1). Interestingly, in the rat, macrophage-like cells can be
found in the dermis around E12.7> Highly proliferative macrophage-
like cells were also detected in E16/17 rat epidermis and shown to
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acquire MHC class II around E18.73 A more recent study, using a
CD115-EGFP reporter mouse model, identified the presence of EGFP*
cells in E10.5 limb buds.”* In addition, human embryonic macro-
phages were also detected in the developing dermis around 6 to 14
weeks EGA.”> Altogether, these observations suggest that fetal macro-
phages might represent the LC precursor. Interestingly, Breathnach
hypothesized that these embryonic macrophages were of yolk sac (YS)
origin,”> based on their close resemblance to the phagocytic macro-
phages described in the YS of 4 to 5 weeks old human fetuses.”®

The yolk sac hypothesis

The YS is the first extraembryonic hematopoietic tissue in murine and
human embryogenesis (Figure 1). In mouse, the first hematopoietic
cells appear in the YS blood islands around E7.5, shortly after the
onset of gastrulation, and belong to the erythroid and myeloid
lineages.”!”” Human hematopoiesis is also initiated in the YS during
the third week of development and YS-derived stem cells are limited to
myelo-erythroid development.”® YS myeloid precursors give rise to
primitive macrophages, described to emerge around E8 in the YS
blood islands.”” YS-derived primitive macrophages will then migrate
to various tissues either directly at early time points, or through the
blood after the circulatory system has been fully established from E8.5
to E10.9 Once in the tissues, they differentiate into several fetal
macrophage populations even before the onset of monocyte produc-
tion by the fetal liver. These fetal macrophages have high proliferative
potential.””# Interestingly, the MHC class II~ LC precursors in E18.5
epidermis also present a high proliferative index (up to 20% of prolif-
erating cells) (Ginhoux, unpublished data).

Phenotypically, YS primitive macrophages are Grl~CD11b*MCSF-
RYF4/80*CX;CR1-EGFP*3! a similar phenotype to the putative LC
precursors found in E18.5 epidermis (Ginhoux, unpublished data)
(Figure 1). In addition, YS primitive-derived macrophages or fetal
macrophages with a similar phenotype (Grl~CD11b*MCSF-R*F4/
80"CX3CR1-EGFP*) can be found in the blood circulation as soon
as E12.5 as well as in E12.5 limb buds (Ginhoux, unpublished data)
and could correspond to the MCSF-R* cells described by Rae
et al”* Altogether, these data constitute circumstantial evidence
supporting the hypothesis that LCs are derived from YS primitive
macrophages that migrate into the developing skin from E10.5 to
E16.5. At the present time, a second contribution of fetal liver
monocytes, migrating from the blood to the epidermis between
E12.5 and E18.5 cannot be excluded, although this would seem
redundant. Adoptive transfer of fetal liver monocytes in utero, as
well as a genetic tagging model of the YS macrophages progeny should
help to resolve this issue.

MOLECULAR CONTROL OF LC ONTOGENY
AND DIFFERENTIATION
Until now, the reasons for an absence of LCs in certain KO mouse
models was thought to be due to defects in LC proliferation,
differentiation or survival based on the assumption that these cells
were continually recruited during adult life. However, as embryogen-
esis is a critical stage of LC development, it raised the question whether
these models actually lacked LCs also due to defects in LC precursors,
in their generation or their recruitment to the embryonic skin.
TGFp-1 is a key molecule for LC development and mice that lack
TGFB-1 lack LCs.* Although both keratinocytes and LCs express
TGEFp-1, it is the LC autocrine source of TGFB-1 that is required for
LC development, although the exact mechanism by which TGFf-1
control LC homeostasis remains to be clarified.8? In humans, TGFp-1
is needed for the in vitro differentiation of LC-like cells from CD34*



hematopoietic progenitor cells®® or purified monocytes.>® Recent data
also showed that TGFB-1 production, which is first detectable in the
primitive epidermis at 9 weeks EGA, precedes langerin and CDla
expression on CD457CDI1ct LC precursors in human skin.®® This
correlation between the production of this cytokine in the epidermis
and the acquisition of the LC phenotype suggests that TGFp-1 might
have a key role in the differentiation of epidermal precursors into
mature LCs. Similarly to the TGFf-1 KO model, ID2 KO and RUNX3
KO mice lack mature LCs. Both ID2 and RUNX3 are involved in
TGEFp signaling. ID2 acts downstream of TGFf-1 and inhibits helix-
loop-helix transcription factors.*” RUNX3 is a member of the RUNX
domain family of transcription factors that mediates TGFf responses
and lack of appropriate TGFB-induced RUNX3 signaling leads to a
defect in LC development.®® It remains to be demonstrated whether
LC precursors are present or absent in late embryogenesis of all these
KO models.

The receptor for MCSF (also known as CSF-1) is also required for
the development of LCs.>! However, Csflop/op mice, which carry a
mutation in the gene encoding MCSF, have normal numbers of LCs.5*
This implies the existence of another ligand for the MCSF receptor
(MCSEF-R) that could compensate for the absence of MCSE Consis-
tent with this possibility, interleukin-34 (IL-34) has recently been
identified as a ligand for MCSF-R in mice and humans.® IL-34 binds
MCSE-R with a higher affinity than MCSE®> Although nothing is
known about IL-34 expression during embryogenesis, MCSF expres-
sion has been followed in mouse fetal and extraembryonic tissues at
various stages of development.®¢ Expression was predominantly
reported in extraembryonic tissues, such as the YS, as early as E10.
However, the exact role for MCSF-R ligands in LC development has
yet to be determined. Interestingly, the zebrafish mutant model puma,
which lacks a functional MCSF-R gene, exhibits macrophage defects.
In these animals, early YS macrophages differentiate but fail to migrate
out of the YS and to invade embryonic tissues.8” Therefore, we can
hypothesize that the absence of LCs in MCSF-R KO mice is similarly
due to a defect in YS macrophages, further underlining the affiliation
between YS macrophages and LCs.

CONCLUSION

LCs have served as the prototype DC population, through which many
key features have been elucidated, from the collection of antigens in
the periphery to the migration, maturation and trafficking of cells to
the T-cell areas of the lymph node.883° It is now clear that LCs
represent a specific DC population that has a unique origin and
specific differentiation and homeostatic requirements. How these
differences determine LC functional attributes and control their
role in skin immunity is an important challenge to resolve in the
years to come.

CONFLICT OF INTEREST
The authors declare no conflict of interest

ACKNOWLEDGEMENTS

We thank Dr Matthew Collin and Dr Melanie Greter for helpful discussion as
well as Dr Lai Guan Ng, Dr Pearline Teo and Dr Lucy Robinson for critical
review of the paper.

1 Banchereau J, Briere F, Caux C, Davoust J, Lebecque S, Liu YJ et al. Immunobiology of
dendritic cells. Annu Rev Immunol 2000; 18: 767-811.

2 Romani N, Clausen B, Stoitzner P. Langerhans cells and more: langerin-expressing
dendritic cell subsets in the skin. /Immunol Rev 2010; 234: 1-22.

Ontogeny and homeostasis of Langerhans cells
F Ginhoux and M Merad

3 Merad M, Ginhoux F, Collin M. Origin, homeostasis and function of Langerhans cells
and other langerin-expressing dendritic cells. Nat Rev Immunol 2008; 8: 935-947.

4 Langerhans P. Uber die Nerven der menschlichen Haut. Virchows Arch Pathol 1868;
44: 325-337.

5 Weddell G. Axonal regeneration in cutaneous nerve plexuses. J Anat 1942; 77:
49-62.3.

6 Reams Jr WM, Tompkins SP. A developmental study of murine epidermal Langerhans
cells. Dev Biol 1973; 31: 114-123.

7 Prunieras M. Interactions between keratinocytes and dendritic cells. J Invest Dermatol
1969; 52: 1-17.

8 Birbeck MD, Breathnach AS, Everall JD. An electron microscope study of basal
melanocytes and high-level clear cells (Langerhans cells) in vitiligo. J Invest Dermatol
1961; 37: 51.

9 Zelickson AS. The Langerhans cell. J Invest Dermatol 1965; 44: 201-212.

Breathnach AS, Silvers WK, Smith J, Heyner S. Langerhans cells in mouse skin

experimentally deprived of its neural crest component. J Invest Dermatol 1968; 50:

147-160.

Silvers WK. A histological and experimental approach to determine the relationship

between gold-impregnated dendritic cells and melanocytes. Am J Anat 1957; 100:

225-239.

12 Tarnowski WM, Hashimoto K. Langerhans’ cell granules in histiocytosis X. The

epidermal Langerhans’ cell as a macrophage. Arch Dermatol 1967; 96: 298-304.

Hashimoto K, Tarnowski WM. Some new aspects of the Langerhans cell. Arch Dermatol

1968; 97: 450-464.

14 Shelley WB, Juhlin L. Langerhans cells form a reticuloepithelial trap for external
contact antigens. Nature 1976; 261: 46-47.

15 Stingl G, Wolff-Schreiner EC, Pichler WJ, Gschnait F, Knapp W, Wolff K. Epidermal
Langerhans cells bear Fc and C3 receptors. Nature 1977; 268: 245-246.

16 Katz SI, Tamaki K, Sachs DH. Epidermal Langerhans cells are derived from cells
originating in bone marrow. Nature 1979; 282: 324-326.

17 Frelinger JG, Hood L, Hill S, Frelinger JA. Mouse epidermal la molecules have a bone
marrow origin. Nature 1979; 282: 321-323.

18 Klareskog L, Tjernlund U, Forsum U, Peterson PA. Epidermal Langerhans cells express
la antigens. Nature 1977; 268: 248-250.

19 Tamaki K, Stingl G, Gullino M, Sachs DH, Katz Sl. la antigens in mouse skin are
predominantly expressed on Langerhans cells. J Immunol 1979; 123: 784-787.

20 Stingl G, Katz S, Shevach EM, Wolff-Schreiner E, Green |. Detection of la antigens on

Langerhans cells in guinea pig skin. J Immunol 1978; 120: 570-578.

Braathen LR, Thorsby E. Studies on human epidermal Langerhans cells. I. Allo-

activating and antigen-presenting capacity. Scand J Immunol 1980; 11: 401-408.

22 Sontheimer RD. The mixed epidermal cell-lymphocyte reaction. |. Human epidermal

cells elicit a greater allogeneic lymphocyte response than do autologous peripheral

blood lymphoid cells. J Immunol 1983; 130: 2612-2614.

Schuler G, Steinman RM. Murine epidermal Langerhans cells mature into potent

immunostimulatory dendritic cells in vitro. J Exp Med 1985; 161: 526-546.

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

25 Liu K, Victora GD, Schwickert TA, Guermonprez P, Meredith MM, Yao K et al.
In vivo analysis of dendritic cell development and homeostasis. Science 2009; 324:
392-397.

26 Merad M, Manz MG, Karsunky H, Wagers A, Peters W, Charo | et al. Langerhans cells
renew in the skin throughout life under steady-state conditions. Nat Immunol 2002; 3:
1135-1141.

27 lijima N, Linehan MM, Saeland S, Iwasaki A. Vaginal epithelial dendritic cells renew
from bone marrow precursors. Proc Natl Acad Sci USA 2007; 104: 19061-19066.

28 Holt PG, Haining S, Nelson DJ, Sedgwick JD. Origin and steady-state turnover of class

Il MHC-bearing dendritic cells in the epithelium of the conducting airways. J Immunol

1994; 153: 256-261.

Czernielewski J, Vaigot P, Prunieras M. Epidermal Langerhans cells-a cycling cell

population. J Invest Dermatol 1985; 84: 424-426.

Czernielewski JM, Demarchez M. Further evidence for the self-reproducing capacity of

Langerhans cells in human skin. J Invest Dermatol 1987; 88: 17-20.

Krueger GG, Daynes RA, Emam M. Biology of Langerhans cells: selective migration of

Langerhans cells into allogeneic and xenogeneic grafts on nude mice. Proc Natl Acad

Sci USA 1983; 80: 1650-1654.

Kanitakis J, Petruzzo P, Dubernard JM. Turnover of epidermal Langerhans’ cells. N Eng/

J Med 2004; 351: 2661-2662.

Collin MP, Hart DN, Jackson GH, Cook G, Cavet J, Mackinnon S et al. The fate of human

Langerhans cells in hematopoietic stem cell transplantation. J Exp Med 2006; 203:

27-33.

34 Haniffa M, Ginhoux F, Wang XN, Bigley V, Abel M, Dimmick | et al. Differential rates of
replacement of human dermal dendritic cells and macrophages during hematopoietic
stem cell transplantation. J Exp Med 2009; 206: 371-385.

35 Ginhoux F, Liu K, Helft J, Bogunovic M, Greter M, Hashimoto D et al. The origin
and development of nonlymphoid tissue CD103+ DCs. J Exp Med 2009; 206:
3115-3130.

36 Vishwanath M, Nishibu A, Saeland S, Ward BR, Mizumoto N, Ploegh HL et al.
Development of intravital intermittent confocal imaging system for studying Langer-
hans cell turnover. J Invest Dermatol 2006; 126: 2452-2457.

37 Kamath AT, Henri S, Battye F, Tough DF, Shortman K. Developmental kinetics and
lifespan of dendritic cells in mouse lymphoid organs. Blood 2002; 100: 1734-1741.

—
o

1

—

1

w

2

—

2

w

2

O

3

o

3

—

3

N

3

w

Immunology and Cell Biology



Ontogeny and homeostasis of Langerhans cells
F Ginhoux and M Merad

392

38 Bennett CL, van Rijn E, Jung S, Inaba K, Steinman RM, Kapsenberg ML et al. Inducible
ablation of mouse Langerhans cells diminishes but fails to abrogate contact hypersen-
sitivity. J Cell Biol 2005; 169: 569-576.

39 Kissenpfennig A, Henri S, Dubois B, Laplace-Builhe C, Perrin P, Romani N et al.
Dynamics and function of Langerhans cells in vivo: dermal dendritic cells colonize
lymph node areas distinct from slower migrating Langerhans cells. Immunity 2005; 22:
643-654.

40 Jung S, Unutmaz D, Wong P, Sano G, De los Santos K, Sparwasser T et al. In vivo
depletion of CD11c(+) dendritic cells abrogates priming of CD8(+) T cells by exogenous
cell-associated antigens. /mmunity 2002; 17: 211-220.

41 Giacometti L, Montagna W. Langerhans cells: uptake of tritiated thymidine. Science
1967; 157: 439-440.

42 Miyauchi S, Hashimoto K. Epidermal Langerhans cells undergo mitosis during the early
recovery phase after ultraviolet-B irradiation. J Invest Dermatol 1987; 88: 703-708.

43 Kabashima K, Banks TA, Ansel KM, Lu TT, Ware CF, Cyster JG. Intrinsic lymphotoxin-
beta receptor requirement for homeostasis of lymphoid tissue dendritic cells. Immunity
2005; 22: 439-450.

44 Waskow C, Liu K, Darrasse-Jeze G, Guermonprez P, Ginhoux F, Merad M et al. The
receptor tyrosine kinase FIt3 is required for dendritic cell development in peripheral
lymphoid tissues. Nat Immunol 2008; 9: 676-683.

45 Onai N, Obata-Onai A, Schmid MA, Manz MG. FIt3 in regulation of type |
interferon-producing cell and dendritic cell development. Ann NY Acad Sci 2007;
1106: 253-261.

46 Bogunovic M, Ginhoux F, Helft J, Shang L, Hashimoto D, Greter M et al. Origin of the
lamina propria dendritic cell network. /mmunity 2009; 31: 513-525.

47 Kingston D, Schmid MA, Onai N, Obata-Onai A, Baumjohann D, Manz MG. The
concerted action of GM-CSF and FIt3-ligand on in vivo dendritic cell homeostasis.
Blood 2009; 114: 835-843.

48 Borkowski TA, Letterio JJ, Farr AG, Udey MC. A role for endogenous transforming
growth factor beta 1 in Langerhans cell biology: the skin of transforming growth factor
beta 1 null mice is devoid of epidermal Langerhans cells. J Exp Med 1996; 184:
2417-2422.

49 Hacker C, Kirsch RD, Ju XS, Hieronymus T, Gust TC, Kuhl C et al. Transcriptional
profiling identifies 1d2 function in dendritic cell development. Nat Immunol 2003; 4:
380-386.

50 Fainaru O, Woolf E, Lotem J, Yarmus M, Brenner O, Goldenberg D et al. Runx3

regulates mouse TGF-beta-mediated dendritic cell function and its absence results in

airway inflammation. EMBO J 2004; 23: 969-979.

Ginhoux F, Tacke F, Angeli V, Bogunovic M, Loubeau M, Dai XM et al. Langerhans cells

arise from monocytes in vivo. Nat Immunol 2006; 7: 265-273.

52 Merad M, Hoffmann P, Ranheim E, Slaymaker S, Manz MG, Lira SA et al. Depletion of

host Langerhans cells before transplantation of donor alloreactive T cells prevents skin

graft-versus-host disease. Nat Med 2004; 10: 510-517.

Bogunovic M, Ginhoux F, Wagers A, Loubeau M, Isola LM, Lubrano L et al. Identifica-

tion of a radio-resistant and cycling dermal dendritic cell population in mice and men.

J Exp Med 2006; 203: 2627-2638.

54 Vanbervliet B, Homey B, Durand |, Massacrier C, Ait-Yahia S, de Bouteiller O et al.
Sequential involvement of CCR2 and CCR6 ligands for immature dendritic cell
recruitment: possible role at inflamed epithelial surfaces. Eur J Immunol 2002; 32:
231-242.

55 Geissmann F, Prost C, Monnet JP, Dy M, Brousse N, Hermine O. Transforming growth

factor betal, in the presence of granulocyte/macrophage colony-stimulating factor and

interleukin 4, induces differentiation of human peripheral blood monocytes into

dendritic Langerhans cells. J Exp Med 1998; 187: 961-966.

Larregina AT, Morelli AE, Spencer LA, Logar AJ, Watkins SC, Thomson AW et al.

Dermal-resident CD14+ cells differentiate into Langerhans cells. Nat Immunol 2001;

2:1151-1158.

57 Onai N, Obata-Onai A, Tussiwand R, Lanzavecchia A, Manz MG. Activation of the FIt3
signal transduction cascade rescues and enhances type | interferon-producing and
dendritic cell development. J Exp Med 2006; 203: 227-238.

58 Schaerli P, Willimann K, Ebert LM, Walz A, Moser B. Cutaneous CXCL14 targets blood
precursors to epidermal niches for Langerhans cell differentiation. Immunity 2005; 23:
331-342.

59 Chorro L, Sarde A, Li M, Woollard KJ, Chambon P, Malissen B et al. Langerhans cell
(LC) proliferation mediates neonatal development, homeostasis, and inflammation-
associated expansion of the epidermal LC network. J Exp Med 2009; 206:
3089-3100.

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

61 Schweizer J, Marks F. A developmental study of the distribution and frequency of
Langerhans cells in relation to formation of patterning in mouse tail epidermis. J /nvest
Dermatol 1977; 69: 198-204.

62 Weiss LW, Zelickson AS. Embryology of the epidermis: ultrastructural aspects. Ill.
Maturation and primary appearance of dendritic cells in the mouse with mammalian
comparisons. Acta Derm Venereol 1975; 55: 431-442.

5

—

5

w

5

(&)

Immunology and Cell Biology

63 Romani N, Schuler G, Fritsch P. Ontogeny of la-positive and Thy-1-positive leukocytes
of murine epidermis. J Invest Dermatol 1986; 86: 129-133.

64 Okada T, Konishi H, Ito M, Kaneshima H, Asai J. Developmental expression of C3
receptor on murine epidermal Langerhans cells during ontogeny. Arch Dermatol Res
1988; 280: 39-44.

65 Tripp CH, Chang-Rodriguez S, Stoitzner P, Holzmann S, Stossel H, Douillard P et al.
Ontogeny of Langerin/CD207 expression in the epidermis of mice. J Invest Dermatol
2004; 122: 670-672.

66 Chang-Rodriguez S, Ecker R, Stingl G, Elbe-Burger A. Autocrine IL-10 partially
prevents differentiation of neonatal dendritic epidermal leukocytes into Langerhans
cells. J Leukoc Biol 2004; 76: 657-666.

67 Elbe A, Tschachler E, Steiner G, Binder A, Wolff K, Stingl G. Maturational steps of bone
marrow-derived dendritic murine epidermal cells. Phenotypic and functional studies
on Langerhans cells and Thy-1+ dendritic epidermal cells in the perinatal period.
J Immunol 1989; 143: 2431-2438.

68 Foster CA, Holbrook KA, Farr AG. Ontogeny of Langerhans cells in human embryonic
and fetal skin: expression of HLA-DR and OKT-6 determinants. J /nvest Dermatol
1986; 86: 240-243.

69 Schuster C, Vaculik C, Fiala C, Meind! S, Brandt O, Imhof M et al. HLA-DR+ leukocytes
acquire CD1 antigens in embryonic and fetal human skin and contain functional
antigen-presenting cells. J Exp Med 2009; 206: 169-181.

70 Holbrook KA, Odland GF. The fine structure of developing human epidermis: light,
scanning, and transmission electron microscopy of the periderm. J Invest Dermatol
1975; 65: 16-38.

71 Orkin SH, Zon LI. Hematopoiesis: an evolving paradigm for stem cell biology. Cell
2008; 132: 631-644.

72 Takahashi K, Takahashi H, Naito M, Sato T, Kojima M. Ultrastructural and functional
development of macrophages in the dermal tissue of rat fetuses. Cell Tissue Res 1983;
232: 539-552.

73 Mizoguchi S, Takahashi K, Takeya M, Naito M, Morioka T. Development, differentiation,
and proliferation of epidermal Langerhans cells in rat ontogeny studied by a novel
monoclonal antibody against epidermal Langerhans cells, RED-1. J Leukoc Biol 1992;
52: 52-61.

74 Rae F, Woods K, Sasmono T, Campanale N, Taylor D, Ovchinnikov DA et al. Character-

isation and trophic functions of murine embryonic macrophages based upon the use of

a Csf1r-EGFP transgene reporter. Dev Biol 2007; 308: 232-246.

Breathnach AS. Development and differentiation of dermal cells in man. J Invest

Dermatol 1978; 71: 2-8.

76 Fukuda T. Fetal hemopoiesis. |. Electron microscopic studies on human yolk sac
hemopoiesis. Virchows Arch B Cell Pathol 1973; 14: 197-213.

77 Lichanska AM, Hume DA. Origins and functions of phagocytes in the embryo. Exp
Hematol 2000; 28: 601-611.

78 Tavian M, Peault B. Embryonic development of the human hematopoietic system. Int J
Dev Biol 2005; 49: 243-250.

79 McGrath KE, Koniski AD, Malik J, Palis J. Circulation is established in a stepwise
pattern in the mammalian embryo. Blood 2003; 101: 1669-1676.

80 Naito M, Umeda S, Yamamoto T, Moriyama H, Umezu H, Hasegawa G et al. Develop-

ment, differentiation, and phenotypic heterogeneity of murine tissue macrophages.

J Leukoc Biol 1996; 59: 133-138.

Bertrand JY, Jalil A, Klaine M, Jung S, Cumano A, Godin |. Three pathways to mature

macrophages in the early mouse yolk sac. Blood 2005; 106: 3004-3011.

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

83 Strobl H, Riedl E, Scheinecker C, Bello-Fernandez C, Pickl WF, Rappersberger K et al.
TGF-beta 1 promotes in vitro development of dendritic cells from CD34+ hemopoietic
progenitors. J Immunol 1996; 157: 1499-1507.

84 Witmer-Pack MD, Hughes DA, Schuler G, Lawson L, McWilliam A, Inaba K et al.

Identification of macrophages and dendritic cells in the osteopetrotic (op/op) mouse.

J Cell Sci 1993; 104(Part 4): 1021-1029.

Lin H, Lee E, Hestir K, Leo C, Huang M, Bosch E et al. Discovery of a cytokine and its

receptor by functional screening of the extracellular proteome. Science 2008; 320:

807-811.

86 Azoulay M, Webb CG, Sachs L. Control of hematopoietic cell growth regulators during
mouse fetal development. Mol Cell Biol 1987; 7: 3361-3364.

87 Herbomel P, Thisse B, Thisse C. Zebrafish early macrophages colonize cephalic
mesenchyme and developing brain, retina, and epidermis through a M-CSF receptor-
dependent invasive process. Dev Biol 2001; 238: 274-288.

88 Schuler G, Koch F, Heufler C, Kampgen E, Topar G, Romani N. Murine epidermal
Langerhans cells as a model to study tissue dendritic cells. Adv Exp Med Biol 1993;
329: 243-249.

89 Banchereau J, Steinman RM. Dendritic cells and the control of immunity. Nature
1998; 392: 245-252.

7

(6]

8

—

8

o



	Ontogeny and homeostasis of Langerhans cells
	HISTORICAL PERSPECTIVE
	HOMEOSTASIS OF LC UNDER STEADY STATE AND INFLAMMATORY CONDITIONS
	Steady state: general concepts
	Steady state: molecular control of LC homeostasis
	Repopulation of LCs during inflammation

	THE ORIGIN OF LC
	Figure 1 Ontogeny of murine Langerhans cells.
	Identifying the LC precursor
	The yolk sac hypothesis

	MOLECULAR CONTROL OF LC ONTOGENY AND DIFFERENTIATION
	CONCLUSION
	Conflict of interest
	ACKNOWLEDGEMENTS




