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Adult Langerhans cells derive
predominantly from embryonic fetal liver
monocytes with a minor contribution

of yolk sac—derived macrophages
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Langerhans cells (LCs) are the dendritic cells (DCs) of the epidermis, forming one of the first
hematopoietic lines of defense against skin pathogens. In contrast to other DCs, LCs arise
from hematopoietic precursors that seed the skin before birth. However, the origin of these
embryonic precursors remains unclear. Using in vivo lineage tracing, we identify a first wave
of yolk sac (YS)-derived primitive myeloid progenitors that seed the skin before the onset of
fetal liver hematopoiesis. YS progenitors migrate to the embryo proper, including the pro-
spective skin, where they give rise to LC precursors, and the brain rudiment, where they

give rise to microglial cells. However, in contrast to microglia, which remain of YS origin
throughout life, YS-derived LC precursors are largely replaced by fetal liver monocytes during
late embryogenesis. Consequently, adult LCs derive predominantly from fetal liver monocyte-
derived cells with a minor contribution of YS-derived cells. Altogether, we establish that
adult LCs have a dual origin, bridging early embryonic and late fetal myeloid development.
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Flt3 (Merad and Manz, 2009), mice lacking Flt3 or FIt3L
have normal numbers of LCs in vivo (Ginhoux et al., 2009;
Kingston et al., 2009). In contrast, the receptor for colony
stimulating factor-1 (CSF-1R) is required for LCs to de-
velop (Ginhoux et al., 2006), but is dispensable for the de-
velopment of lymphoid tissue resident DCs (Ginhoux et al.,
2009; Witmer-Pack et al., 1993). In contrast to other DCs,
which are constantly replaced by a circulating pool of BM-
derived committed precursors, LCs maintain themselves in
situ throughout life, independent of any input from the BM
(Merad et al., 2002). Furthermore, LCs resist high-dose
ionized radiation and remain of host origin after lethal irra-
diation and reconstitution with donor congenic BM (Merad
et al., 2002).

The origin of the precursors that give rise to tissue
DCs are beginning to be characterized (Geissmann et al.,
2010). For example, the macrophage and DC precursor
gives rise to monocytes and to the common DC precursor,
which has lost monocyte/macrophage differential poten-
tial and gives rise exclusively to DCs. However, none of
these progenitors contribute to LC homeostasis in adult
mice. In contrast, adult LC homeostasis is maintained by a
pool of LC precursors that take residence in the skin be-
fore birth (Romani et al., 1986; Chang-Rodriguez et al.,
2005; Chorro et al., 2009). However, the origin and the
developmental regulation of these embryonic LC precur-
sors remain unknown.

Two major hematopoietic sites contribute to blood
cell formation during embryogenesis (Tavian and Péault,
2005; Orkin and Zon, 2008). In mice, the first hemato-
poietic progenitor appears in the extra-embryonic yolk sac
(YS) shortly after the onset of gastrulation, around embry-
onic age (E) 7.0, leading to the initiation of primitive
hematopoiesis, which consists mainly of erythrocytes and
macrophages (Moore and Metcalf, 1970; Bertrand et al.,
2005). Primitive macrophages spread into the embryo
with the onset of blood circulation around E9.0 (Lichanska
and Hume, 2000). After E8.5, with the determination
of the intraembryonic mesoderm toward the hematopoi-
etic lineage, a new wave of hematopoietic progenitors is
generated within the embryo proper, first in the paraaortic
splanchnopleura region, and then in the aorta, gonads,
and mesonephros (AGM) region (Medvinsky et al., 1993;
Godin et al., 1993). The hematopoietic stem cells gener-
ated within the AGM will lead to the establishment of
definitive hematopoiesis (Orkin and Zon, 2008). Around
E10.5, YS- and AGM-derived hematopoietic progenitors
colonize the fetal liver (Kumaravelu et al., 2002), which
serves as a major hematopoietic organ after E11.5, gener-
ating all hematopoietic lineages, including monocytes
(Naito et al., 1990).

We recently showed that microglia, the resident macro-
phage population of the central nervous system, arise exclu-
sively from YS-derived primitive myeloid progenitors that
appear before E8.0 (Ginhoux et al., 2010). Interestingly,
similar to LCs, microglial cells are also dependent on the
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CSF-1R for their development (Ginhoux et al., 2010), and
they resist high-dose ionized radiation and maintain them-
selves in situ, independent of any input from BM precursors
(Ajami et al., 2007; Mildner et al., 2007). These shared cyto-
kine requirements and homeostatic properties may suggest a
common developmental origin of these two cell types. In this
study, we examined the contribution of embryonic myeloid
precursors to LC homeostasis in adult mice. Using in vivo
lineage-tracing studies and in utero adoptive transfer strate-
gies, we show that adult LCs derive exclusively from embry-
onic precursors of both YS-derived primitive macrophage
and fetal liver—derived monocyte origin.

RESULTS

LC precursors are recruited to the skin before birth

Adult LCs derive from hematopoietic precursors that take
residence in the skin before birth, and before the onset of BM
hematopoiesis. Early studies revealed that myeloid-like cells
expressing the myeloid markers F4/80 and CD11b were
present in the skin during the later stages of embryonic devel-
opment (Ginhoux and Merad, 2010). These cells were con-
sidered LC precursors because they were proliferating actively
(Chang-Rodriguez et al., 2005; Chorro et al., 2009) and
lacked mature LC markers such as MHC class IT and langerin,
which were acquired after birth (Romani et al., 1986; Tripp
et al., 2004).

However, these studies were mainly correlative, and the
potential contribution of postnatal hematopoietic progenitors
to the adult LC pool in the steady state was never formally
addressed. To exclude the possibility that a wave of perinatal
circulating hematopoietic precursors, such as monocytes,
contributes to adult LC homeostasis, we reconstituted C57BL/6
CD45.2" newborns that were sublethally irradiated in the
first 24 h after birth with adult BM hematopoietic cells iso-
lated from CD45.1* congenic mice. Donor CD45.1" cell
engraftment was measured in the blood 3 mo after transplan-
tation and showed that >30% of blood circulating leukocytes,
including B and T lymphocytes, monocytes, and macro-
phages from lymphoid and nonlymphoid tissues, were of
donor origin (Fig. 1, A and B). In contrast, >95% of LCs
were of host origin at this time point (Fig. 1, A and B). Similar
results were obtained after reconstitution with E14.5 fetal
liver cells (unpublished data). LC chimerism was also moni-
tored at later time points, and LCs remained of host origin
for >7 mo after reconstitution (Fig. 1 B). Similar results were
obtained when microglia were analyzed (Fig. 1 B), as pre-
viously reported (Ginhoux et al., 2010). Thus, similar to
microglia, these results suggest that LCs are maintained
independent of circulating monocytes and instead rely on
local radioresistant precursors that colonize the epidermis

before birth.

Primitive myeloid precursors are present

in the skin rudiment of E12.5 embryos

Microglia and LCs share similar cytokine requirements
and homeostatic properties that could potentially reflect
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a common developmental regulation. We recently showed
that adult microglia develop almost entirely fromYS-derived
myeloid progenitors that arise before E8.0 (Ginhoux et al.,
2010). To examine the contribution of these progenitors
to LCs, we first used Cx3cr1¢#/* and Csf1##/* knock-in
myeloid reporter mice, as CSF-1R is a key regulator of LC
development (Burnett et al., 2004; Ginhoux et al., 20006)
and CX3CR1 is highly expressed on myeloid precursors
including embryonic microglial precursors (Jung et al.,
2000; Ginhoux et al., 2006). We found that hematopoietic
cells with a similar phenotype and morphology to YS mac-
rophages were present in the developing skin of E12.5
Cx3cr1¢?/* embryos. We analyzed limb buds for time points
before E16.5, as they are representative of embryonic skin
and less subject to contamination with deeper tissues than
the skin covering the embryonic body. Limb bud—infiltrating
cells expressed CD11b, F4/80, CSF-1R, and high levels
of CX3CR1, but lacked Gr-1 (Fig. 2, A and B). Limb
bud CD11b*F4/80*CSF-1R"* cells presented a macro-
phage-like morphology (intracytoplasmic vacuoles, as well
as veils and ruftles on the surface), as assessed by light and
scanning electronic microscopy (Fig. 2 C), were highly
proliferative (Fig. 2 D) and likely correspond to the
previously described YS-derived primitive macrophages
that seed the embryonic tissues (Takahashi et al., 1989;
Lichanska et al., 1999; Rae et al., 2007). Immunofluores-
cence and two-photon imaging analysis of the developing
skin of E12.5 Cx3cr1¢#/* or Csf1##/* embryos revealed
that primitive macrophages are already outside the blood
vessels and constitute a dense cellular network in the sub-
ectodermal mesenchyme, but are not yet present in the
ectoderm (Fig. 2, E and F, and Video 1). Similar data
were obtained at E10.5 (unpublished data). Finally, in
agreement with their YS origin, these skin-infiltrating my-
eloid cells were absent in CSF-1R—deficient E12.5 em-
bryos (Fig. 2, G and 2H), which lack YS macrophages
(Ginhoux et al., 2010).
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Fate-mapping study reveals that YS-derived primitive
macrophages are the major precursors of skin-infiltrating
myeloid cells in E13.5 embryos

To examine the direct contribution of YS-derived macro-
phages to these skin-infiltrating myeloid cells, we lineage
traced YS progenitors using mice expressing tamoxifen-
activated MER-Cre-MER recombinase gene under the con-
trol of one of the endogenous promoters of the runt-related
transcription factor 1 (Runx1) locus, as previously described
(Samokhvalov et al., 2007). Runx1 is expressed by hemato-
poietic progenitors in the extra-embryonic YS from E6.5
to E7.0 (North et al., 1999; Samokhvalov et al., 2007). We
crossed the Runx1-MER-Cre-MER mice (Runx1¢*/") with
the Cre-reporter mouse strain Rosa2 6RZ6R-eYFP/R26R-cYFP apd
induced recombination in embryos by a single injection of
4-hydroxytamoxifen (4’OHT) into pregnant females. Active
recombination in these knock-in mice occurs in a small time-
frame that does not exceed 24 h after injection and leads to
irreversible expression of the enhanced yellow fluorescent protein
(eYFP) reporter gene in Runx1* cells and their progeny
(Samokhvalov et al., 2007).We injected 4 OHT into pregnant
Runx1¢/"" females at E7.25-E7.5 and analyzed the percent-
age of eYFP-labeled myeloid cells in embryos when they
reached E10.5 and E13.5 (Fig. 3,A-C). E10.5 embryos treated
with 4OHT at E7.25-E7.5 exhibited a strong and highly
correlated proportion of labeled macrophages in the YS, limb
buds, and brain rudiment (Fig. 3, A and B). Furthermore, the
proportion of eYFP™ cells within these three populations was
similar in E10.5 and E13.5 embryos treated with 4 OHT at
E7.25-E7.5 (Fig. 3, B and C).The partial labeling of Runx1*
YS cells is inherent to in vivo labeling techniques and likely
results from the insufficient expression of MER-Cre-MER and
limited availability of the ligand in target cells (Samokhvalov
et al., 2007). Thus, our model likely underestimates the
contribution of Runx1® precursors to fetal macrophages,
although we cannot exclude the potential contribution of
nonlabeled precursors to this process.
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Figure 2. Fetal macrophages are already present in the skin rudiment of E12.5 embryos. (A and B) CD11b and F4/80 expression on gated
DAPI=CD45* cells isolated from indicated tissues of E12.5 embryos. (B) Expression of indicated cell surface markers or GFP reporters (red) compared

with isotype/WT controls (blue) on DAPI=CD45+CD11b*F4/80* cells from YS or skin (limb buds) isolated from WT, Cx3cr 19%/+, and Csf1r9%/* embryos.

Data are representative of 3 independent experiments (n = 6 mice). (C) E12.5 YS or limb bud macrophages were sorted based on their phenotype
(DAPI=CD45+CD11b*F4/80+) and harvested onto cytospin slides for SEM microscopy (top; bar, 1 um) or Wright-Giemsa staining (bottom; bar, 5 pm).
Data are representative of two independent experiments. (D) Flow cytometric cell cycle analysis of CD45+F4/80+CD11b* macrophages present in E10.5
and E12.5 limb buds. Data from two pooled experiments (n = 6 to 7). (E) Cross sections of developing skin obtained from E12.5 Cx3cr19%/* embryos were
labeled with anti-F4/80 monoclonal antibody (red) and counterstained with DAPI that label nuclei (blue). Data are representative of 2 experiments (n = 2;
bar, 30 um). (F) High magnification image of CSF-1R9" cells (green) in Csf1r9%/+ E12.5 developing skin acquired by two photon microscopy. Evans blue
stains the blood vessels (red) and DAPI (blue) stains the superficial layer of the epidermis. Top panel illustrates the side view of these 3D reconstructions,
and top view snapshots at different depths are shown in the bottom panels (Bars: I, ~30 pm; Il, ~60 pm; Ill, ~90 um). Bars: 80 um (top); 30 um (side).
Data are representative of 2 experiments (n = 2). (G and H) CD11b and F4/80 expression on gated DAPI~CD45+ cells isolated from E12.5 Csf-1r~/~ or con-
trol littermate (Wt) FVB/NJ embryos. (H) Percentage fetal macrophages (F4/80+CD110*) isolated from E12.5 Csf-1r=/~ or control littermate (IVt) mice.
Pooled data from three separate experiments. **, P < 0.001.
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Figure 3. YS-derived primitive macrophages are the major
precursors of skin-infiltrating macrophages in E10.5 and E13.5
embryos. (A-C) Runx19¢/*t : Rosa26R26R-¢Y embryos were treated with
4'0HT to induce Cre-mediated recombination at E7.25-E7.5 followed by
analysis at E10.5 (A and B) or E13.5 (C). Controls are nontreated mice.

(A) Flow cytometric analysis from one representative control or treated
E10.5 embryo, showing the percentage recombination (eYFP* cells) within
CD45*CD11b*F4/80* cells isolated from YS, brain rudiment, and limb buds
at E10.5. (B and C) Percentage recombination within CD45+CD11b+F4/80*
cells isolated from the indicated tissues at E10.5 and E13.5. Error bars
represent mean + SEM of pooled data from 2 experiments (n = 8-16).

(D and E) Developing skin (body and limb buds) was isolated from E10.0-
E10.5 Nex 17/~ embryos or control littermates and processed for flow
cytometric analysis. (E) Percentage + SEM of hematopoietic cells (CD45*)
in control littermates (white bars, n = 4) and Nex1-/~ embryos (black bars,
n = 3). Pooled data from two independent experiments.

YS-derived primitive macrophages migrate through blood
circulation to infiltrate embryonic skin

To visualize the recruitment of primitive macrophages to
the skin during early development, we injected Rumnx 1€/ ';
Rosa26R?6R-LacZ embryos with a single dose of 4’OHT at
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E7.25-E7.5 and traced the appearance of Runx1* precursor
progeny into the skin of E10.0 embryos. A large number of
Lac-Z" cells appeared to be associated with blood vessels and
infiltrated the skin rudiment in E10.0 conceptus (unpublished
data). To address whether the development of functional
blood vessels was required for the recruitment of primitive
macrophages to the skin rudiment, we used Nex-17/~
animals that lack a heartbeat and functional blood circulation
because of a defect in the sodium calcium exchanger 1 (Koushik
et al., 2001). We found that E10.0-E10.5 Nex-17/~ embryos
have WT levels of YS macrophages (Ginhoux et al., 2010),
but no skin-infiltrating macrophages, whereas Nex-17* con-
trol littermates already have a substantial number of macro-
phages in the skin rudiment at this time point (Fig. 3, D and E).
Altogether, these results suggest that CSF-1R—dependent
Runx1* YS primitive macrophages migrate from the YS
through blood vessels to seed the developing skin in the sub-
ectodermal mesenchyme, as early as E10.0.

YS-derived primitive macrophages

contribute to adult LCs

The aforementioned results establish that YS-derived prim-
itive macrophages infiltrate the embryonic skin before the
full development of fetal liver hematopoiesis. To examine
whether YS-derived macrophages contribute to the main-
tenance of LCs in the normal steady state adult skin, we injected
4OHT into pregnant Runx1¢¢"" females at E7.25-E7.5,
as previously described, and analyzed and treated the embryos
when they reached 6-8 wk of age. In adult mice treated
with 4OHT at E7.25-E7.5, ~6% of LCs were eYFP"
(Fig. 4, A and B). In contrast, 2% of blood leukocytes (cir-
culating monocytes, T cells, B cells, and granulocytes) and
tissue macrophage (such as lung macrophages) were eYFP™*
in these mice. The low level of tagging expressed by all leu-
kocytes reflects the previously reported contribution of YS
progenitors to adult hematopoietic stem cells (Samokhvalov
et al., 2007). We also examined the earliest stage at which
Runx1" progenitors contributed to the adult LC pool. In
adult mice treated with 4 OHT between E7.0-E7.75, 2-3%
LCs were eYFP*, whereas no more than 0.2% circulating
monocytes were eYFP* (Fig. 4 C). These results establish
that primitive myeloid progenitors that arise before E7.5
contribute significantly more to the adult LC pool than
other leukocytes.

A second wave of LC precursors colonizes

the developing skin during late embryogenesis
Fate-mapping studies of Runx1* precursors revealed that the
majority of skin-infiltrating myeloid cells in E13.5 embryos
derive from YS primitive macrophages, as indicated by the
levels of recombination, which reached 20% and were iden-
tical in the YS and skin-infiltrating macrophages (Fig. 3 C).
However, the percentage of eYFP* cells among LCs did not
exceed 6—7% in adult mice (Fig. 4 B). Because adult LCs de-
rive from precursors that are recruited to the skin before birth
(Fig. 1), we hypothesized that a second wave of progenitors
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Figure 4. Primitive YS-derived macrophages contribute to adult LCs.
Runx 19/ : Rosa 267268-¢Y% embryos were treated with 4'OHT to induce Cre-
mediated recombination at different time-points of development and analyzed
during adulthood at 8-10 wk post-birth. Controls are nontreated mice. (A) Flow
cytometric analysis from one representative control adult or 4OHT-treated adult
(treated at E7.25-E7.5), showing the % recombination (eYFP+ cells) within blood
monocytes and epidermal LCs. (B) Pooled data from 3 experiments showing the
% recombination among epidermal LCs and various indicated cell population
from mice treated with 4'0OHT at E7.25-E7.5. (C) Percentage recombination within
monocytes (black bars) and epidermal LCs (white bars) in adult mice treated with
4'0HT at the indicated embryonic ages. Error bars represent mean + SEM of
pooled data from 2 experiments (n = 8).** P < 0.0001,*, P < 0.001;* P < 0.01.
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independent of YS macrophages infiltrated the skin after
E13.5 and likely contributed to the dilution of the eYFP
signal in the adult LC compartment.

Using flow cytometry, we first analyzed the myeloid
cell content of the developing epidermis at E16.5-E17.5,
the earliest time point when separate analysis of the epider-
mal and dermal compartment can be easily performed. We
found that E17.5 epidermal-infiltrating myeloid cells ex-
pressed the monocyte/macrophage markers CD11b, F4/80,
CSF-1R, and CX3CR1, and that they lacked Gr-1 (Fig. 5 A).
These cells also presented a macrophage-like morphology
(Fig. 5 B), were highly proliferative (Fig. 5 C), and acquired
adult LC markers (langerin and MHC class II molecules)
within the week after birth (not depicted), as previously
reported (Chang-Rodriguez et al., 2005; Chorro et al.,
2009). The remaining CD45*CD11b~F4/80~ cells expressed
T cells markers (Thy, CD3, and V<y3) and correspond to
dendritic epidermal T cell progenitors (unpublished data).
Imaging of Cx3cr1#/* or Csf1#7/* embryos revealed that
GFP*F4/80* cells start to appear in the epidermis around
E16.5 (Fig. 5, D and E), although rare cells were sometimes
detected at E15.5 (Video 2). Epidermal GFP* cells present
in the epidermis just below the skin surface (highlighted by
the DAPI* layer), exhibited a more dendritic morphology
than dermal GFP™ cells (Fig. 5 E and Videos 2, Video 3, and
Video 4). Finally, consistent with previous data showing
that adult LCs are absent in CSF-1R—deficient mice (Ginhoux
et al., 2006), epidermal-infiltrating myeloid cells were ab-
sent from the epidermis of CSF-1R—deficient E17.5 em-
bryos (Fig. 5, F and G).

Using the aforementioned fate-mapping system, we
found that the percentage of eYFP* cells among epidermal-
infiltrating myeloid cells decreases to adult levels around
E16.5 (Fig. 6 A). These results suggest that E7.5 Runx1" YS
progenitor cells are the main precursors of skin-infiltrating
myeloid cells until at least E13.5, but that other precursors
were recruited to the developing skin between E13.5 and
E16.5 and contributed to the dilution of the eYFP signal
observed in adult LCs of 4 OHT-treated embryos. To trace
when during development the second wave of myeloid pre-
cursors appears in the embryo, we injected 4 OHT at later
time points (E7.5-E7.75, E8.5, and E9.5). The proportion of
eYFP* LCs in adult mice was significantly higher in mice
treated with 4°OHT at E8.5 and E9.5 compared with mice
treated with 4OHT at E7.25-E7.5 (25-30% versus 6%, re-
spectively) and was identical to the percentage eYFP* leuko-
cytes thought to derive from definitive hematopoiesis, such
as monocytes (Fig. 6 B). Together, these results suggest that
adult LCs derive from two distinct waves of myeloid progen-
itors: one that arises in the YS at E7.5 and is recruited to the
skin around E10.5 and defined as the primitive wave (Palis
et al., 1999), and another that is recruited to the developing
skin between E13.5 and E16.5 and arises at E8.5—E9.5 (either
in the YS during a second wave of hematopoiesis [Palis et al.,
1999; Bertrand et al., 2005] or in the paraaortic/splanchnopleura
and AGM region).
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Figure 5. Characterization of LC precursors in embryonic early epidermis. (A) Flow cytometric analysis of gated DAPI=CD45* cells from E17.5 epidermis. Histo-
grams show expression of cell surface markers or GFP reporters (red) compared with isotype/WT controls (blue) on gated DAPI=CD45+CD11b+F4/80* cells. Data are rep-
resentative of 3 independent experiments (n = 6 mice). (B) Cytospin and SEM of sorted E17.5 myeloid cells (as in Fig. 2 C). Data are representative of two independent
experiments. (C) Flow cytometric cell cycle analysis of CD45+F4/80+CD11b* LC precursors at different stages of embryonic development or early postnatal development
and adult LCs. Data from 2 pooled experiments (n = 4-13 mice). (D) Skin cross sections obtained from E16.5 Cx3cr 197+ embryos were labeled with anti-F4/80 monoclo-
nal antibody (red) and counterstained with DAPI that label nuclei (blue). Higher magnification image reveals the presence of F4/80*CX3CR1/GFP+ LC precursors in the
epidermis at E16.5 (bar, 50 pum). Data are representative of 2 independent experiments (n = 4). (E) Three-dimensional reconstructions of image stacks taken by multipho-
ton microscopy from E16.5 developing skin of Cx3cr 19%/+ or Csf1r9%/+ embryos. DAPI (blue) stains the superficial layer of the epidermis, and blood vessels are highlighted
in red using Evans blue (as in Fig. 2 F; data are representative of 2 experiments, n = 2). Bars: 80 um (top); 30 um (side). (F and G) Percentage LC precursors (F4/80*CD11b*)
among DAPI~CD45* circulating leukocytes isolated from E17.5 Csf-1r~/= or control littermate (/) FVB/NJ embryos. Pooled data from three separate experiments.
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Fetal liver-derived monocytes differentiate

into LC precursors in the developing skin

Our results suggest that a second wave of Runx1* myeloid
progenitors arises at E8.5 and is recruited to the skin between
E13.5 and E16.5. Prior results have suggested that a definitive
wave of granulocyte/macrophage progenitors (in opposition
to the first YS primitive wave) arises either in the YS or
in the embryo proper before migrating to the fetal liver (Palis
et al., 1999), where they undergo further maturation fol-
lowed by differentiation into mature hematopoietic cells
from E11.5.

We have previously found that adult monocytes can dif-
ferentiate in vivo into LC precursors in adult murine inflamed
skin (Ginhoux et al., 2006), and therefore hypothesized that
fetal liver monocytes could potentially give rise to LCs
during embryonic life. Fetal liver monocytes, defined as
CD45*CD11b*F4/80*CSF-1R*CX3CR 1"/~ Gr-1*/" cells
are a product of fetal liver hematopoiesis and pro-monocytes
can be detected in the fetal liver around E12.5 (Naito et al.,
1990). Using flow cytometry, we found that CD11b*F4/
80*Gr-1" monocyte-like cells are recruited to the developing
skin from E14.5 onward (Fig. 7 A). Circulating fetal liver—
derived monocytes (CD11b*F4/80*CSF-1R*CX3CR 1%/~
Gr-17/7) are found just before in the blood from E13.5—
E14.5 (Fig. 7 B, bottom).

Thus, the E16.5 prospective dermis contains two pheno-
typically distinct populations that differentially expressed
CD11b and F480 among CD45" cells (Fig. 7 B, top). The
CD11bMF480°CX3CR 1" population (population P1) likely
corresponds to fetal liver—derived monocytes recruited to the
developing skin, as they resemble phenotypically the fetal
liver and blood circulating monocytes (Fig. 7 B). Both popu-
lations express similar levels of CD11b, F4/80, CXCR1 and
included similar proportions of Gr-1* and Gr-1" cells. They
also presented a similar morphology as shown by cytospin
and SEM imaging (Fig. 7 D). In contrast, the CD11bl°F480M
CX3CR1" population (population P2) expresses high
CX3CR1 and F4/80 levels and lack Gr-1 and resemble phe-
notypically YS macrophages (Fig. 2, A and B), as well as LC
precursors found in E17.5 embryos (Fig. 5 A). They also pre-
sented a similar macrophage-like morphology (Fig. 2 C, Fig.5 B,
and Fig. 7 D). Finally, similarly to Runx1*YS macrophages
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Error bars represent mean + SEM of pooled

data from 2 experiments (n = 6-15). ** P < 0.01;
** P <0.0001. (B) Percentage recombination within
monocytes and epidermal LCs in adult mice treated
with 4'OHT at the indicated embryonic ages. Error
bars represent mean + SEM of pooled data from
2 experiments (n = 3-15 mice).
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(Fig.2 G) and epi-
dermal LC pre-
cursors (Fig. 5 F)
that are strictly
dependent on CSFE-1R for their development, the P2 popula-
tion was completely missing in the skin of E15.5 CSF-1R—
deficient mice (Fig. 7 C). In contrast, absence of CSF-1R did
not affect monocyte development in the fetal liver and their
recruitment to the skin, as P1 cells were unaffected in E15.5
skin of CSF-1R—deficient mice (Fig. 7 C).

We also analyzed the proportion of eYFP* cells among
populations P71 and P2 in E16.5 embryos treated with 4 OHT
at E7.5 (to label the contribution of the primitive wave) or
E8.5 (to label the contribution of the nonprimitive wave).
Similar to fetal liver monocytes and adult blood monocytes,
population P71 was not labeled in 16.5 embryos treated with
4’OHT at E7.5, but reached >30% eYFP" cells in embryos
treated with 4 OHT at E8.5 (Fig. 7 E). In contrast, the pro-
portion of eYFP™ cells among population P2 was similar to that
of adult LCs and reached 6% eYFP™ cells in embryos treated
with 4OHT at E7.5 and 30% eYFP" cells in embryos treated
with 4OHT at E8.5 (Fig. 7 E).

Based on these results, we hypothesized that fetal liver—
derived monocytes are recruited to the prospective dermis
from E13.5 to E16.5 (population P1), where they differenti-
ate into LC precursors (population P2) in a CSF-1R—dependent
manner, before their recruitment to the epidermis around
E16.5. To definitely determine whether fetal liver monocytes
can give rise to LC precursors in the fetal skin, we adoptively
transferred fetal liver monocytes isolated from E13.5-E14.5
congenic C57BL/6 Cx3cr1¢t’+ CD45.1* embryos into E13.5—
E14.5 C57BL/6 CD45.2" host embryos in utero (2-3.10°
monocytes per embryo; Fig. 8 A). Donor-derived monocytes
were detected in the blood (Fig. 8, B and D) and in the skin
(Fig. 8, C and D) of recipient embryos as early as 3 h after
adoptive transfer, but were always absent from the brain (not
depicted). Engraftment variability observed in recipient mice
was embryo dependent and not experiment dependent (un-
published data). Analysis at later time points after transfer (48
and 72 h corresponding to E16.5 and E17.5, respectively) re-
vealed that adoptively transferred fetal liver monocytes (pop-
ulation P1) give rise to transitional cells, that down-regulated
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Figure 7. Fetal liver monocytes are recruited to the developing skin from E14.5. (A and B) Expression of Gr-1 and CX3CR 19" in gated
DAPI~CD45+*CD11b*F4/80* cells isolated from the indicated tissues of Cx3cr19%/+ embryos at the indicated stage of development. (B) Histograms show
expression of CSF-1R (red) compared with isotype control (blue) on gated cells. Data are representative of 3 independent experiments (n = 3). (C) Expres-
sion of CD11b and F4/80 on gated DAPI~CD45* cells isolated from the skin or fetal liver of E15.5 Csf-1r~/~ or control littermate (/) FVB/NJ mice. Data
are representative of 2 independent experiments (n = 3). (D) Indicated populations were sorted from E16.5 Cx3cr 19%/+ embryos based from on their
described phenotype and harvested onto cytospin slides for Wright-Giemsa staining (left; bar, 5 um) or SEM microscopy (right; bar, 1 um). Data are repre-
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Gr-1 and up-regulated CX3CR 1 before differentiating into into P2-like cells (Fig. 8, E [bottom] and F). Noninjected
LC precursors (population P2; Fig. 8, E and F). By E19.5 embryos or embryos injected with Ter119* erythroid pro-
(5 d after transfer), all donor monocytes had differentiated ~ genitors were used as negative controls (Fig. 8, D and G).
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Fetal liver monocytes differentiate into LC precursors. Monocytes were purified from E13.5-E14.5 fetal liver of Cx3cr19%/+CD45.1* mice
and adoptively transferred in utero into unconditioned E13.5-E14.5 CD45.2* congenic embryos. (A-C) Flow cytometry analysis of the progeny of adop-
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leukocytes (DAPI=CD45+), purity after sorting (middle), and profile of expression for Gr-1 and CX3CR1/GFP (bottom). (B and C) Percentage CD45.1*
donor-derived monocytes among total CD45* cells (top), expression of CD11b and F4/80 (middle), and Gr-1 and CX3CR1/GFP (bottom) among indicated
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Strikingly, we also found that progeny of adoptively trans-
ferred monocytes were also detectable in E19.5 epidermis
(5 d after transfer; Fig. 9, A and B), exhibiting a pheno-
type similar to the phenotype of endogenous LC precursors
(Gr-1-CX3CR1") found in E16.5 prospective dermis (Fig. 7 B)
and in E17.5 epidermis (Fig. 5 A). Importantly, donor
monocytes-derived LC precursors up-regulated MHC 1I at
day 2 after birth (Fig. 9 C), suggesting that they differentiated
into epidermal LCs as observed for endogenous LC precursors
(Chang-Rodriguez et al., 2005).

Adult blood monocytes are composed of two major
subsets, namely the Gr-1"CX3CR 1" and Gr-1°CX3CR 1M
subsets (Geissmann et al., 2010). Gr-1" and Gr-1'° mono-
cyte subsets were also found in E14.5 fetal liver and blood
(Fig. 7 B), although expression of CX3CR 1 was more het-
erogeneous compared with adult monocytes (Geissmann
et al., 2010).To assess the LC potential of these two subsets,
we adoptively transferred purified Gr-1" and Gr-1' fetal
liver monocyte subsets in utero into E14.5 embryos. Our
results show that Gr-1" and Gr-1"° monocytes were both
able to differentiate into LC precursors in E18.5 epidermis
(Fig. 9 D). In addition, LC potential was not restricted to
embryonic fetal liver monocytes, as adoptively transferred
adult bone marrow monocytes (purified as Gr-1"CD11b"
F4/80" cells) into E14.5 embryos also differentiated into
epidermal LC precursors in E17.5 prospective epidermis
(unpublished data).

Collectively, these results show that fetal liver monocytes
infiltrate the prospective dermis during late embryogenesis
and differentiate into LC precursors in a CSF-1R—dependent
manner; these precursors are subsequently recruited to the
epidermis to give rise to epidermal LCs during the early post-
natal period.

DISCUSSION

Using fate-mapping and adoptive transfer strategies, we found
that LCs that populate the normal noninflamed adult skin
have a dual origin and derive from YS primitive macrophages
that arise before E7.5 and fetal liver monocytes that arise
from post-E7.5 myeloid progenitors. Based on early labeling
that allows us to follow the YS progeny alone (E7.0-E7.5),
the contribution to the adult LC pool from YS-derived fetal
macrophages is ~10-20% as estimated by normalization of
the YS progenitor contribution to LCs (2 to 7%) to their
microglial contribution (25-30%), assuming that the YS pro-
genitors are the sole contributor to microglia.

Article

E7.5 YS-derived primitive macrophages migrate through
blood vessels to the developing skin around E9.5-E10.0 to
give rise to myeloid precursors, whereas post-E7.5 myeloid
progenitors migrate first to the fetal liver where they differ-
entiate into monocytes before migrate to the prospective der-
mis and differentiate into LC precursors around E16.5. These
two waves of progenitors collaborate in shaping the LC pre-
cursors that populate the E16.5 prospective dermis, which in
turn give rise to the adult LC pool. However, due to the par-
tial tagging of our fate mapping system, we cannot formally
exclude the potential contribution of additional non-Runx1+
precursors to LC homeostasis.

Our finding that YS-derived primitive macrophages pos-
sess LC potential is in agreement with earlier studies. Several
studies have shown that LC-like cells are present in epidermal
sheets derived from grafted limb buds isolated at E10.5 or
E11.5, before the development of fetal liver—derived hemato-
poiesis (Breathnach et al., 1968; Reams and Tompkins, 1973;
Silvers, 1957). Similarly in humans, LC progenitor-like cells
can be found in embryos around 9 wk of estimated gestational
age (EGA; Foster et al., 1986; Schuster et al., 2009). Human
hematopoiesis begins in the YS around day 19 EGA, moves
transitorily to the fetal liver around 4-5 wk EGA, before
being definitively established in the BM (10.5 wk EGA; Tavian
and Péault, 2005). Although the contribution of Y'S progeni-
tors to adult human LCs remains speculative, these observa-
tions suggest that both rodent and human LCs are present in
the epidermis before the onset of BM hematopoiesis.

The factors that control the recruitment of LC precursors
to the embryonic epidermis remain unknown. Unlike adult
inflamed skin (Bogunovic et al., 2006), where monocyte
recruitment and differentiation into epidermal LCs is depen-
dent on the secretion of CCR2 and CCR6 ligands in the
skin and on the expression of CCR2 and CCR6 on LC pre-
cursors, the recruitment of LC precursors to the embryonic
or fetal epidermis is independent of these receptors. CCR2
and CCR6 ligands are not expressed in fetal skin at this stage
(E15.5-E17.5), and mice lacking CCR2 and CCR6 have
normal numbers of epidermal LCs (Sato et al., 2000; not de-
picted). Interestingly, in rodents and humans, LC precursors
that are present in the dermis migrate to the epidermis at a
similar stage of skin development when the epidermis loses
its periderm while acquiring the stratum corneum, which
occurs around E16.5-E17.5 in mice and between 8 and 12 wk
EGA in humans (Holbrook and Odland, 1975; Weiss and
Zelickson, 1975). The periderm is a superficial cellular layer

populations. (D) Percentage cells derived from donor monocytes for each injected embryo (n = 7) in E14.5 blood and skin 3 h after transfer. Control repre-
sents noninjected embryos (n = 9). Bars show means of data from one representative experiment of three. (E) Percentage populations P7 (CD11b"F480")
and P2 (CD11b'°F480") on gated DAPI=CD11b*F480+CD45.1+ donor-derived cells isolated from the skin at indicated time points after transfer (E14.5) and
their corresponding profile of expression for Gr-1 and CX3CR1/GFP. (F) Percentage population P2 on gated DAPI~CD11b*F480*CD45.1* donor derived
cells isolated from the skin at indicated time points after transfer. Error bars represent mean + SEM of pooled data from two experiments (n = 3 to 8).
(G) Graph shows the percentage of skin CD11b*F4/80" cells derived from donor fetal liver monocytes (white squares) or donor fetal liver Ter119+ eryth-
roid progenitors (gray squares; n = 4-11) for each injected embryo at the indicated time points. Bars represent means of data at each time point.

** P <0.0001;% P<001.
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derived from basal keratinocytes that provides a transitory
cover for the fetal epidermis (M’Boneko and Merker, 1988).
The function of the periderm is not well described, but may
be related to transport/exchange between the fetus and the
amniotic fluid. Another potential role for the periderm could
be the regulation of the recruitment and/or differentiation of
LC precursors present in the prospective dermis, before their
recruitment in the epidermis.

Adult CSF-1R—deficient mice lack LCs, but the exact
role of CSF-1R in LC homeostasis remains unclear. In this
study, we show that LC precursors are absent in E17.5 epi-
dermis of CSF-1R—deficient embryos, highlighting the criti-
cal role of CSF-1R signaling in the production of LC
precursors of both origins. YS macrophage-derived and fetal
liver—derived LC precursors are absent from the developing
skin of Csf1r~/~ embryos. Interestingly, YS-derived primi-
tive macrophages are present, although reduced in numbers,
in the YS and the subectodermal mesenchyme of E10.5
Csflr~/~ embryos (unpublished data). Fetal liver monocytes
(Ginhoux et al., 2010) and skin-infiltrating monocytes are
not affected by CSF-1R deficiency, which suggests that the
production and the recruitment of YS macrophages and fetal
liver monocytes to the developing skin is independent of
CSF-1R,, whereas their survival and/or differentiation into
LC precursors is strongly dependent on CSF-1R. CSF-1 is
expressed in mouse fetal and extraembryonic tissues at vari-
ous stages of development, including in the amniotic fluid
(Azoulay et al., 1987), and is thus a candidate factor for sus-
taining the differentiation and/or survival of LC progenitors.
IL-34 is a recently identified alternative ligand of CSF-1R in
mice and humans (Lin et al., 2008; Wei et al., 2010), but its
expression has not been characterized in embryonic skin.
However, in Csf1°?/°? mice, which carry a mutation in the
gene encoding CSF-1 (Yoshida et al., 1990), there 1s a dra-
matic reduction in the number of LCs at birth (Dai et al.,
2002), but normal numbers of adult LCs (Takahashi et al.,
1992), which together suggest a critical role of IL-34 in LC
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derived from adoptively transferred Gr-1" or
Gr-1' fetal liver monocytes (5 x 10° per em-
bryo). Error bars represent mean + SEM of
pooled data from 2 experiments (n = 2-5).

differentiation after
birth. Consistent with
this possibility, ex-
pression of IL-34 in
the skin is strongly up-regulated after birth (Wei et al., 2010;
unpublished data).

The dual origin of LCs is in contrast to the singular origin
of microglia, which derive mostly from YS-derived primitive
myeloid progenitors (Ginhoux et al., 2010). Lack of differen-
tiation of fetal liver—derived monocytes into microglial pro-
genitors could result from their lack of intrinsic differentiation
potential or lack of access to the developing brain. Corrobo-
rating the latter hypothesis, the blood—brain barrier is estab-
lished approximately at E13.5, at the time of fetal liver
monocyte release into the blood circulation (Daneman et al.,
2010), but after YS-derived macrophages start to invade the
neuroepithelium at E10.5 (Ginhoux et al., 2010). Adult
monocytes can infiltrate the brain parenchyma and differenti-
ate into microglial-like cells in the inflamed state, but not in
the steady state, suggesting that entry of mature progenitors
into the brain only occurs only through a damaged blood—
brain barrier (Ajami et al.,, 2007; Mildner et al., 2007). In
contrast, fetal liver monocytes can migrate to the prospective
dermis during late embryogenesis and together with YS-
derived fetal macrophages contribute to the maintenance of
the LC pool throughout life in the steady-state. We speculate
that YS macrophages would be the sole contributor to the
adult LC pool if the access to the fetal skin would be limited
as it is in the brain.

A recent study reported that YS macrophages contribute
to LCs and microglia, as well as liver, pancreatic, and lung
macrophages (Schulz et al., 2012). However, the exact con-
tribution of YS macrophages versus fetal liver monocytes to
LC and tissue macrophage homeostasis during adult life remains
unclear. Our results together with our recent study on the
embryonic origin of microglia clearly suggest that YS macro-
phage contribution to adult phagocytes varies between tissues.

The dual embryonic origin of Langerhans cells | Hoeffel et al.



For example, we recently found that the majority of adult
microglia derive from E7.5 Runx1® hematopoietic cells,
whereas only a minor fraction of adult LCs derive from YS
as the majority of YS-derived skin phagocytes are re-
placed by fetal liver monocyte-derived cells between E13.5
and E16.5. A similar scenario could apply to other tissue
phagocytes during late embryogenesis. In addition, the con-
tribution of YS primitive hematopoiesis to 8—12 wk-old adult
tissue macrophages was significantly lower than that of mi-
croglia and LCs (Ginhoux et al., 2010). These results suggest
that the contribution of YS primitive macrophages may
decrease with time because of tissue macrophage turnover
and replenishment from adult circulating precursors.

In summary, our findings identify LCs as an ontogenically
distinct cell population among myeloid cells. The dual origin
of LCs suggests that the LC differentiation program is not in-
trinsic to either YS macrophages or fetal liver monocytes, but
rather depends on tissue-specific extrinsic factors that control
the recruitment, differentiation, and homeostasis of LC pre-
cursors. Supporting this hypothesis is the fact that adult bone
marrow monocytes also gave rise to epidermal LC precur-
sors. Thus, the nature of the cell-extrinsic factors that control
the recruitment and survival of the first wave of myeloid pre-
cursors remains to be determined. In addition, identifying
cell-specific markers that discriminate YS- versus fetal liver—
derived LCs may help uncover distinct immune function that
may contribute to the maintenance of skin integrity.

MATERIALS AND METHODS

Mice. C57BL/6 (CD45.2%) mice, congenic C57BL/6 CD45.1" mice,
Cx3er19/*C57BL/6 mice (Jung et al., 2000), and Csf1##/*C57BL/6 mice
(Macrophage Fas-induced apoptosis, MaFIA; Burnett et al., 2004) were pur-
chased from the The Jackson Laboratory. Csf1%/ and Csf1r~/~ FVB/NJ mice
were produced as previously described (Dai et al., 2002). C57BL/6 Nex-17/~
mice were generated as previously described (Koushik et al., 2001). All mice
(7-8 wk old) were bred and kept under specific pathogen—free conditions in the
Biomedical Resource Centre, Singapore. Embryonic development was esti-
mated considering the day of vaginal plug observation as 0.5 d after conception.
For activation experiments, Runx1</*" (CD1 background; Center for
Developmental Biology accession no. CDB0524K, available at http://www
.cdb.riken.jp/arg/mutant%20mice%20list.html), RosaR?6R-YFP/RZ6R-eYEP qnd
RosaR?6R-LacZ/R26R-LacZ C57BL/6 mice were used as previously described
(Samokhvalov et al., 2007). All experiments and procedures were approved by
the Institutional Animal Care and Use Committee (IACUC), in accordance with
the guidelines of the Agri-Food and Veterinary Authority (AVA) and the
National Advisory Committee for Laboratory Animal Research (NACLAR).

Induction of cell tagging with 4°OHT. For the induction of cell tagging
with 4£OHT (Sigma-Aldrich), 4 OHT solution was prepared as previously
reported and administered by intraperitoneal injection (5-10 mg) to preg-
nant mice at 6.5-9.5 d after conception (Samokhvalov et al.,, 2007). As
4 OHT treatment during pregnancy interferes with normal delivery, to trace
cells marked during embryogenesis into adulthood, caesarean sections were
performed at term, and neonates were fostered by lactating females.

In vivo newborn reconstitution assays and in utero fetal liver mono-
cyte adoptive transfer. For newborn reconstitution assays, CD45.2%
C57BL/6 pups were sublethally irradiated in the first 24 h after birth (2x 300
rad, 3 h apart using a Caesium source) and reconstituted with 2 X 10° bone
marrow cells from CD45.1* C57BL/6 mice, by injection in the liver using
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a 33-gauge needle (Hamilton). For adoptive transfer experiments, monocytes
(DAPI”CD45"CD11b*F4/80") were sorted on a FACSAria II (BD) from
the fetal liver of time-mated E13.5-E14.5 C57BL/6 CD45.1" embryos.
Sorted cells reached >98% purity after post-sort verification, and were adop-
tively transferred in utero into the peritoneal cavity of time-mated E13.5—
E14.5 C57BL/6 CD45.2% host embryos (2-3 X 10° cells per embryo) as
previously described (Chan et al., 2007). In brief, a full-depth midline lapa-
rotomy was performed to expose the gravid uterus. Identification of the fetal
abdomen through the translucent uterine wall allowed delivery of the mono-
cytes by the intraperitoneal route. Cells were injected in 10 pl of saline using
a 33-gauge needle, and the mice were allowed to recover in a warmed cage
after closure of the abdominal wound with 6/0 silk sutures.

Cell suspension preparations. Skin cell suspensions were isolated as pre-
viously described (Ginhoux et al., 2007) and analyzed by flow cytometry. In
brief, mouse ears (split in dorsal and ventral parts) or whole skin (starting
from E16.5) were first incubated for 60 min in HBSS containing Dispase
(2.4 mg/ml, working activity of 1.7 U/mg; Invitrogen) to allow for separa-
tion of dermal and epidermal sheets before subsequent Collagenase incuba-
tion. All tissues from adult mice, newborns, or embryos were cut into small
pieces, incubated in HBSS containing 10% fetal bovine serum, and Collage-
nase type IV (0.2 mg/ml, working activity of 770 U/mg; Sigma-Aldrich;
2 h for adult tissues and 1 h for newborns and embryonic tissues), and then
syringed through a 19-gauge needle to obtain a homogeneous cell suspen-
sion. Embryonic blood cells were collected after decapitation in PBS 10 mM
EDTA and red blood cells were lysed. Analysis was performed by flow
cytometry, gating on singlets of DAPI™ CD45" cells.

Flow cytometry and cell cycle analysis. Flow cytometric studies were
performed using a BD FACSCanto and a BD LSR II (BD) with subsequent
data analysis using FlowJo software (Tree Star). Fluorochrome- or biotin-
conjugated mAbs specific for mouse B220 (clone RA3-6B2), MHC class 11
[-A/I-E (clone M5/114.15.2), CD11b (clone M1/70), CD45 (clone 30F11),
CD45.1 (clone A20), CD45.2 (clone 104), CSF-1R (clone AFS98),
Gr-1Ly6C/G (clone RB6-8C5), and CD3 (clone 17A2), the corresponding
isotype controls and the secondary reagents (allophycocyanin, peridinin
chlorophyll protein, and phycoerythrin—indotricarbocyanine—conjugated
streptavidin) were purchased either from BD or eBioscience. Anti-F4/80
(A3-1) mAb was purchased from Serotec. Polyclonal antibody to langerin
(E17) was purchased from Santa Cruz Biotechnology, Inc. Intracellular
staining against langerin was performed with the BD Cytofix/Cytoperm kit
(BD) according to the manufacturer’s protocol. For cell cycle analysis,
stained cell suspensions were first fixed in 2% paraformaldehyde in PBS solu-
tion (30 min), and then washed and fixed in 70% ethanol (2 h). After wash-
ing, cells were incubated overnight with 10 mM DAPI in PBS solution to
stain cell DNA content before data acquisition.

Immunohistochemistry analysis. Time-mated E12.5 and E16.5 Cx3cr1¢h/*
embryos were fixed in 2% paraformaldehyde solution containing 30%
sucrose overnight and snap-frozen in OCT. 20-um frozen sections were
labeled with biotinylated anti-F4/80 (Serotec) followed by Dy649-conjugated
streptavidin (Jacksons ImmunoR esearch Laboratories). Sections were coun-
terstained with DAPI for nuclei staining and analyzed with a confocal micro-
scope (FV-1000 confocal system; Olympus). For whole-mount X-Gal
staining, embryos were dissected and fixed immediately in a solution con-
taining 0.2% glutaraldehyde for 1 h on ice, washed three times at room tem-
perature in a buffer containing 0.1% sodium deoxycholate and 0.02% NP-40,
and stained with X-Gal at 37°C overnight.

Imaging procedures. For cytospin and SEM preparations, corresponding
myeloid progenitors were sorted using a FACSAria II (BD) to achieve 98%
purity. For cytospin, purified cells were spun onto glass slides, dried over-
night, stained using the Hema 3 System (Thermo Fisher Scientific), and
rinsed in distilled water. Images were analyzed using an Eclipse E800 micro-
scope (Nikon) at a 10 X 60-fold magnification. For SEM imaging, sorted
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cells were coated on a poly-lysine (Sigma-Aldrich) pretreated glass coverslip
for 15 min at room temperature, fixed in 2.5% glutaraldehyde 0.1 M phos-
phate buffer for 1 h, pH 7.4, at room temperature and washed 2 times in
PBS. After post-fixation with 1% osmium tetroxide (Ted Pella Inc.) at room
temperature for 1 h, cells were washed in deionized water, dehydrated with
a graded series of ethanol immersions starting at 25—-100%, and critical point
dried (CPD 030; Bal-Tec). The glass coverslip was then laid on an adhesive
film on an SEM sample holder and firmly touched with an adhesive sample
holder. The surface on which the cells were deposited and the adhesive sur-
faces were coated with 5 nm of platinum by sputter coating in a high-vacuum
sputtering device (SCDO005 sputter coater; Bal-Tec). The coated samples
were examined with a field emission scanning electron microscope (JSM-
6701F; JEOL) at an acceleration voltage of 8 kV using the in-lens secondary
electron detector, with a working distance ranging from 7.5 to 8.3 mm.
Magnification X10,000, except for subepidermal mesenchyme LC precur-
sors, which had a magnification of X7,000 (Fig. 7). For multiphoton imaging
of embryos, pregnant mice were euthanized by CO, asphyxiation, the
Cx3cr1sh’* or Csf1##/* embryos were isolated and mounted on a customized
Petri dish for multiphoton imaging on a LaVision Biotec TrimScope
equipped with a 20X water immersion objective. Evans blue was injected
intravenously to label blood vessels. The whole intact embryo was incubated
in DAPI for 5 min to label the surface of the skin to distinguish the exact
localization of the cells in relation to the surface. For imaging, the explanted
embryo was exposed to polarized laser light at a wavelength of 950 nm.
Three-dimensional (x,y,z) image stacks of the skin in the vicinity of the
upper limb were acquired (1-pum spacing in z-axis over a total distance of up
to 130-160 pm). For static three-dimensional images of the embryonic skin
at E12.5, embryos were positioned upright in Agarose gels. Acquired image
stacks were processed using Imaris software (Bitplane).

Statistical analysis. For statistical analysis, repeated measures of ANOVA
and Mann-Whitney tests (with a 95% confidence) were performed using
Prism 4.0 (GraphPad Software). All p-values are two-tailed.
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