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Langerhans cells (LCs) form dense cellular net-
works in basal/suprabasal layers of stratified epi-
dermal and mucosal tissues. LCs are considered 
the environmentally exposed outposts of the 
immune system. They are capable of recogniz-
ing microbes and environmental substances and 
provide first-line innate antiviral immune defense. 
Moreover, they are capable of migrating to skin-
draining lymph nodes and of inducing T cell–
mediated adaptive immune responses to antigens 
encountered in the epidermis. This unique epi-
dermal DC subset is developmentally depen-
dent on the cytokine TGF-1 as indicated by 
in vitro and in vivo data (Romani et al., 2012; 
Igyártó and Kaplan, 2013).

TGF-1 was identified as a factor inducing 
LC differentiation from human monocytopoietic 

cells in vitro (Strobl et al., 1996). Although in the 
absence of TGF-1 cytokine-stimulated CD34+ 
hematopoietic progenitor cells (HPCs) devel-
oped into monocyte/macrophages, supplemen-
tation of these cultures with TGF-1 directed 
progenitor cell differentiation toward LCs (Strobl 
et al., 1996, 1997). In line with this, neutralizing 
anti–TGF-1 antibody abrogated LC differen-
tiation (Caux et al., 1999), demonstrating that 
endogenous TGF-1 in these cultures (Caux et al., 
1992) is required for the induction of LC dif-
ferentiation. Congruent with these observations, 
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Human Langerhans cell (LC) precursors populate the epidermis early during prenatal devel-
opment and thereafter undergo massive proliferation. The prototypic antiproliferative 
cytokine TGF-1 is required for LC differentiation from human CD34+ hematopoietic 
progenitor cells and blood monocytes in vitro. Similarly, TGF-1 deficiency results in LC 
loss in vivo. However, immunohistology studies revealed that human LC niches in early 
prenatal epidermis and adult basal (germinal) keratinocyte layers lack detectable TGF-1. 
Here we demonstrated that these LC niches express high levels of bone morphogenetic 
protein 7 (BMP7) and that Bmp7-deficient mice exhibit substantially diminished LC num-
bers, with the remaining cells appearing less dendritic. BMP7 induces LC differentiation and 
proliferation by activating the BMP type-I receptor ALK3 in the absence of canonical TGF-1–
ALK5 signaling. Conversely, TGF-1–induced in vitro LC differentiation is mediated via 
ALK3; however, co-induction of ALK5 diminished TGF-1–driven LC generation. Therefore, 
selective ALK3 signaling by BMP7 promotes high LC yields. Within epidermis, BMP7 shows 
an inverse expression pattern relative to TGF-1, the latter induced in suprabasal layers 
and up-regulated in outer layers. We observed that TGF-1 inhibits microbial activation of 
BMP7-generated LCs. Therefore, TGF-1 in suprabasal/outer epidermal layers might inhibit 
LC activation, resulting in LC network maintenance.

© 2013 Yasmin et al. This article is distributed under the terms of an Attribution– 
Noncommercial–Share Alike–No Mirror Sites license for the first six months 
after the publication date (see http://www.rupress.org/terms). After six months 
it is available under a Creative Commons License (Attribution–Noncommercial– 
Share Alike 3.0 Unported license, as described at http://creativecommons.org/ 
licenses/by-nc-sa/3.0/).

T
h
e 

Jo
u
rn

al
 o

f 
E
xp

er
im

en
ta

l 
M

ed
ic

in
e



2598 BMP7 induces LC differentiation | Yasmin et al.

the aforementioned recent observations that TGF-1 might 
not be critical for LC differentiation, we considered decipher-
ing the mechanism underlying LC differentiation to be of 
major importance. Here we identified BMP7 as a key factor 
inducing LC differentiation.

RESULTS
TGF-1 promotes LC differentiation  
through the type-I receptor ALK3
TGF-1 is the classical ligand for ALK5, whereas ALK2 and 
ALK3 receptors are activated by both TGF-1 (Daly et al., 
2008) and BMP (Miyazono et al., 2010). We aimed to explore 
the downstream signaling mechanism governing TGF-1–
dependent LC differentiation. Hence, we added or did not 
add inhibitors of ALK4/5/7 (SB421543) or ALK2/3/6 (dor-
somorphin) to LC generation cultures. CD34+ cells were pre-
treated for 1 h with either compound and were subsequently 
induced to differentiate into LCs in the presence of GM-CSF, 
stem cell factor (SCF), TNF, fms-related tyrosine kinase 3 li-
gand (FLT3L), and TGF-1. Without inhibitors, a fraction of 
day 3–generated cells readily exhibited LC phenotypic char-
acteristics (CD1a+CD207+). Unexpectedly, ALK5 inhibition 
led to the generation of increased percentages of LCs, indicat-
ing that the canonical TGF-1/ALK5 downstream signaling 
is not only dispensable for LC generation but even negatively 
affects it (Fig. 1 A, left). In sharp contrast, interference with 
ALK2/3/6 receptor signaling strongly impaired LC genera-
tion, as indicated by a substantial drop in percentages of LCs 
(Fig. 1 A, right). Consistently, the total numbers of day 7–
generated LCs were higher in the presence of the ALK5 inhib-
itor in all three experiments analyzed (Fig. 1 B). In comparison, 
day 7 cultures in the presence of ALK2/3 inhibitor did not 
contain any viable cells (not depicted), indicating that ALK2/3 
signaling rather than ALK5 is critical for TGF-1–dependent 
LC differentiation from progenitor cells.

To confirm these data, we transduced CD34+ cells with 
retroviral vectors encoding ALK2–, ALK3–, or ALK5–internal 
ribosome entry site [IRES]–GFP or empty control vector. Sub-
sequently, we generated LCs from CD34+ cells as previously 
reported (Strobl et al., 1997). GFP+ gated cells were analyzed 
for LC characteristics. ALK3-transduced cells contained sig-
nificantly higher percentages of CD207+CD1a+ cells as com-
pared with empty control vector–transduced cells. Moreover, 
neither ectopic ALK2 nor ALK5 resulted in altered percent-
ages of LCs (Fig. 1 C). Together with the observation that 
ALK3 is expressed in the epidermis (Botchkarev et al., 1999; 
Hwang et al., 2001), our loss and gain of function experi-
ments indicate that TGF-1 utilizes ALK3 signaling for pro-
moting LC differentiation.

LC generation cultures contained only very low percent-
ages of cells expressing CD11b and/or CD14, which did not 
change significantly in response to addition of ALK inhibitors 
(Fig. 1 A). Moreover, ectopic ALK3 expression failed to promote 
the generation of cells expressing CD14, CD11b or the early 
myeloid marker myeloperoxidase (MPO) in LC generation 
cultures (Fig. 1 D). Similarly, ectopic ALK3 neither modulated 

blood monocytes acquire LC characteristics in response to 
TGF-1 stimulation (Geissmann et al., 1998; Hoshino et al., 
2005). Mouse in vivo data similarly demonstrated that LC 
differentiation depends on TGF-1. LC networks are absent 
from TGF-1/ mice (Borkowski et al., 1996), and the spe-
cific deletion of TGF-1 and TGF-RII in LCs resulted in 
reduced numbers of epidermal LCs, indicating that TGF-1 
acts directly on LC differentiation (Kaplan et al., 2007). Con-
gruent with these observations, LC networks were impaired 
in mice deficient for TGF-1 downstream signaling molecules 
Id2 (Hacker et al., 2003) and Runx3 (Fainaru et al., 2004). 
Together, these observations firmly established a key role of 
TGF-1 during LC differentiation.

However, recent data challenged the view that TGF-1 is 
required for LC differentiation. First, LCs possess substantial 
proliferative capacity in the steady-state (Merad et al., 2002), 
as well as during prenatal life or during inflammation (Chang-
Rodriguez et al., 2005; Chorro et al., 2009; Schuster et al., 
2009). These findings seem to be incompatible with the well-
defined antiproliferative function of TGF-1 (Dennler et al., 
2002). Second, basal keratinocyte layers are devoid of TGF-1 
expression, which has been considered critical for keratino-
cyte stem cell proliferation (Li et al., 2006). Some LCs reside 
in basal keratinocyte layers, and Ki67 staining revealed that a 
fraction of these cells undergo proliferation in the steady-state 
adult skin (Schuster et al., 2009). Third, LC precursor seeding 
of the prenatal epidermis precedes TGF-1 expression induc-
tion in the epidermis (Schuster et al., 2009). Fourth, the deletion 
of components of the canonical TGF-1 signaling cascade still 
allowed normal LC differentiation in vivo. Canonical TGF-1 
signaling is transmitted via the type-I receptor ALK5 and also 
depends on type-II receptors, leading to the downstream acti-
vation of transcription factors Smad2/3 (Massagué, 1998). 
Deficiency of Smad3 failed to impair LC networks (Xu et al., 
2012). Similarly, the deletion of ALK5 from CD11c+ or CD207+ 
cells allowed LC differentiation, as revealed by the presence 
of LC networks at birth; only postnatally did LC numbers 
rapidly drop as a result of the emigration of LCs from the 
epidermis to lymph nodes shortly after birth (Kel et al., 2010; 
Zahner et al., 2011). Consistently, the conditional deletion of 
TGF-1 and TGF-RII in LCs resulted in their migration to 
the lymph nodes, likely because of enhanced proinflammatory 
cytokine production and LC activation (Bobr et al., 2012). 
TGF-1 also interferes with the maturation and proinflamma-
tory cytokine production by monocyte-derived DCs (moDCs; 
Geissmann et al., 1999). Collectively, canonical TGF-1–
ALK5–Smad3 signaling seems to be critical for postnatal LC 
network maintenance but does not seem to be required for 
LC differentiation.

Although ALK5 is regarded as the classical TGF-1 recep-
tor, TGF-1 can also activate other type-I receptors such as 
ALK1 (Oh et al., 2000; Goumans et al., 2002), ALK2, and 
ALK3 (Ebner et al., 1993; Daly et al., 2008). ALK receptors 
form hetero- and homooligomers that are differentially acti-
vated by members of the TGF-/bone morphogenetic pro-
tein (BMP) superfamily (Miyazono et al., 2010). Considering 
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Figure 1. TGF-1 induces LC differentiation through type-I receptor ALK3. (A) Pre-expanded CD34+ cells were treated or not with ALK4/5/7  
inhibitor (SB421543) or ALK2/3/6 inhibitor (dorsomorphin) for 1 h before TGF-1 addition. FACS plots represent day 3–generated LCs in the presence or 
absence of inhibitors analyzed for CD1a+CD207+ by flow cytometry. Data are representative of six independent experiments. Bar diagrams represent per-
centages and total numbers of cells expressing CD1a+CD207+, CD1a+, CD11b+, or CD14+ cells (±SEM; *, P < 0.05; **, P < 0.004). (B) Day 7–generated LCs 
were incubated in the presence or absence of SB421543 and analyzed for CD1a and CD207 by flow cytometry. Data are representative of three indepen-
dent experiments. Graph represents total numbers of CD1a+CD207+ cells. (C) CD34+ cells were transduced with retroviral vectors encoding ALK2-, ALK3-, 
or ALK5-IRES-GFP and were cultured in the presence of TGF-1. FACS plots represent day 7–generated GFP+ cells analyzed for CD1a and CD207. Data are 
representative of three independent experiments. Bar diagram represent percentages of CD1a+CD207+ cells (±SEM; *, P < 0.05). (D) CD34+ cells were 
transduced with retroviral vector encoding ALK3-IRES-GFP and cultured in LC, moDC, and monocyte/macrophage (M) lineage conditions. FACS plots 
represent day 7–generated GFP+ cells analyzed for CD1a, CD207, CD11b, CD14, and MPO. Bar diagrams represent percentages of CD1a+, CD207+, CD11b+, 
CD14+, and MPO+ cells. Data are representative of four independent experiments (±SEM; *, P < 0.05).
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development, and both molecules show an inverse expression 
pattern in the stratified epidermis: TGF-1 exclusively supra-
basally and BMP7 in the basal/germinative layer (Fig. 2 B). 
Given that epidermal LC precursors can be detected at 8–11 wk 
EGA (Schuster et al., 2009) and reside in basal/suprabasal kera-
tinocyte layers, these cells are primarily exposed to a BMP7+ 
TGF-1 microenvironment. Only LCs in suprabasal epi-
dermal layers are also exposed to TGF-1.

Numeric and morphological LC impairment  
in Bmp7-deficient mice
To study the potential role of BMP7 during LC differentia-
tion in vivo, we analyzed Bmp7-deficient mice (Zouvelou et al., 
2009). These mice die shortly after birth, limiting the analysis 
of the LC differentiation process. However, IA/IE-positive 
LCs can be already detected right after birth (postnatal day 
[P] 0; Chorro et al., 2009). To assess the expression pattern of 
BMP7, epidermal sheets from Bmp7-LacZ mice were stained 
with X-gal. Widespread expression of BMP7 in mouse kera-
tinocytes was detected (Fig. 3 A), similar to human epidermal 
sections as shown in Fig. 2. Epidermal LC precursor cells ac-
quire MHCII around birth (P0), with detectable langerin/
CD207 expression appearing at P2 (Chorro et al., 2009). We 
therefore analyzed mice at P0 using antibodies against IA/IE 
(MHCII). Bmp7-deficient mice (P0) showed substantial re-
ductions in epidermal MHCII+ cell frequencies (Fig. 3 B). 
Interestingly, the MHCII+ cells in these mice exhibited lower 
numbers of dendritic processes compared with cells from WT 
littermate controls (Fig. 3 C).

percentages of cells exhibiting a CD11b+CD1a+CD207 moDC 
phenotype nor a CD14+CD11b+ monocyte/macrophage phe-
notype generated in specific cytokine combinations (Fig. 1 D). 
Therefore, ALK3 specifically promoted the generation of CD1a+ 
CD207+ LCs among the various cell subsets analyzed.

BMP7 is detectable in the basal epidermal layer  
during human prenatal development
Among various ALK3 ligands, only BMP7 has a predominant 
expression pattern in basal keratinocyte layers (Takahashi and 
Ikeda, 1996). Moreover, only BMP7 is strongly expressed in 
fetal epidermis at day 17.5 postcoitum. (Helder et al., 1995), a 
time window when LC precursors first appear in the fetal 
mouse epidermis (Romani et al., 1986; Elbe et al., 1989; Chang-
Rodriguez et al., 2005; Chorro et al., 2009). However, human 
data on the distribution of BMP7 among keratinocyte layers 
during prenatal development were lacking. We previously 
identified proliferating LCs in basal layers of human epider-
mis (Schuster et al., 2009) and demonstrate here that BMP7 is 
detectable in the epidermis from the earliest time point ana-
lyzed (8–10 wk estimated gestational age [EGA]; Fig. 2 A). 
Stratified epidermis at subsequent time points (11–14 wk EGA, 
adult) contains BMP7 exclusively in basal/suprabasal layers 
(Fig. 2 A). In comparison, TGF-1 cannot be detected in the 
epidermis at 8 wk EGA (Fig. 2 B; Schuster et al., 2009). More-
over TGF-1 is undetectable in the basal epidermal layer and 
is only found suprabasally (Fig. 2 B; Kane et al., 1990; Schuster 
et al., 2009). Therefore, we conclude that BMP7 expression 
precedes TGF-1 expression during embryonic epidermal 

Figure 2. BMP7 expression is detectable 
in the basal epidermis during human pre-
natal development. (A) 6-µm skin sections 
from prenatal and adult human skin were 
analyzed for the expression of BMP7 or con-
trol. Nuclei and the dermo-epidermal junction 
were visualized with DAPI and mAb directed 
against Laminin 5, respectively. Data are rep-
resentative of three donors for 8–10 wk EGA, 
two donors for 11–14 wk EGA, and three 
donors for healthy adult skin. (B) Immuno-
fluorescence staining of BMP7 and HLA-DR at 
8 wk EGA and adult human skin. Immunohis-
tochemical staining was performed on cryo-
stat sections. TGF-1 was visualized with AEC. 
Data are representative of two independent 
experiments. Bars, 50 µm.
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detectable in human prenatal epidermis (not depicted), con-
sistent with the fact that BMP4 expression cannot be detected 
in interfollicular epidermis (Lyons et al., 1989; Bitgood and 
McMahon, 1995).

In subsequent experiments, we treated LC precursors 
with either TGF-1 or BMP7 and analyzed the phosphory-
lation of Smad proteins. TGF-1 induces phosphorylation 
of Smad2/3 (a signature of TGF- signaling via ALK5) and 
Smad1/5/8 (a signature of canonical BMP signaling via ALK2/3; 
Feng and Derynck, 2005; Schmierer and Hill, 2007). Conversely, 
BMP7 resulted in Smad1/5/8 phosphorylation only (Fig. 5 A; 
Izumi et al., 2006). We next determined the expression levels 
of ALK2, ALK3, and ALK5 receptors in TGF-1 LCs or 
BMP7 LCs by qRT-PCR analysis during LC differentiation. 
TGF-1–generated LCs exhibit higher expression levels of 
ALK5 than ALK3. Conversely, an inverse expression pattern was 
observed for BMP7-generated LCs (ALK3 > ALK5; Fig. 5 B). 
TGF-1 is known to be auto-induced by canonical TGF-1–
ALK5 signaling. Accordingly, TGF-1 mRNA was induced 
in TGF-1–supplemented LC generation cultures. Conversely, 
BMP7-supplemented LC generation cultures did not exhibit 
induction of TGF-1 mRNA (Fig. 5 C). These observations 
are consistent with our finding that LC differentiation occurs 
independently of ALK5/Smad2/3 signaling.

BMP7-generated LCs produce higher amounts  
of proinflammatory cytokines in response to microbial 
signals than TGF-1–generated LCs
TGF-1 inhibits proinflammatory cytokine production and 
DC maturation (Geissmann et al., 1999). Accordingly, ALK5 
deficiency in LCs resulted in their spontaneous egress from 

BMP7-dependent activation of ALK3-Smad1/5/8  
promotes LC differentiation
Considering the aforementioned in vitro and in vivo obser-
vations, we hypothesized that BMP7 might act as TGF-1–
independent positive regulator of LC differentiation and that 
the selective triggering of ALK3 by BMP7 might enable ampli-
fied LC generation. Thus, we added BMP7 instead of TGF-1 
to LC generation cultures and monitored percentages and total 
numbers of LCs. A hallmark characteristic of TGF-1–induced 
in vitro generated LCs is the formation of huge macroscopi-
cally visible homotypic E-cadherin–mediated LC clusters 
(Fig. 4 A). Strikingly, BMP7 alone induces higher frequen-
cies of LC clusters as well as on average higher percentages  
of E-cad+CD1a+CD207+ cells than TGF-1 when added to 
these cultures (Fig. 4 A). Accordingly, total numbers of CD1a+ 
E-cad+CD207+ cells were significantly higher in BMP7 than 
in TGF-1–supplemented cultures (Fig. 4 A). Therefore, BMP7 
by far exceeds TGF-1 in promoting LC generation. These ob-
servations are congruent with the aforementioned positive role 
of ALK3 in LC differentiation and with the observations 
that ALK5 (induced by TGF-1 but not BMP7) inhibits LC 
generation. CFSE-labeling experiments confirmed superior 
proliferation of cells from BMP7-supplemented cultures relative 
to TGF-1–treated cells (Fig. 4, B and C).

In subsequent experiments we performed a side-by-side 
comparison of BMP7 with other BMPs known to be ex-
pressed in the adult epidermis (i.e., BMP2, BMP4, and BMP6 
[Botchkarev, 2003]). Dose response experiments revealed that 
only BMP4 replaced BMP7 in inducing LC differentiation. 
Conversely, neither BMP2 nor BMP6 induced LC generation 
(not depicted). Immunohistology revealed that BMP4 is not 

Figure 3. LC impairment in Bmp7-deficient 
mice. (A) Tissues from heterozygous Bmp7lacZ 
(Bmp7wt/lacZ) mice (expressing -galactosidase 
under the control of the Bmp7 promoter) were 
stained with X-gal to identify the location of 
Bmp7 expression. The transcriptional activity 
of Bmp7 is revealed by lacZ staining in the 
epidermis of BMP7-lacZ mice. One represen-
tative image from three different mice and 
experiments is shown. (B) I-A/I-E–positive 
cells from the epidermis of WT and Bmp7  
KO mice at birth (P0) were enumerated and 
shown in I-A/I-E+ cells/mm2. Graph shows the 
number of I-A/I-E+ cells, with each connected 
open and closed dot representing mean data 
from one independent litter. *, P < 0.05.  
(C) Representative immunofluorescence stain-
ing of an epidermal sheet from a WT and a 
BMP7 KO mouse. LCs were visualized with 
antibodies against I-A/I-E, and nuclei were 
stained with DAPI. Data are representative of 
four independent experiments. Insets repre-
sent higher magnification of the framed  
areas. Bars, 50 µm.
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Genome-wide analysis shows similar gene  
expression by TGF-1 and BMP7 LCs
To rule out the possibility that the aforementioned differences 
in cytokine production and T cell stimulation of TGF-1 LCs 
versus BMP7 LCs are caused by differences in cell lineage iden-
tity, we performed genome-wide cDNA microarray analyses 
of flow-sorted CD1a+CD207+ cells. Both populations clus-
tered together in terms of gene expression pattern observed 
in three independent experiments (Fig. 7, donors A, B, and C). 
Moreover, comparison with recently deposited datasets (Hutter 
et al., 2012; Lundberg et al., 2013) revealed a closer resemblance 
to ex vivo isolated human LCs (Hutter et al., 2012) than to 
CD34+ cell–derived LCs described in a recent study (Lundberg 
et al., 2013). This latter study used a different cytokine com-
bination to generate LCs (i.e., IL-4 instead of FLT3L), poten-
tially explaining the observed differences. For example, it was 
previously reported that IL-4 antagonizes the induction of cer-
tain TGF-1–induced LC marker characteristics when added 
to cultures of CD34+ progenitor cells containing GM-CSF and 
TNF (Caux et al., 1999).

Late addition of TGF-1 to BMP7-supplemented cultures 
enhances percentages of CD207+CD1a+ LCs
Whereas percentages of CD207+CD1a+ cells generated in 
the presence of TGF-1 or BMP7 were equivalent, total 
cellularity was much higher in BMP7- than in TGF-1–
supplemented cultures (Fig. 4 A). We observed that BMP7-
supplemented cultures contain markedly higher percentages 
of CD1a+E-cad+ cells that lacked CD207 (Fig. 4 A). Large 
percentages of these cells positively correlated with larger LC 
cluster numbers present in these cultures, indicating that these 

the postnatal epidermis, and this effect was accompanied by 
LC activation/maturation (Kel et al., 2010). We analyzed 
whether BMP7-ALK3–dependent LCs show enhanced cyto-
kine production relative to TGF-1–induced LCs. LCs gen-
erated in the presence of BMP7 or TGF-1 form large clusters 
allowing enrichment of E-cad+CD1a+CD207+ LCs using 1g-
sedimentation (Fig. 6 A; Gatti et al., 2000). LCs generated 
under both conditions showed similar up-regulation of T cell 
co-stimulatory molecules CD86 and CD83 in response to TLR 
ligands peptidoglycan (PGN) and Pam3CSK4 (Fig. 6 B). How-
ever, PGN-treated BMP7 LCs produced substantially higher 
amounts of proinflammatory cytokines (TNF, IL-1, IL-6, 
IL-12p40, and IL-12p70) along with higher levels of immuno-
suppressive cytokine IL-10 compared with TGF-1 LCs 
(Fig. 6 C). In the absence of TLR ligand, BMP7- or TGF-1–
generated LCs exhibited similar low expression levels of pro-
inflammatory cytokines (Fig. 6 C).

Moreover, TLR-stimulated BMP7-generated LCs pos-
sessed higher allogeneic T cell immunostimulatory capacity than 
TGF-1–generated LCs in 12 out of 14 independent experi-
ments (Fig. 6 D). Additionally, these two LC populations differed 
in the induction of T helper (Th) responses from adult alloge-
neic T cells. Specifically, TGF-1 LCs expressed high levels of the 
Th2-type chemokine thymus and activation-regulated chemo-
kine (TARC)/CCL17 than BMP7 LCs. Consistently, TGF-1 
LCs induced T cells producing higher amounts of IL-13 and 
IL-5 (affiliated with Th2 responses); vice versa, BMP7 LCs in-
duced higher amounts of IFN- (affiliated with Th1 responses; 
Fig. 6, E and F). Lower cytokine production from cord blood 
T cells as compared with adult peripheral blood T cells (Fig. 6 F) 
is in line with previous observations (Gupta et al., 2005).

Figure 4. BMP7 induces LC differentiation. 
(A) CD34+ cells were incubated with GM-CSF, 
FLT3L, SCF, and TNF in the presence of TGF-1, 
BMP7, or control, and morphology was assessed. 
FACS plots represent day 7–generated cells ana-
lyzed for the expression of CD1a, CD207, and  
E-cadherin. Bar diagrams represent percentages 
and total numbers of phenotypically defined cells 
generated as indicated. Data are representative 
of three independent experiments (mean ± SEM; 
*, P < 0.05; **, P < 0.005). (B and C) Cells were 
labeled with CFSE at day 4. CD1a+ cells (left; data 
are representative of four independent experi-
ments) and CD207+ cells (right; data are repre-
sentative of three independent experiments) 
were analyzed at day 6 by flow cytometry.
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BMP7 strongly promotes LC generation  
in serum-free medium devoid of TNF and SCF
Given the strong effect of BMP7 on LC generation, we asked 
in subsequent experiments whether BMP7 signaling might 
allow elimination of other cytokine stimuli present in this cul-
ture model. Therefore, the aforementioned two-step protocol 
was used for cytokine omission experiments. Specifically, we 
analyzed consequences of omission of individual or combina-
tions of cytokines from the first culture phase. The omission 
of FLT3L led to substantially decreased percentages and num-
bers of LCs. Conversely, omission of both TNF and SCF, two 
factors which were previously shown to be critical for LC gen-
eration (Caux et al., 1992; Young et al., 1995), did not affect 
LC generation (Fig. 8 B). Therefore, a cytokine combination 
containing BMP7, GM-CSF, and FLT3L followed by TGF-1 
for the final 48 h efficiently induces the generation of CD207+ 
CD1a+ LCs from progenitor cells. In conclusion, the addition 
of BMP7 allows the elimination of two critical cytokines from 
previously optimized LC generation protocols.

TGF-1 inhibits proinflammatory cytokine  
production by BMP7-generated LCs
Although TGF-1–generated LCs produce much lower levels 
of proinflammatory cytokines than BMP7-generated LCs in 
response to microbial stimuli (Fig. 6 C), LCs generated by using 
the sequential protocol (6 d BMP7, followed by 48 h TGF-1) 
equaled LCs from TGF-1–supplemented LC generation cul-
tures (Fig. 8 C). Therefore, TGF-1 strongly impairs proinflam-
matory cytokine production from BMP7-generated LCs.

DISCUSSION
LCs reside within basal and suprabasal epidermal layers in adult 
human skin. During prenatal development, already the single-
layered epidermis is populated by LC precursors and under-
goes considerable proliferation to allow a tight LC network 
formation before birth. Also in adult epidermal basal layers, a 
small portion of LCs proliferates as indicated by the expres-
sion of Ki67 (Schuster et al., 2009). We here showed that LCs 
entering the epidermis are initially exposed to a BMP-7hi en-
vironment. BMP7 is strongly expressed in embryonic epider-
mis at 8 wk EGA, a time point when LC precursors are first 
detectable in human embryonic skin. In stratified epidermis 
in fetal and adult skin, BMP7 expression is restricted to basal 
and suprabasal keratinocyte layers but is lost in outer epider-
mal layers. Inversely, TGF-1 is induced in suprabasal layers only 
and is up-regulated in outer epidermal layers (Kane et al., 1990; 
Schuster et al., 2009). Therefore, TGF-1 shows a reciprocal 
distribution versus BMP7 in the epidermis. Consistently, BMP7 
expression (EGA week 8) precedes TGF-1 induction (EGA 
week 11, restricted to outer keratinocyte layers) during fetal 
epidermal development.

We further demonstrated that BMP7 induces LC differ-
entiation accompanied by massive cell proliferation in vitro. 
Conversely, TGF-1 inhibited LC activation and proliferation 
dominantly when added to BMP7-dependent LC generation 
cultures. BMP7 activates ALK3 (canonical BMP signaling) in 

cells may represent immediate precursors of LCs still capa-
ble of proliferation. Thus, we hypothesized that TGF-1 
might inhibit cell cycle progression, in turn allowing ter-
minal LC differentiation, similarly as previously observed for 
erythropoiesis (Krystal et al., 1994). Hence, we analyzed whether 
CD1a+E-cad+CD207 cells from BMP7 LC–generated cul-
tures can be induced to differentiate into CD1a+E-cad+ 
CD207+ cells by the late addition of TGF-1. Adding TGF-1 
to BMP7 LC–generated cultures at day 5 indeed resulted in 
higher percentages of CD1a+E-cad+CD207+ cells within 48 h, 
and this effect was accompanied by diminished percentages of 
CD1a+E-cad+CD207 cells. Using this two-step culture sys-
tem (BMP7, 5 d, followed by TGF-1 for 48 h), very high num-
bers of CD1a+E-cad+CD207+ LCs were generated (Fig. 8 A). 
The first culture phase (BMP7 supplemented, no TGF-1) 
can be prolonged from 5 to 7 d (not depicted). Conversely, 
when TGF-1 was added at day 0 to BMP7-supplemented 
cultures, similar cellularity and percentages of LCs were observed 
as for TGF-1 alone (not depicted). Therefore, TGF-1 effects 
dominate over BMP7 effects on cell proliferation in LC gen-
eration cultures.

Figure 5. Activation of Smad1/5/8 drives LC differentiation.  
(A) Pre-expanded CD34+ cells were treated with TGF-1 or BMP7 for 
the indicated times. Levels of immunoblot pSmad2/3, Smad2/3,  
pSmad1/5/8, and Smad1/5/8 were analyzed. Data are representative of 
five independent experiments. (B) LCs were generated in the presence 
of TGF-1 or BMP7, and expression of ALK2, ALK3, and ALK5 was  
assessed during LC differentiation by qRT-PCR. Values were normalized to 
HPRT. Data are representative of three independent experiments (±SD; 
*, P < 0.05). (C) TGF-1 expression during LC differentiation was  
assessed by qRT-PCR. Data are representative of three independent  
experiments (±SD).
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TGF-1 inhibits LC activation at least in part by induc-
ing negative signaling proteins such as Axl (Bauer et al., 
2012), which contribute to low proinflammatory cytokine 
production in LCs. In support for this model, in vitro BMP7-
generated LCs lacked Axl (unpublished data). Moreover, 
basal keratinocyte layers and LCs located in basal layers 
lacked Axl, thus demonstrating that Axl possesses a similar 
epidermal expression distribution as observed for TGF-1 
(Bauer et al., 2012). Consistently, a portion of ex vivo iso-
lated LCs lacked Axl (Bauer et al., 2012). The finding that 
only a portion of mouse LCs show activation of Smad2/3 
proteins (Bobr et al., 2012) is in line with the model pro-
posed here, that TGF-1 is constitutively active only in a 
subset of LCs.

the absence of ALK5 (canonical TGF-1 signaling). On the 
contrary, TGF-1 activates both cascades. We showed by gain 
and loss of function experiments that ALK3 signaling pro-
motes LC differentiation. Together, presented data in this study 
indicate that LC differentiation and proliferation are induced 
by BMP7-ALK3 in the absence of canonical TGF-1–ALK5 
signaling. Instead, canonical TGF-1–ALK5 signaling has an 
important role for the maintenance of LC networks after birth 
(Kel et al., 2010). We showed that the addition of TGF-1 to 
BMP7-generated LCs inhibits TLR-mediated LC activation. 
Because the epidermis is populated with commensal bacteria 
immediately after birth, TGF-1 in suprabasal/outer epider-
mal layers might inhibit LC activation, which in turn may se-
cure LC network maintenance.

Figure 6. Higher proinflammatory cytokine production by BMP7-generated microbial-stimulated LCs. (A) Expanded CD34+ cells were in-
duced to differentiate into LCs in response to TGF-1 or BMP7 stimulation as in Fig. 4 A. LC clusters were purified using 1g sedimentation, and CD1a 
and CD207 expression was analyzed by flow cytometry. Data are representative of four independent experiments. (B) Cluster-purified LCs (TGF-1 or 
BMP7) were activated or not with PGN or Pam3CSK4 for 2 d, and CD80 and CD86 expression was analyzed by flow cytometry. Data are representative 
of four independent experiments. (C) Cluster-purified LCs (TGF-1 or BMP7) were activated or not with PGN for 2 d, and supernatants were collected 
for cytokine measurement. Bar diagrams represent amounts of cytokines produced. Data are representative of four independent experiments (±SD;  
*, P < 0.05; **, P < 0.005). (D) 105 T cells were stimulated with the indicated numbers of LCs. Proliferation of T cells was monitored on day 5 of culture 
by adding [methyl-3H]TdR, followed by measuring [methyl-3H]TdR incorporation 18 h later. Error bars represent SEM of triplicate values. Data are 
representative of 14 independent experiments (CB, cord blood; PB, peripheral blood). (E) TGF-1– or BMP7-generated LCs were stimulated with PGN 
for 2 d, and TARC expression was analyzed by qRT-PCR. Data are representative of four independent experiments (±SEM; *, P < 0.05). (F) Allogeneic  
T cells were co-cultured with activated TGF-1 or BMP7 LCs, and production of IFN-, IL-13, and IL-5 was measured by using the Luminex system. 
Data are representative of four independent experiments (±SEM).
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revealed that BMP7-supplemented cultures by far exceed 
TGF-1–supplemented cultures in terms of absolute numbers of 
generated LCs as revealed by LC cluster formation and immuno-
phenotypic analyses. Therefore, BMP7 signaling is sufficient 
to induce LCs. Additionally, BMP7 allowed the elimination of 
two other cytokines (i.e., SCF and TNF) from optimized LC 
generation cultures. Thus, a combination of only three cyto-
kines, i.e., GM-CSF, FLT3L, and BMP7, with the late addition 
of TGF-1 for 48 h, was found optimal for generating high 
yields of LCs. We showed that TGF-1 induces LC genera-
tion via ALK3. However, the coactivation of ALK5 led to a 
reduction of LC generation. As a net effect, this led to only lim-
ited amounts of LC generation in previously optimized TGF-1–
dependent differentiation cultures of CD34+ cells. A key finding 
of our study was that the replacement of TGF-1 by BMP7 
allows circumventing ALK5-mediated proliferation inhibi-
tion observed by TGF-1. Consequently, BMP7 allows the 
generation of high numbers of LCs. Nevertheless, the late 
addition of TGF-1 for the final 48 h was beneficial because 
it led to elevated percentages of generated LCs, potentially 
caused by a negative effect of TGF-1 on cell proliferation. 
Additionally, late TGF-1 led to inhibition of TLR-mediated 
proinflammatory cytokine production by LCs. In contrast, BMP7-
generated LCs not exposed to TGF-1 were highly potent in-
ducers of T cell proliferation. This differential requirement 
might reflect in vivo niches and could help to explain differ-
ential T cell responses depending on the site of LC activation. 
In support of this concept, BMP7 LCs and TGF-1 LCs dif-
fered in provoking Th1 versus Th2 responses in vitro. More-
over, this newly developed BMP7-dependent LC generation 
procedure with or without late TGF-1 might be of interest 
for inducing strong antiviral/antitumor T cell responses. In 
conclusion, we here provide a mechanistic model for LC dif-
ferentiation that utilizes two different family members of the 
TGF-/BMP superfamily: BMP7 induces LC differentiation 

Four members of the BMP family can be detected in the 
epidermis (BMP2, BMP4, BMP6, and BMP7; Botchkarev, 
2003). Among them, only BMP7 is expressed at high levels in 
basal keratinocyte layers. Moreover, we demonstrated here that 
BMP7 is strongly expressed in single-layered fetal epidermis 
at 8 wk EGA, a time point when LC precursors are first detect-
able in the epidermis. Our study is to our knowledge the first 
to show that BMP7 expression is detectable in basal/suprabasal 
epidermal layers during human prenatal development. In com-
parison, BMP6 is absent or only very weakly expressed in basal 
keratinocyte layers, and its expression correlates positively with 
increased keratinocyte differentiation (Lyons et al., 1989), simi-
larly as shown for TGF-1 (Bascom et al., 1989; Keski-Oja 
and Koli, 1992). It was previously noted that BMP7 and BMP6 
exhibit opposite expression distribution among mouse epider-
mal keratinocyte layers (Lyons et al., 1989; Takahashi and Ikeda, 
1996). The other BMPs, i.e., BMP2 and BMP4, are predomi-
nantly expressed in the hair follicle epithelium and mesen-
chyme, but not or only weakly in interfollicular epidermis 
(Lyons et al., 1989; Bitgood and McMahon, 1995).

Bmp7 KO mice exhibited substantially reduced numbers 
of LCs with the remaining LCs being morphologically less 
dendritic as compared with LCs from WT littermates. There-
fore, we here described nonredundant positive effects of BMP7 
on LC differentiation in vivo. However, our data do not rule 
out the possibility that other BMPs/type-1 receptor agonists 
may exert (partial) redundancy with BMP7 in promoting LC 
differentiation. The observations that epidermal transgenic 
expression of the BMP/activin inhibitor follistatin reduces 
LC numbers (Stoitzner et al., 2005) are consistent with a major 
role of the BMP–ALK3–Smad1/5/8 pathway in LC differen-
tiation in vivo.

Our mechanistic insights into LC differentiation allowed 
us to design a greatly improved protocol for LC generation from 
CD34+ HPCs in serum-free medium. Side-by-side analysis 

Figure 7. Gene expression analysis. Cluster-
ing using complete linkage algorithm on dif-
ferentially expressed transcripts, identified by 
ANOVA analysis within multiple testing cutoff 
(false discovery rate is 5%, significance level is 
0.05), demonstrates relationship among in 
vitro and ex vivo LCs. Heat map visualizing 
gene expression profiles of differentially ex-
pressed genes (listed in Table S1) upon hierar-
chical clustering with complete linkage and 
Euclidean measure. Colors represent high  
(red) and low (blue) normalized intensity. 
CD1a+CD207+ cells were generated from three 
independent donors (A, B, and C) in response 
to TGF-1 or BMP7 and were flow sorted 
before analysis.

http://www.jem.org/cgi/content/full/jem.20130275/DC1
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In vitro culture of CD34+ cord blood hematopoietic stem cells. 
CD34+ cells were cultured for 2–3 d under progenitor expansion conditions 
(FLT3L, SCF, and TPO, each at 50 ng/ml) in serum-free medium (X-VIVO 
15 medium; Bio Whittaker) before subculturing with lineage specific cyto-
kines. LC cultures were described previously (Strobl et al., 1997). In brief, 
pre-expanded CD34+ cells (2–4 × 104/ml per well) were cultured in 24-well 
tissue culture plates in serum-free CellGro DC medium (CellGenix) supple-
mented with 100 ng/ml GM-CSF, 20 ng/ml SCF, 50 ng/ml FLT3L, 2.5 ng/ml 
TNF, and 0.5 ng/ml TGF-1 for 7 d. Cultures were supplemented with 2.5 mM 
GlutaMax (Gibco) and 125 U/ml each penicillin/streptomycin. LC clusters 
were purified as previously described (Gatti et al., 2000). For moDC gen-
eration, pre-expanded CD34+ cells (2–4 × 104/ml per well) were first cul-
tured in a 24-well plate in CellGro DC medium supplemented with 10% 
FCS in the presence of 100 ng/ml GM-CSF, 20 ng/ml SCF, 50 ng/ml 
FLT3L, and 2.5 ng/ml TNF for 4 d, followed by 100 ng/ml GM-CSF and 
25 ng/ml IL-4 for 3 d in RPMI + 10% FCS medium (Jurkin et al., 2010). 

and proliferation, whereas TGF-1 secures low levels of cyto-
kine production by differentiated LCs, a potential prerequisite 
for postnatal LC network maintenance and function.

MATERIALS AND METHODS
Isolation of cells. Cord blood samples were collected during healthy full-
term deliveries. Approval was obtained from the Medical University of Vienna 
Institutional Review Board for these studies. Informed consent was provided 
in accordance with the Declaration of Helsinki. CD34+ cells were isolated as 
previously described (Taschner et al., 2007).

Cytokines and reagents. Human SCF, thrombopoietin (TPO), TNF, GM-
CSF, FLT3L, IL-4, IL-6, BMP4, and BMP6 were purchased from PeproTech. 
TGF-1 was purchased from R&D Systems. BMP7 and BMP2 were purchased 
from ImmunoTools. ALK4/5/7 inhibitor (SB431542) and ALK2/3/6 inhibitor 
(dorsomorphin dihydrochloride) were purchased from Tocris Bioscience.

Figure 8. Sequential addition of TGF-1 to the BMP7-supplemented cultures enhances LC generation with minimal cytokine combination. 
(A) CD34+ cells were induced to differentiate into LCs in response to TGF-1 or BMP7 for 7 d. Parallel cultures contained BMP7 for 5 d, followed by  
TGF-1 for the final 48 h (BMP7 + TGF-1, right). Control cultures did not contain any exogenous TGF-1 or BMP7 (left). All the cultures were supple-
mented with GM-CSF, TNF, SCF, and FLT3L. FACS plots represent day 7–generated cells analyzed for the expression of CD1a and CD207. Bar diagrams 
represent total numbers of CD1a+CD207+ cells observed in four independent experiments (±SD; *, P < 0.05; **, P < 0.005; ***, P < 0.0005). (B) LCs were 
generated in the presence of BMP7 for 6 d, followed by late TGF-1 addition (48 h). In the first culture phase (days 1–6), different cytokine combinations 
were tested. FACS plots represent day 7–generated cells analyzed for the expression of CD1a and CD207. Bar diagrams represent mean total numbers of 
CD1a+CD207+ cells (±SEM) observed in three independent experiments. Graph represents different cytokine combinations used during LC differentiation 
as designated by a, b, c, d, and e (statistically significant: a vs. b, a vs. e, and b vs. e; *, P < 0.05). (C) LCs were generated in the presence of TGF-1 for 7 d. 
Parallel cultures contained BMP7 for 5 d, followed by late addition of TGF-1 (48 h; BMP7 + TGF-1). All of the cultures were supplemented with GM-CSF, 
TNF, SCF, and FLT3L. LCs were cluster purified and activated or not with PGN for 48 h. Supernatants were collected for cytokine measurement. Bar diagrams 
represent mean amounts of cytokines produced in four independent experiments (mean ± SEM).
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by biotin-conjugated goat anti–rabbit IgG for 2 h at room temperature using 
the Elite rabbit IgG VECTASTAIN kits. Biotinylated antibodies were detected 
with HRP streptavidin and staining was visualized with amino-ethylcarbazole 
(AEC; Dako). Finally, sections were mounted with Aquatex (Merck) and 
examined using an Eclipse 80 microscope (Nikon). Mouse epidermal sheets 
were prepared as described previously (Bauer et al., 2012). Epidermis was fixed 
in acetone for 10–20 min, blocked with PBS containing 2% BSA for 1 h 
at room temperature, and stained with antibody specific for I-A/I-E (PE-
conjugated; 1:400; BioLegend) overnight at 4°C. The slides were washed with 
PBS and stained with DAPI to visualize the nuclei. Images from seven ran-
domly chosen microscopic fields were acquired. LCs were enumerated, and 
mean values were calculated per ear sheet. Pictures were taken using an Eclipse 
80i microscope (Nikon) and Lucia G software (Laboratory Imaging).

RNA isolation, amplification, and gene chip hybridization. Total 
RNA from three independent donors was isolated from sorted cells by using 
the RNeasy Micro kit (QIAGEN) according to the manufacturer’s recom-
mendations. Quality control with the RNA 6000 Pico LabChip kit (Agilent 
Technologies) on a BioAnalyzer 2100 (Agilent Technologies) showed a RIN 
of 9.9–10. cRNA target synthesis, amplification, hybridization to the GeneChip 
Human Genome U133 Plus 2.0 array, and scanning were performed accord-
ing to the standard protocols recommended by the manufacturer (Affyme-
trix). In brief, cDNA was generated from 50 ng of total RNA using T7–oligo 
(dT) promoter primer (GeneChip 3 IVT Express kit; Affymetrix). After a 
second strand cDNA synthesis, cDNA was converted to cRNA by an in 
vitro transcription reaction (Life Technologies). Thereafter, cRNA was puri-
fied, and the yield was controlled with a spectrophotometer. Labeled cRNA 
was purified, quality controlled with the BioAnalyzer 2100, and denatured 
at 94°C before hybridization of 12 µg of the purified sample. The samples 
were hybridized to the Human Genome U133 Plus 2.0 Array at 45°C for 
16 h (60 rpm) in an hybridization oven. The arrays were then processed on the 
GeneChip fluidics station 450: protocol FS450_0001 for Cartridge Arrays. 
They were washed, stained with streptavidin-PE (GeneChip HT hybridiza-
tion Wash and Stain kit; Affymetrix), washed again, and scanned with a Gene-
Array scanner (GCS3000; Affymetrix).

Raw and normalized microarray experiments have been submitted to the 
GEO database (accession no. GSE49085). Fluorescent intensity was analyzed 
using the GeneChip Operating Software (GCOS) 1.1 (Affymetrix) and scaled 
to a target value of 100. Data uploaded into Expression Console EC1.2.1.20 
(Affymetrix), normalized with the MAS5 algorithm and for log transformed 
data (Robust Multi-Array [RMA]), were used for the generation of CEL-files. 
The intensities <200 were considered to be below positive expression and 
compared with signal intensities of previously published arrays (Lundberg 
et al., 2013; MAS5 normalized data; Table S1). Transcripts differentially ex-
pressed among all samples were identified using ANOVA analysis within 
multiple testing cutoff (false discovery rate is 5%, significance level is 0.05). 
Relationship between different cell populations was demonstrated by the min-
imal spanning tree analysis. Additionally, hierarchical clustering was performed 
using Cluster 3.0, based on complete linkage and Euclidean distance measure, 
and heat maps of selected genes (listed in Table S1) were subsequently pro-
duced using Java Treeview 1.0.12. Fold change of transcripts ≥ 1.5 was con-
sidered as up-regulation and vice versa. Fold change of important transcripts 
was compared with different subsets of LCs as described in Table S2.

Bmp7/ mice and LacZ staining of tissues. The generation of Bmp7/ 
mice has previously been described (Zouvelou et al., 2009). All mouse lines 
were backcrossed for more than eight generations into the C57BL/6J back-
ground. Tissues from heterozygous Bmp7lacZ (Bmp7wt/lacZ) mice (expressing 
-galactosidase under the control of the Bmp7 promoter) were stained with 
X-gal to identify the location of Bmp7 expression. In brief, isolated epider-
mal tissue was fixed in 2% formaldehyde, 0.2% glutaraldehyde, 0.01% sodium 
deoxycholate, 0.02% NP-40 in PBS for 5 min, washed with 2 mM MgCl2, 
and stained at room temperature in the dark for several hours to overnight in 
X-gal staining solution, which contained 0.1 M phosphate, pH 7.3, 2 mM 
MgCl2, 0.01% sodium deoxycholate, 0.02% NP-40, 5 mM K3[Fe(CN)6], and 

For monocyte/macrophage generation, pre-expanded CD34+ cells (2–4 × 
104/ml per well) were cultured in a 24-well plate in the presence of 100 ng/ml 
M-CSF, 20 ng/ml IL-6, 50 ng/ml FLT3L, and 100 ng/ml SCF in RPMI + 
10% FCS medium (Heinz et al., 2006). When indicated, cell culture medium 
was supplemented with 200 ng/ml BMP7.

RNA isolation and qRT-PCR. RNA was isolated using the RNeasy Mini 
kit (QIAGEN). 1 µg RNA was reverse transcribed using Transcriptor First 
Strand cDNA kit (Roche) and oligo (dT) primers. Quantitative qRT-PCR 
analysis was performed as previously described (Yasmin et al., 2013). SYBR 
green and a CFX96 Real-Time PCR system (Bio-Rad Laboratories) were used 
for quantitative real-time PCR. Cycling conditions for qRT-PCR were 3 min 
at 95°C, followed by 40 cycles of 30 s at 95°C, 30 s at 60°C, and 30 s at 72°C.  
The following qRT-PCR primers were used: ALK2_F, 5-TTGGAGACAG-
CACTTTAGCAG-3; ALK2_R, 5-GCGAGCCACTGTTCTTTGT-3; 
ALK3_F, 5-GAGTTGCTGCATTGCTGAC-3; ALK3_R, 5-GAGC-
CATGTAGCGTTTGGT-3; ALK5_F, 5-AGGCCAAATATCCCAAA-
CAG-3; ALK5_R, 5-TAGCTGCTCCATTGGCATAC-3; TGF-1_F, 
5-GTACCTGAACCCGTGTTGCT-3; TGF-1_R, 5-GTATCGCCAG-
GAATTGTTGC-3; HPRT_F, 5-GACCAGTCAACAGGGGACAT-3; 
HPRT_R, 5-AACACTTCGTGGGGTCCTTTTC-3; TARC_F, 5-CCA-
TTCCCCTTAGAAAGCTG-3; and TARC_R, 5-CTCTCAAGGCTTT-
GCAGGTA-3. Results were analyzed using the  Ct method and presented 
as fold difference in mRNA level relative to HPRT.

Retroviral vectors, transfection of packaging cell lines, and gene 
transduction. ALK2-HASLwt-IRES-GFP, ALK3-HASLwt-IRES-GFP, 
and ALK5-HASLwt-IRES-GFP were obtained by cutting ALK2-HASLwt-
pCDNA3, ALK3-HASLwt-pCDNA3, and ALK5-HASLwt-pCDNA3 (gift 
of P. ten Dijke, Leiden University Medical Center, Leiden Netherlands) 
with EcoRI and XhoI and inserting it into the PBMN-IRES-GFP vector. 
Transfection of packaging cell line phoenix-GP as well as infection of target 
cells was performed as previously described (Platzer et al., 2004). In brief, to 
produce recombinant amphotropic retrovirus, vectors were transiently trans-
fected into the packaging cell line Phoenix-GP (Gag-Pol) using a calcium-
phosphate protocol (Platzer et al., 2004). Phoenix-GP was cotransfected with 
an expression plasmid encoding gibbon ape leukemia virus (GALV) envelope 
(gift from D.B. Kohn, University of California, Los Angeles, Los Angeles, CA). 
Before gene transduction, fresh or thawed CD34+ cells were stimulated over-
night in X-VIVO 15 medium supplemented with the cytokines SCF (50 ng/ml), 
FLT3L (50 ng/ml), and TPO (50 ng/ml). Afterward, 1 ml of retroviral super-
natant (harvested 36–48 h after transfection of packaging cells) was added to 
4 × 104 CD34+ HPCs in the presence of plate-bound RetroNectin (Takara 
Bio Inc.) using nontissue culture–treated 24-well plates (Cellstar; Greiner Bio-
One GmbH) according to the instructions of the manufacturer. Infections were 
repeated two to three times at intervals of 12–24 h using fresh virus superna-
tants in the presence of cytokines SCF, FLT3L, and TPO. Within 60 h of 
the first transduction cycle, cells were harvested and recultured in LC, moDC, 
and monocyte/macrophage lineage conditions.

Immunofluorescence and immunohistochemistry. Prenatal and adult 
skin specimens were embedded in optimum cutting tissue compound (Tissue-
Tek; Sakura), snap frozen in liquid nitrogen, and stored at 80°C until fur-
ther processing. 6-µm sections were cut, air dried, fixed in ice-cold acetone 
for 10 min, blocked with PBS 2% BSA for 1 h at room temperature, and stained 
with the primary unconjugated control rabbit isotype IgG (1:200; Santa 
Cruz Biotechnology, Inc.) or antibodies specific for BMP4 (1:100; Abcam) 
or BMP7 (1:200; LifeSpan Biosciences) overnight at 4°C. The slides were 
washed with PBS and stained with the secondary goat anti–rabbit Alexa Fluor 
546 (Invitrogen) for 2 h at room temperature. Alexa Fluor 488 anti-Laminin5 
(EMD Millipore) was used to visualize the dermo-epidermal junction. Nuclei 
were stained with DAPI. Pictures were taken using an LSM700 microscope 
and Zen 2009 software (Carl Zeiss). For immunohistochemistry, human tis-
sue sections were then incubated with anti-LAP (R&D Systems) and anti–
TGF-1 serum (Santa Cruz Biotechnology, Inc.) overnight at 4°C, followed 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE49085
http://www.jem.org/cgi/content/full/jem.20130275/DC1
http://www.jem.org/cgi/content/full/jem.20130275/DC1
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