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Functional Langerinhigh-Expressing Langerhans-like Cells
Can Arise from CD14highCD162 Human Blood Monocytes in
Serum-Free Condition
Gaëlle Picarda,*,†,‡,x Coraline Chéneau,*,†,‡ Jean-Marc Humbert,† Gaëlle Bériou,*,†,‡
Paul Pilet,‡,{ Jérôme Martin,*,†,‡ Franck Duteille,‖ Pierre Perrot,‖ Frédérique Bellier-Waast,‖
Michèle Heslan,*,†,‡ Fabienne Haspot,*,†,‡ Fabien Guillon,# Regis Josien,*,†,‡ and
Franck Albert Halary*,†,‡

angerhans cells (LCs) are myeloid dendritic cells (DCs)
that reside suprabasally in mammalian skin or mucosal
epithelia (ME). Human LCs are characterized by a high
expression of langerin (or CD207) (1), a C-type lectin, and the CD1a
molecule (2). During the past decade tremendous efforts were made
to better understand LC biology. It has become clear that LCs were
not only capable of triggering adaptive immune responses (3) but
also of mediating immune tolerance to self-antigens in noninflammatory conditions (4, 5). Studies relying on parabiont or stem cell
engraftment models reported recently on LCs derived from fetal
yolk sac or liver myeloid precursors, which seed embryonic skin

L

and mucosae at days 7.5 and 16.5, respectively (6). These precursors
are endowed with local self-renewing properties allowing LC replenishment of peripheral tissues after inflammation resolution (7).
However, under inflammation, Ly6Chigh monocytes were shown to
give rise to short-term LCs in mice (8, 9). These cells are then
replaced by long-term LCs arising from the self-renewing precursors
described above (9). In humans, convincing evidence that the LC
network is reconstituted through proliferation of epithelium-residing
precursors has come from stem cells (10, 11) or solid organ transplantation (12, 13). Indeed, it has been shown that skin LCs in
grafted hand from distinct patients were still from donor origin
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Langerhans cells (LCs) are epithelial APCs that sense danger signals and in turn trigger specific immune responses. In steady-state,
they participate in the maintenance of peripheral tolerance to self-antigens whereas under inflammation LCs efficiently trigger
immune responses in secondary lymphoid organs. It has been demonstrated in mice that LC-deprived epithelia are rapidly replenished by short half-life langerin-expressing monocyte-derived LCs (MDLCs). These surrogate LCs are thought to be progressively
replaced by langerinhigh LCs arising from self-renewing epithelial precursors of hematopoietic origin. How LCs arise from blood
monocytes is not fully understood. Hence, we sought to characterize key factors that induce differentiation of langerinhigh-expressing monocyte-derived Langerhans-like cells. We identified GM-CSF and TGF-b1 as key cytokines to generate langerinhigh-expressing
cells but only in serum-free conditions. These cells were shown to express the LC-specific TROP-2 and Axl surface markers and
contained Birbeck granules. Surprisingly, E-cadherin was not spontaneously expressed by these cells but required a direct
contact with keratinocytes to be stably induced. MDLCs induced stronger allogeneic T cell proliferations but released low
amounts of inflammatory cytokines upon TLR stimulation compared with donor-paired monocyte-derived dendritic cells. Immature langerinhigh MDLCs were responsive to MIP-3b/CCL20 and CTAC/CCL27 chemokine stimulations. Finally, we demonstrated that those cells behaved as bona fide LCs when inserted in a three-dimensional rebuilt epithelium by becoming activated
upon TLR or UV light stimulations. Collectively, these results prompt us to propose these langerinhigh MDLCs as a relevant
model to address LC biology–related questions. The Journal of Immunology, 2016, 196: 3716–3728.
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Materials and Methods
Ethic statements
Human fresh blood samples from healthy volunteers were obtained from the
Etablissement Français du Sang, the French blood donor bank (Nantes,
France). LCs were isolated from healthy patients skin or genital mucosa
undergoing reconstructive plastic surgery after patients’ informed consent
and according to institutional guidelines (Department of Plastic Surgery,
Nantes University Hospital, Nantes, France).

Cells and reagents
Adult blood monocytes were isolated by negative immune magnetic separation (Miltenyi Biotec, Bergisch Gladbach, Germany) or by elutriation

(DTC cell sorting facility; Nantes University Hospital/Biogen Ouest,
Nantes, France). Cells were either differentiated into MDDCs in the
presence of 20 ng/ml recombinant human IL-4 (CellGenix, Freiburg,
Germany) and 100 ng/ml GM-CSF (Gentaur, Paris, France) (30) or into
MDLCs in 2 mM glutamine RPMI 1640 (Life Technologies/Thermo
Fisher Scientific, Waltham, MA) supplemented with 10 ng/ml recombinant human TGF-b1 (PeproTech, London, U.K.) and 200 ng/ml GM-CSF
(Gentaur, Paris, France) in 2% human serum albumin (HSA; Vialebex/
LFB, Paris, France) or 10% FCS (HyClone/GE Healthcare, Wauwatosa,
WI) for 5–7 d. Monocytes were alternatively differentiated with 10 ng/ml
TGF-b1, 200 ng/ml GM-CSF plus 20 ng/ml IL-4, or 200 ng/ml IL-15 or 10
ng/ml bone morphogenetic protein-7 (BMP-7; R&D Systems, Abingdon,
U.K.). CD16+ and CD162 monocytes as well as CD1c+ or BDCA-1+ blood
DCs were purified with anti CD16 and anti-CD1c microbeads according to
the manufacturer’s instructions (Miltenyi Biotech). Purity of sorted CD1+
DCs was assessed by flow cytometry and always achieved high yields
(.98%; anti-human CD1c, clone L161, BioLegend, San Diego, CA).
CD1+ DCs were then differentiated similarly to monocytes to obtain LClike cells resembling those described by Martı́nez-Cingolani et al. (31) or
Milne et al. (32). When required, MDDCs and MDLCs were matured with
100 ng/ml Escherichia coli K-12 strain LPS and 1 mg/ml R848 (Cayla/
InvivoGen, Toulouse, France) for 24 h. Fifty to 80% pure skin LCs were
isolated from skin surgical pieces as already described (33). To assess the
role of the lipid fraction from the human serum as a limiting factor for the
LC-like differentiation, MDLCs were cultured with or without human lowdensity lipoproteins (L8292; Sigma-Aldrich, St. Louis, MO). Human adult
KCs (provided by Dr. Anne-Chantal Knol and Prof. Brigitte Dreno,
Immuno-Oncology Department, Nantes University Hospital) were cultured
in KC growth medium 2 (PromoCell, Heidelberg, Germany). N-[N-(3,5difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT), a
g-secretase chemical inhibitor, was purchased from Sigma-Aldrich (D5942).

Flow cytometry
The following Abs were used to characterize cells in this study: langerinPE (Beckman Coulter/Immunotech, Marseille, France), DC-specific
ICAM-3 grabbing nonintegrin (DC-SIGN)–allophycocyanin, CD1a-FITC,
CD14-FITC, CD45-FITC, CD1c–Alexa Fluor 647, CCR2–Alexa Fluor 647,
CD80-PE, CD83-PE, CD86-PE, CCR6-PE, and CCR7–PE-Cy7 (BD Biosciences,
Franklin Lakes, NJ), Axl–Alexa Fluor 488, TROP2-PE, TROP1/EpCam-PE,
and CCR10-PE (R&D Systems), and CD324/E-cadherin–Alexa Fluor 647
(Cell Signaling Technology). Data were acquired on an LSR II flow cytometer
(BD Biosciences) and analyzed with FlowJo software (Tree Star, Ashland,
OR). Dead cells were excluded from all our analyses by DAPI exclusion.

MDLCs cocultured with cell-free supernatants or human
primary KCs
Confluent primary KC culture supernatants were collected after 5 d. Supernatants were clarified by centrifugation for 20 min at 20,000 3 g and
kept at 280˚C until used. MDLCs were cultured on a confluent KC
monolayer for 5 d. Langerin and CD324/E-cadherin expression levels were
assessed on CD45+ cells.

Transmission electron microscopy
Ultrathin sections of LC-enriched epidermal cell or MDLC suspensions
were prepared as previously described (1, 34). Contrasted ultrathin sections
were observed as described elsewhere (35).

Functional studies
Dextran uptake. After 6 d of differentiation, 2 3 106 MDLCs or MDDCs
were incubated 1 h with FITC-labeled dextran (molecular mass of ∼77
kDa; Sigma-Aldrich) at 4˚C and 37˚C, respectively. FITC-dextran uptake
was then quantified by flow cytometry after subtracting background (uptake at 4˚C).
Proliferation assay. To assess their respective abilities to stimulate T cells,
MDDCs and MDLCs were cocultured with 5 3 104 allogeneic T cells for
5 d at a responder/stimulator ratio ranging from 1:64 to 1:4. All experiments were run in triplicate in 96-well plates on three distinct T cell
donors. After 5 d of culture, cells were pulsed with 1 mCi per well of
[3H]thymidine (GE Healthcare) for 16 h. Allogeneic T cell proliferation
was measured by the tritiated thymidine incorporation and expressed as cpm.
Actin polymerization assay. MDLC and MDDC responses to chemokines
were determined by measuring the actin polymerization as a result of its
high affinity association with FITC-conjugated phalloidin (Sigma-Aldrich).
rMIP-3a/CCL20 (50 ng/ml), CTAC/CCL27 (50 ng/ml), MIP-3b/CCL19
(25 ng/ml), and MCP-1/CCL2 (50 ng/ml) (PeproTech) and 1026 M fMLF
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.10 y after transplantation (12, 13). However, the use of immunosuppressive drugs in that context may not allow stating that a tolerated graft recapitulates the steady-state with regard to their deleterious
effects on monocyte circulation and differentiation in vitro as well as
in vivo (14–18). Beyond this hypothesis, several studies strongly
support that monocytes may represent another source of LCs in humans. Indeed, it has been shown that LCs may originate from dermal
CD14+ cells in noninflammatory settings in vitro (19). Other studies
based on transcriptomic analyses have allowed reconsidering such
CD14+ dermal cells as monocyte-derived macrophages most likely
related to blood monocytes/macrophages rather than bona fide dermal
DCs (20–22). However, whether these human monocyte-derived
macrophages could differentiate into other cell types such as LCs
in inflammatory conditions or at steady-state in vivo is still unclear.
To investigate the mechanisms driving the differentiation of
monocytes toward DC subsets, a plethora of in vitro studies have
been reported during the past 2 decades, first starting from CD34+
hematopoietic stem cells (23–25) but also from monocytes as precursors of LC-like cells or monocyte-derived LCs (MDLCs) using
various culture conditions (26–29). A careful analysis of these
protocols revealed that only Hoshino et al. (28) reported simple and
reproducible culture conditions leading to MDLCs displaying bona
fide LC features. However, the lack of comparison with freshly
isolated cells did not allow us to consider it as the most convincing
way the differentiate monocytes into MDLCs.
In this study, we were interested in identifying the minimal requirements to allow monocyte differentiation toward LC-like cells.
We first sought to compare and analyze in a comprehensive manner all
the published protocols permitting differentiation of monocytes into
MDLCs in comparison with skin LCs. Hence, we proved that GMCSF and TGF-b1 were sufficient to induce the differentiation from
only classical CD14highCD162 monocytes into langerinhigh cells in
serum-free conditions. Moreover, we demonstrated that monocytes
and CD1c+ blood DCs displayed similar abilities to differentiate into
LC-like cells in vitro in our experimental setting. We additionally
demonstrated an anti-LC differentiation activity for serum lowdensity lipoproteins. MDLCs described in the present study were
shown to harbor true LC-specific hallmarks such as the presence of
Birbeck granules and to acquire E-cadherin expression upon culture
with primary keratinocytes (KCs) at least partially in a Notchdependent manner. Moreover, these MDLCs were more potent than
donor-paired monocyte-derived DCs (MDDCs) to promote allogeneic T cell proliferation but were unable to secrete inflammatory
cytokines upon activation. Our MDLCs were also shown to respond
to epithelium-derived chemokines. We finally proved that they were
capable of colonizing rebuilt human genital epithelia and were shown
to equally respond to TLR-mediated stimulation or UV light irradiation compared with bona fide LCs. Collectively, our results clearly
demonstrate that human classical monocytes can rapidly differentiate
toward langerinhigh cells, mimicking bona fide LCs under serum-free
conditions and establishing the minimum requirement for generation
of MDLCs exhibiting true LC features.
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(26)
(29)
(27)
(28)
(28)
(28)
(31)
(32)

Epithelial reconstructions or mucosal equivalents containing MDLCs were
prepared as shown in Supplemental Fig. 4A. Briefly, sorted langerinhigh or
langerin2 MDLCs were seeded with A431 cells, a human KC cell line, on
0.5-cm2 polycarbonate filters at air–liquid interface for 7–10 d (seeding
ratio 1:1). Both sorted fractions were previously labeled with Vybrant
DiD (5 mM, 10 min), a brilliant lipophilic dye, to facilitate their detection
after insertion in ME (Molecular Probes/Life Technologies, Carlsbad,
CA). After complete reconstruction, TLR- or UV light–activated (short
wave UVC light at 10 mJ/cm2) versus resting ME were either embedded
in Tissue-Tek OCT compound before dry ice snap freezing or directly
fixed, permeabilized, and then stained with selected Abs. Frozen embedded
ME were submitted to cryosectioning before fixation/permeabilization and
staining with 2 mg/ml Alexa Fluor 546–conjugated anti-langerin (clone
929F3.01; Dendritics, Lyon, France) and/or with 2 mg/ml purified antihuman CD83 (clone HB15e; BD Biosciences) followed by an incubation
with an Alexa Fluor 488–conjugated secondary Ab. Human genital biopsies
were used a relevant tissues. When required, preparations were counterstained with DAPI and mounted with Prolong Gold medium (BD Biosciences). Images were acquired on an A1 confocal microscope (Nikon
Instruments, Tokyo, Japan). ImageJ software and NIS-Elements imaging
software were used to analyze and display images.

b

Expression level is indicated as the staining intensity and as the positive cell frequency separated by a slash.
Protocols that were implemented in this study are displayed in boldface.
rh, recombinant human.

Statistical analyses

a

Negative
Negative
Negative
Positive
Positive
Positive
Positive
Positive
No
No
No
No
No
No
No
No
ND
ND
ND
—
High/+
Int/low
ND
ND
ND
ND
ND
ND
ND
ND
ND
—
b

Geissmann et al.
Mohamadzadeh et al.
Guironnet et al.
Hoshino et al.
Hoshino et al.
Hoshino et al.
Martı́nez-Cingolani et al.
Milne et al.

1998
2001
2002
2005
2005
2005
2014
2014

Int/ND
Int/low
Int/low
High/+
High/+
High/+
High/low
Int/low

High/+
High/+
ND
Int/low
High/+
High/+
ND
ND

Positive
Positive
Positive
Positive
Positive
Positive
ND
ND

Cell Separation
DC-SIGNa
EpCAM

Differentiation with
HSA (Yes/No)

rhIL-4
rhIL-15
—
—
rhIL-4
rDLL1
rhIL-4
rhBMP7

Reconstruction of human mucosal equivalents

E-cadherin
CD1aa
Langerina
Year
Authors

(Sigma-Aldrich) as a positive control were used in this assay. Briefly,
chemokines were added on 5 3 105 cells for time periods varying from
0 to 90 s. The reaction was stopped after 30, 45, 60, and 90 s using PBS
containing 4% paraformaldehyde, 0.02% Triton X-100, and 1 mg/ml
FITC-labeled phalloidin. Cells were then incubated for 10 min at 37˚C
and washed extensively before being analyzed on a flow cytometer.
Cytokine quantification by ELISA. Cells were stimulated with or without
LPS and/or R848 as described above. Culture supernatants were harvested
after 24 h of stimulation. IL-1b, IL-6, IL-10, IL-12p70, TNF-a (BD
Biosciences) and IL-23 (eBioscience, San Diego, CA) were quantified by
ELISA according to the manufacturers’ instructions.

Statistics were generated with the GraphPad Prism 5.0 software (GraphPad
Software, La Jolla, CA). Unpaired sample comparisons were performed
using a Mann–Whitney nonparametric rank test. One-way ANOVA with a
Welch correction was also applied when required.

Results
Classical monocytes are as potent as CD1c+ blood DCs to
differentiate into langerinhigh cells
First, we showed that MDDCs harbored overall similar phenotypes when cultured with HSA compared with cells cultured
with FCS. However, we noticed that MDDCs differentiated with
HSA displayed ∼2-fold less HLA-DR, DC-SIGN, CD40, and
CD86 whereas CD1a was ∼2-fold more expressed compared with
MDDCs differentiated with FCS, suggesting a more activated
phenotype for those cells (Supplemental Fig. 1A). To better understand how monocytes can give rise to MDLCs in vitro, we
simultaneously implemented different protocols (listed in Table I,
boldface entries). GM-CSF, a known survival factor for myeloid
cells, was added to all differentiation media. This basal medium
was supplemented with TGF-b1 alone or associated with IL-4 or
IL-15 alone in the serum-free condition. Donor-paired monocytes
served as precursors to generate MDDCs with GM-CSF and IL-4
alone (30). These cells, which are known to express high amounts
of the C-type lectin DC-SIGN (CD209), were used as controls.
Similarly, all of these monocyte-derived cells were compared
with freshly isolated skin LCs for their DC-SIGN and langerin
expressions. Interestingly, we found out that IL-4, with (mean
fluorescence intensity [MFI] DC-SIGN of 4,872) or without
TGF-b1 (MFI DC-SIGN of 21,185), or IL-15 (MFI DC-SIGN of
2,523) favored an unwanted DC-SIGN expression whereas differentiation with GM-CSF and TGF-b1 limited it (MFI DCSIGN of 426 versus MFI isotypic control of 263; Fig. 1A). IL4 was already reported as a DC-SIGN inducer by others (36). To
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Table I. Studies reporting in vitro generation of Langerhans-like cells from monocytes

Key Factor Added to
rhGM-CSF/rhTGF-b1

Reference in This Study
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compare the langerin expression of these cells to one of the freshly
isolated LCs, we stratified its expression by gating the langerin2
cells with regard to an irrelevant isotypic control staining (R1),
cells with langerin expression levels ranging from 3 3 102 to 3 3
104 (R2), and the langerinhigh cells (i.e., MFI . 104; R3) set up on
skin LC langerin expression. With this setting, only the GM-CSF/
TGF-b1 mixture allowed for a high langerin expression on
MDLCs in the presence of 2% HSA instead of FCS (Fig. 1A). We
then quantitatively assessed the langerin expression on MDLCs
from five independent monocyte donors. Langerinhigh cells accounted for .60% of GM-CSF/TGF-b1mMDLCs (mean, 63.9 6
13.7%; Fig. 1B), whereas only 5.4 6 2.9% of them were found
in of GM-CSF/IL-15 MDLCs. Differentiation yields with this
protocol could be .90% when considering all langerin+ cells
(mean, 83.9 6 13.8%). This suggested that both GM-CSF and

TGF-b1 were sufficient to induce langerinhigh cells from monocytes in vitro in serum-free conditions. Human monocytes are
divided into two major subsets: the CD14highCD162 and CD14low
CD16++ cells (for review, see Ref. 37), namely classical and nonclassical monocytes, respectively. Both subsets were sorted and
differentiated with GM-CSF and TGF-b1 with 2% HSA. DCSIGN and langerin cell surface expressions were analyzed by flow
cytometry. Interestingly, only CD14highCD162 monocytes differentiated in cells expressing high amounts of extracellular langerin
(60.5 versus 1.2% for CD14lowCD16+ monocytes) compared with
an irrelevant isotypic control (Fig. 1C). These results confirmed
that classical monocytes contain blood precursors of Langerhanslike cells. Since CD1c+ blood DCs have been recently shown to
differentiate into langerinhigh Langerhans-like cells (31, 32, 38),
we sought to verify whether sorted monocytes contained CD1c+
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FIGURE 1. Human CD14high monocytes can differentiate into langerinhigh LC-like cells when cultured with GM-CSF and TGF-b1. (A) Dot plots show cell
surface expression of DC-SIGN (y-axis) and langerin (x-axis) assessed by flow cytometry on 6-d MDDCs (i.e., cultured with 100 ng/ml GM-CSF and 20 ng/ml
recombinant human IL-4) or MDLCs (100 ng/ml GM-CSF, 20 ng/ml IL-4, and TGF-b1, or 100 ng/ml GM-CSF and 200 ng/ml IL-15, or 100 ng/ml GM-CSF
and 10 ng/ml TGF-b1) in comparison with freshly isolated skin LCs in RPMI 1640 containing 2% HSA. Dead cells were excluded by gating on DAPI2 cells.
Isotypic control stainings were applied for each differentiation setting (gray dots) and allowed for a proper gate positioning of the negative cells for both
markers. Langerin expression was separated into negative cells (0 , MFI , 3 3 102; based on the isotypic control, gray dot plot, R1), low-expressing cells (3 3
102 , MFI , 3 3 104, R2), and high-expressing cells (3 3 104 , MFI, R3). Results are representative of five independent experiments. (B) Quantitative
analysis (percentage of total live cells 6 SD) of the langerin cell surface expression according to the R1/R2/R3 gating on 6-d MDDCs (black histograms) or
MDLCs (dark gray histograms, GM-CSF/IL-4/TGF-b1; light gray histograms, GM-CSF/IL-15; open histograms, GM-CSF/TGF-b1) cultured in 2% HSA (n =
5). (C) CD14highCD162 and CD14lowCD16+ monocytes were differentiated for 6 d with 200 ng/ml GM-CSF and 10 ng/ml TGF-b1 in 2% HSA supplemented
RPMI 1640. Surface expression of langerin and DC-SIGN was assessed by cytometry on the two types of differentiated cells (right panels) in comparison with
isotypic controls (left panels). The langerin expression was separated as in (A). Values under region names indicate the percentage of total live cells 6 SD for
each region. Values in quadrants in the upper right corner of each plot represent the percentages of DC-SIGN+ or langerin+ cells, respectively, to the isotypic
control (left dot plots). Results are representative of three independent experiments. *p , 0.05.
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with CD1c+ blood DCs, which were recently shown to exhibit a
high differentiation potential toward LC-like cells (31, 32), both
cell types were sorted from blood of healthy donors and differentiated with GM-CSF and TGF-b1 in 2% HSA for 7 d. A flow
cytometric analysis of their respective CD1a and langerin expression showed similar abilities to differentiate into langerinhigh
CD1ahigh cells (R3 gate; Fig. 2A). A quantitative analysis demonstrated that although CD1a expression was significantly increased on CD1c-derived LCs compared with MDLCs, langerin is
equally expressed on both cell types in terms of MFI (Fig. 2B). No
difference could be found either regarding the percentage of cells
in each gate, R1/R2/R3, among total live cells (Fig. 2C). Collectively, these results demonstrate that GM-CSF and TGF-b1
supplementation was sufficient to generate langerinhigh MDLCs
in vitro and in the absence of serum. Moreover, we demonstrated
that CD14high monocytes and CD1c+ blood DCs were equally
potent precursors of LC-like cells.
BMP-7 can replace TGF-b1 to induce langerinhigh MDLCs

Serum lipids impair LC differentiation of monocytes with
TGF-b1 and GM-CSF

FIGURE 2. Monocytes and CD1c+ blood DCs have comparable potential to differentiate into LC-like cells in serum-free conditions. (A) Dot
plots showing the CD1a and langerin expressions on CD14high monocytes
and CD1c+ DCs after 7 d of differentiation with GM-CSF and TGF-b1 in
2% HSA. Similar to Fig. 1A, langerin expression was separated into three
regions (R1, R2, and R3) to visualize the amount of langerinhigh cells for
both cell types. These results are representative of six independent experiments. (B) Quantitative analysis of the CD1a and langerin expression
on MDLCs (d) and CD1c-LCs (n) by flow cytometry displayed as the
CD1a or langerin medians (B) or percentages (C) within total live cells.
*p , 0.05 (n = 6; Mann–Whitney t test).

contaminants. Expression of CD1c and CD14 was analyzed on
immunomagnetically enriched or elutriated monocytes by flow
cytometry as shown in the Supplemental Fig. 1B. Less than 2% of
live cells (mean 6 SD, 1.5 6 0.6%) were expressing CD1c
whereas .90% of live monocytes harbored high CD14 expression
levels (mean 6 SD, 92.2 6 3.2%), suggesting that langerinhigh
MDLCs arose from classical monocytes and not from CD1c+
contaminant cells endowed with a low proliferative potential
(Supplemental Fig. 1C) (39). To compare classical monocytes

To reconcile our results displayed in the Fig. 2 with those reported
by Milne et al. (32), we hypothesized that the use of FCS instead
of HSA may impair the langerin induction on MDLCs because
they showed that in their own setting monocytes were almost
unable to give rise to LC-like cells. Thus, we compared the effect
of supplementation with HSA or FCS on MDLC differentiation.
Whereas no or very few langerinhigh cells were obtained at day 7
with FCS (2.3 6 2.2%, MFIlangerin FCS of 412, Fig. 3C, 3D), its
replacement by HSA allowed for a high langerin expression on
MDLCs (49.8 6 17.8%, MFIlangerin HSA of 1543; Fig. 3C, 3D). In
the meantime, the CD1a expression was almost conserved between FCS and HSA conditions but only for langerin-expressing
cells and not for cells in the R1 gate as shown in Fig. 3C (R1
MFICD1a FCS of 11,514 versus R1 MFICD1a HSA of 25,500;
Fig. 3C). To understand why FCS dramatically impaired langerin
expression on differentiated cells, we addressed the role of serum
lipids and more particularly low-density lipoproteins (LDL) as an
LC differentiation limiting factor. To assess this, MDLC differentiation was conducted with or without LDL. Results are shown
in Fig. 3C and 3D. Interestingly, 50 mg/ml LDL recapitulated the
effect of FCS by significantly altering langerin expression and
CD1a only on langerin2 cells as described previously with FCS
(R1 MFICD1a HSA plus LDL 50 of 5,064 versus R1 MFICD1a HSA
of 25,500; Fig. 3C). Taken together, these results demonstrated
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BMP-7 has been recently described as a key factor to differentiate
LC-like cells from bone marrow precursors (40). We therefore
wondered whether BMP-7 could act similarly to TGF-b1 on
monocytes in association with GM-CSF. We compared three distinct cytokine cocktails, that is, GM-CSF/TGF-b1 alone or associated with BMP-7 and GM-CSF/BMP-7, for their capacity to induce
langerin expression on differentiated cells. As depicted previously,
langerin expression was analyzed on those three types of MDLCs
according to the R1/R2/R3 gating (Supplemental Fig. 2A). No
difference could be reported between all three cell types in either
the percentage of total live cells in each R gate (Fig. 3A,
Supplemental Fig. 2B) or the MFIlangerin (Fig. 3B). These results
confirmed that BMP-7 can readily replace TGF-b1 to induce langerinhigh LC-like cells as proposed by others (40). We additionally
reported no additive or synergistic effect of those factors when put
together on differentiating cells (Fig. 3A, 3B). Taken together, these
results demonstrated that TGF-b1 or BMP-7 associated to GM-CSF
permitted a strong induction of langerin on MDLCs.

The Journal of Immunology

3721

that LDL strongly impaired LC differentiation by decreasing the
frequency of langerin+ cells. We assumed that other serum lipids
such as high-density lipoproteins might be able to act similarly.
Thus, serum lipids appeared to be responsible for a marked alteration of LC differentiation of monocytes in previous studies
(28, 31, 32).
MDLCs differentiated with GM-CSF and TGF-b1 in
serum-free condition resembled skin LCs
To better characterize the phenotype of Langerhans-like cells
generated with GM-CSF and TGF-b1 but without serum, we analyzed surface expression of other LC markers, namely CD324/Ecadherin, Axl, and EpCAM/TROP-1 and TROP-2 in parallel to the
langerin and CD1a. In this study, we again compared the three
differentiation protocols described in the Fig. 1A and leading to
MDLCs or MDDCs compared with skin LCs. CD1a and TROP-2
were present on all cell types at day 7 of differentiation whereas
Axl was expressed in a TGF-b1–dependent manner as already
shown previously (41) (Fig. 4A). No significant E-cadherin expression, a specific epithelial cell marker, could be evidenced
on MDLCs (Fig. 4A). TROP-2, an EpCAM-like molecule, was
overexpressed on GM-CSF/IL-4/TGF-b1 cells compared with
MDDCs, confirming its status as a TGF-b1–dependent marker
(42). We also noticed that the most important TROP-2 expression

was achieved when TGF-b1 was present during differentiation.
Interestingly, IL-4 removal seemed to slightly promote both Axl
and TROP-1 expressions. We hypothesized that the heterogeneous
TROP-1 expression as well as the absence of E-cadherin on GMCSF/TGF-b1 MDLCs could be due to incomplete differentiation
at day 7. We analyzed more deeply the absolute number of live
cells and some LC-specific markers upon differentiation up to
21 d. Despite the presence of GM-CSF in cultures, most cells died
upon differentiation between day 7 and 14, and then live cell
numbers stabilized until day 21, suggesting a selection of cell
death–resistant cells over time (Supplemental Fig. 3A). Additionally, differentiation times .7 d led to higher amounts of CD1a
and langerin but still no E-cadherin on MDLCs (Supplemental
Fig. 3B). These results demonstrated that MDLCs required
.7 d of differentiation to acquire an LC-like phenotype, but this
was not sufficient to establish a full LC phenotype based on the
E-cadherin expression. Birbeck granules are LC-specific endosomes (1). Transmission electron microscopy was used to evidence
Birbeck granules in GM-CSF/TGF-b1 MDLCs (Fig. 4B, upper
panels) compared with freshly isolated skin LCs (Fig. 4B, lower
panels). Birbeck granules were observed in ∼20% of MDLCs
(data not shown), whereas they were present in virtually all LCs.
These results confirm that even when ,2% of contaminating
CD1c+ cells were present in the culture they did not account for all

Downloaded from http://www.jimmunol.org/ by guest on February 28, 2018

FIGURE 3. BMP-7 and TGF-b1 in association with GM-CSF are equally potent to induce
langerinhigh Langerhans-like cell differentiation
whereas serum LDL strongly impair it. Monocytes were differentiated for 7 d with three
different cytokine cocktails, GM-CSF/TGF-b1
(open histograms), GM-CSF/BMP-7 (gray histograms), or GM-CSF/TGF-b1/BMP-7 (black
histograms). (A) Percentages or (B) medians of
langerin2 or langerin+ cells were calculated for
each category of live cells differentiated with
2% HSA (n = 3). Cell surface langerin expression was assessed by flow cytometry for
each cell type according to the R1/R2/R3 gating
depicted in the legend for Fig. 1A. (C) Elutriated CD14high monocytes were differentiated
into MDLCs with GM-CSF and TGF-b1 in 2%
HSA, spiked or not with two doses (in mg/ml)
of purified LDL or 10% FCS. CD1a and
langerin expressions were assessed by flow
cytometry. R1, R2, and R3 gates are represented
as in Fig. 1A. These results are representative of
four distinct experiments. (D) Quantitative
analysis of the langerin expression on MDLCs
by flow cytometry. Differentiation media were
supplemented with 10% FCS (black histograms), 2% HSA alone (dark gray histograms),
2% HSA with 50 mg/ml LDL (light gray histograms), or with 2% HSA with 5 mg/ml LDL
(open histograms). Results are expressed as
percentages of total live cells 6 SD for each
gate. *p , 0.05, **p , 0.01 (n = 4; ANOVA
with Welch correction).
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Birbeck granule–containing cells in MDLCs. Collectively, these
results strongly suggested that GM-CSF/TGF-b1 MDLCs harbor
most of the major bona fide LC phenotypic features. Note that
GM-CSF/TGF-b1 MDLCs are simply termed MDLCs hereafter.
Cell-to-cell contact with KCs is critical to induce E-cadherin
on MDLCs
LCs are known to establish E-cadherin–dependent homotypic
interactions or with KCs, which in turn prevent LC maturation
(43, 44). To determine whether E-cadherin could be induced on
MDLCs we cultured those cells on a primary KC monolayer or
with KC culture supernatants for 5 d. E-cadherin induction was
assessed by flow cytometry and compared with its expression on
skin LCs. We demonstrated that MDLCs by themselves were not
able to acquire E-cadherin after 5 additional days of differentiation (Fig. 5A, left panel). However, when cultured on KCs a vast
majority of MDLCs (∼75%) started to express E-cadherin similarly to skin LCs (Fig. 5A, middle right panel) whereas KC
supernatants only allowed for a barely detectable E-cadherin
expression (Fig. 5A, middle left panel). These results demonstrated that the cell-to-cell contact between MDLCs and KCs was
required to induce E-cadherin on MDLCs. Noticeably, these results were in total agreement with other recently published studies
(45, 46). A quantitative analysis of the E-cadherin induction on
MDLCs in this setting confirmed the significant induction when
MDLCs were cocultured with KCs (MFI of 207 6 57 versus 821 6
54) whereas supernatants led to a nonsignificant increase (MFI
of 278 6 35; Fig. 5B). Hoshino et al. (28) reported that the culture
of GM-CSF/TGF-b1 MDLCs with immobilized recombinant
Notch d ligand 1 or DLL1 promoted E-cadherin expression (28).

To confirm the Notch signaling involvement in the E-cadherin
induction in our hands, DAPT, a chemical inhibitor of the Notch
signaling pathway (47), was added to the culture. In this study, the
DAPT treatment only partially but significantly decreased
E-cadherin on MDLCs (MFI of 821 6 54 versus 624 6 16, hatched
versus black histograms, Fig. 5B). Collectively, these results showed
that E-cadherin was induced on MDLCs partially in a Notchdependent manner after establishing cell-to-cell contact with KCs.
MDLCs are efficient T cell stimulators but low cytokine
producers
LCs have been shown to act as potent APCs (3, 48, 49). Therefore,
we sought to explore the MDLC capacity to stimulate T cells and
to produce cytokines upon stimulation, as well as explore MDLC
chemokine responsiveness. First, FITC-conjugated dextran uptake
was assessed in MDLCs compared with MDDCs. Both cell types
were able to mature upon an R848/LPS stimulation allowing
for a comparison also between mature and immature cells
(Supplemental Fig. 3C). FITC-dextran was ∼6-fold more endocytosed by immature MDDCs (MFI of 5007) compared with
MDLCs (MFI of 825) on average (Fig. 6A). As expected, both
matured cell types displayed impaired FITC-dextran endocytosis
with average MFIs of 936 and 247 for stimulated MDDCs and
stimulated MDLCs, respectively. We then investigated the ability
of MDLCs to stimulate T cells. Nonproliferating MDLCs or
MDDCs, as either immature or mature cells, were cocultivated
with allogeneic T cells for 5 d. The T cell proliferation was
assessed by incorporation of tritiated thymidine. Interestingly,
MDLCs were more effective to stimulate proliferation of allogeneic
T cells than were MDDCs from the same donor (47,978 6 2,786
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FIGURE 4. MDLCs obtained with GM-CSF and TGF-1 are phenotypically close to freshly isolated skin LCs. (A) Elutriated monocytes containing only
CD14highCD162 cells were differentiated as described in the legend of Fig. 1A in 2% HSA supplemented RPMI 1640; differentiation conditions are
indicated on the left. Cell surface expression of the LC-associated markers, langerin, CD1a, E-cadherin, Axl, TROP1 (EpCAM), and TROP2 was evaluated
by flow cytometry on these cells in comparison with skin LCs. Filled gray histograms represent the negatively stained cells whereas the empty profiles
display specific immunostaining. (B) Presence of Birbeck granules (black arrows) was investigated by electron microscopy on MDLCs differentiated from
blood monocytes in the presence of GM-CSF and TGF-b1 (left panels) in serum-free conditions. Skin LCs were used as positive controls (right panels).
Scale bar, 100 nm. Original magnification 3100,000. Results are representative of three independent experiments.
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MDDCs. Conversely, MDLCs were superior over MDDCs in
stimulating allogeneic T cells. However, whether MDLCs can
promote either regulatory or activatory T cell expansion in the
steady-state remains to be determined.
MDLCs respond to tissue- and lymphoid organ–derived
chemokines

versus 16,914 6 5,281 cpm respectively; ▴ versus n in Fig. 6B).
Maturation strongly increased the stimulation capacity of both
cell types but MDLCs remained by far the most effective cells to
induce allogeneic T cell proliferation compared with donor-paired
MDDCs (59,320 6 4,629 versus 35,623 6 8,441 cpm, respectively; O versus N in Fig. 6B). Of note, T cell stimulation capacities of both cell types should be explained by other parameters
than the CD80/86 expression levels, which were shown to be similarly induced upon maturation (Supplemental Fig. 3C). Culture
supernatants of immature and mature MDDCs or MDLCs were
harvested and submitted to the quantification of inflammationrelated cytokines by ELISA. Although IL-12p70 and IL-1b were
partially induced, TNF-a, IL-6, IL-23, and IL-10 were readily
secreted upon LPS stimulation (Fig. 6C). R848 alone was not a
strong cytokine inducer on both cell types. However, when associated, LPS and R848 allowed for an optimal cytokine release
by MDDCs whereas MDLCs were poorly capable of secreting
these cytokines, suggesting either an inappropriate stimulation
or a real inability for these cells to produce cytokine. Taken
together, these results demonstrated that MDLCs displayed a
lower ability to uptake Ags and secrete cytokines compared with

MDLCs colonize ME and behave as tissue LCs toward TLR
activation or UV light irradiation
Although they participate in self-antigen tolerance by establishing
a turnover between epithelia and lymph nodes, immature LCs can
stably reside within epithelia at the steady-state. In an attempt to
investigate the capacity of MDLCs to seed epithelia, we set up a
model of reconstructed ME consisting of a multilayer genital
epithelium growing and differentiating on a polycarbonate membrane that mimicked the basal membrane. Five day–differentiated
MDLCs were FACS sorted to isolate both langerinhigh and langerin2 cells. Those cells were labeled with the Vybrant DiD, a
lipophilic dye, before being cultured with KCs on the artificial
basal membrane to ensure their detection in the reconstructed
tissues (Supplemental Fig. 4A). After a culture period of 7–10 d at
the air–liquid interface, ME achieved a 70- to 75-mm thickness
similar to most native oropharyngeal or anogenital epithelia or
epidermis (Supplemental Fig. 4B). ME were then stained with an
anti-langerin Ab (Fig. 8A, 8B). Despite a heterogeneous repartition
of DiD+ and/or langerin+ cells within reconstructed tissues, we
showed that some double-stained MDLCs could colonize ME and
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FIGURE 5. E-cadherin cell surface expression is significantly induced
on MDLCs by coculture with primary human KCs in a partially Notchdependent manner. (A) GM-CSF and TGF-b1 MDLCs were subcultured
either alone or with KC culture supernatants (KC SN) or on a KC
monolayer (KC) for 5 additional days. Double staining for E-cadherin and
langerin was performed and analyzed by flow cytometry on these cells
according to the R1/R2/R3 gating depicted in the legend of Fig. 1A. Skin
LCs were used as a positive control. Values under gate names indicate the
percentage of total live cells 6 SD for each gate. Values in quadrants in the
upper right corner of each plot represent the percentages of E-cadherin+ or
langerin+ cells, respectively, to the isotypic control (gray dot plots). Results
are representative of five independent experiments. (B) A quantitative
analysis of the E-cadherin cell surface expression was performed on
MDLCs in the presence or absence of DAPT (10 mM, final concentration),
a g-secretase inhibitor (n = 5). A Mann–Whitney nonparametric t test was
implemented to assess statistical significance. **p , 0.01.

Once they encounter pathogens or inflammatory signals, LCs gain
responsiveness to secondary lymph node–derived chemokines
such as MIP-3b/CCL19 and lose responsiveness to tissue-derived
chemokines such as MIP-3a/CCL20. We first analyzed the expression of CCR2 and CCR6, which are required for the seeding
of LC precursors into epidermis, and CCR7 and CCR10 that respectively recognize MIP-3b/CCL19 and CTAC/CCL27 or MEC/
CCL28, secreted by KCs, on immature MDLCs, MDDCs, and
skin LCs (Fig. 7A). In line with previous studies, LCs harbored
only CCR6 and low CCR10 on their surface whereas MDLCs
expressed low amounts of CCR2 and CCR10, which were shown
to be transiently expressed but in a mirror image, suggesting that
those CCRs might act in a temporarily and spatially organized
manner (Supplemental Fig. 3B). Long-term differentiation permitted selection of CCR2low cells, suggesting that this marker that
is highly expressed by classical monocytes was transiently lost
upon LC differentiation but recovered after day 21 of differentiation. MDDCs did express all four CCRs (Fig. 7A). As expected,
MDLC maturation readily led to a decrease in CCR6 and an increase in CCR2, CCR7, and CCR10 (Fig. 7B) (50). Based on these
results, we then compared the respective responsiveness of immature MDLCs (gray circle) and MDDCs (black square) toward
recombinant chemokines by analyzing actin polymerization by
flow cytometry. First, both cell types increased their pool of polymerized actin upon fMLF stimulation, suggesting that they were
both responsive to chemokine stimulation. We then demonstrated
that immature MDLCs and MDDCs responded to MIP-3b/CCL20
and not to MIP-3a/CCL19, in line with other studies (28). Both
cell types also responded to MCP-1/CCL2 in accordance with
their respective CCR2 expression levels. Surprisingly, despite that
they expressed less CCR10 than did MDDCs, MDLCs solely increased their polymerized actin pool in response to CTAC/CCL27
stimulation, suggesting a potential role in LC precursor homing to
epithelia as already proposed (50, 51) (Fig. 7C). Collectively,
these results demonstrated that MDLCs may respond to skin- or
lymphoid organ–derived chemokine gradients.

3724

CLASSICAL MONOCYTES GIVE RISE TO LCs

acquire a dendritic-like shape, suggesting that they were able to
establish appropriate cell-to-cell contacts (Fig. 8C). Confocal imaging allowed us to analyze the localization of single- or doublepositive cells within ME. We could demonstrate that most of the
langerin+ MDLCs were located close to the membrane similar to
bona fide LCs within epidermis or ME (Fig. 8D). Interestingly,
cytoplasmic protrusions oriented toward the ME outermost layer
were consistently observed. Noticeably, we observed that approximately half of the DiD+langerin+ MDLCs lost the langerin upon
ME colonization. Conversely, most of the langerin+ cells residing
basolaterally in ME display only very low amount of the DiD dye
compared with the initial loading before reconstruction. This might
suggest that MDLCs that have kept langerin expression could have
increased their metabolism and thus recycled or reshaped their
membrane so that almost all the dye disappeared.
We next wondered whether tissue-embedded MDLCs were able
to mature upon stimulation in a comparable manner to true LCs.
Hence, we exposed MDLC-containing ME or human mucosal
explants to a topical application of R848/LPS or UV irradiation.
Double staining with anti-langerin and anti-CD83 Abs were performed on R848/LPS-activated ME and showed that CD83 was only
retrieved in MDLCs and not in KCs upon TLR-mediated activation
(Supplemental Fig. 4C). We next analyzed the activation of MDLCs
or LCs within tissues by quantifying the CD83 signal intensities
following TLR or UV light stimuli. By comparing CD83 induction
levels between MDLCs and LCs we could demonstrate that both
cells types were responsive to the two types of stimulation, suggesting that MDLCs behaved similarly to bona fide LCs when
inserted in a reconstructed epithelium (Fig. 8E). This strongly suggested that MDLCs seeded and resided within epithelia and recapitulated the LC behavior upon TLR agonist or UV light stimulation.

Discussion
LCs are considered as long-lived DCs residing in epithelia. They
have been shown to arise from hematopoietic progenitors seeding
epithelia during embryonic life. Moreover, they were shown to be
endowed with self-renewing properties (7, 52, 53). Under inflammatory stimuli, LCs become mature and leave their tissue to
reach lymph nodes where they elicit specific T cell responses (3).
In mice, it has been shown that inflamed tissues are rapidly
replenished by a first wave of LCs developing from Gr-1high
monocytes and are characterized by a short half-life (8, 9). In
humans, it is not clear whether this occurs or not. In this study, we
intended to identify the minimal requirements for monocytes to
give rise to Langerhans-like cells. Using recombinant human GMCSF and TGF-b1 or BMP-7 we proved that clinical-grade albumin
instead of FCS afforded differentiation of monocytes into substantial amounts of langerinhigh MDLCs. To our knowledge, these
results have never been previously obtained in this setting. We
went farther by demonstrating that serum lipids and more particularly LDL were responsible for the impairment of langerin and
CD1a expression on MDLCs, in agreement with another previously published study (54). Of note, albumin is synthetized in the
liver but is predominantly found in extravascular locations such as
the skin, gut, muscle, and bodily fluids by diffusing across fenestrated capillaries (for review, see Refs. 55, 56). Our results
suggest that HSA may be more relevant than bovine or human
serum to induce LC-like cells in vitro and most likely in vivo
differentiations. This probably explains why Milne et al. (32)
stated that monocyte differentiation with GM-CSF and TGF-b1 or
BMP-7 but in the presence of serum was not a leading mechanism
for LC-like cell generation. Conversely, two recent studies proposed that blood CD1c+ DCs represent the most potent short-term
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FIGURE 6. MDLCs are endowed with low Ag capture
and inflammatory cytokine release but with high allogeneic T cell stimulation properties compared with paired
MDDCs. (A) Immature (n) and mature (N) 7-d MDDCs
were compared with immature (▴) and mature (6) 7-d MDLCs
in their ability to internalize FITC-conjugated dextran
(∼77 kDa molecular mass) at 37˚C. Dextran uptake was
assessed by flow cytometry. DMFI values between 4˚C and
37˚C uptake were calculated for each donor and are plotted graphically; black lines correspond to mean values.
Statistical significance was calculated with a one-way
ANOVA test with a Welch correction; *p , 0.05 (n = 4).
(B) MLRs were performed with immature (▴) or mature
(6) MDLCs and immature (n) or mature (N) MDDCs and
allogeneic T cells for 5 d at T cell/APC ratios ranging from
1:64 to 1:4. Maturation was induced with 100 ng/ml LPS
and 1 mg/ml R848 for 24 h. T cell proliferation was
measured by incorporation of [3H]thymidine (cpm) during
the last 16 h of culture. Statistical significance was calculated with a one-way ANOVA test with a Welch correction. Statistical tests were applied to immature MDLCs
versus immature MDDCs and, conversely, mature cells.
*p , 0.05. (C) ELISA quantification of IL-12p70, IL-10,
IL-6, IL-1, IL-23, and TNF in culture supernatants of
resting cells or cells activated with 100 ng/ml LPS and/or
1 mg/ml R848 for 24 h. Cytokine releases of MDDCs and
MDLCs are displayed as open and filled bars, respectively.
Results are representative of two independent experiments.
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LC precursors in humans (31, 32). In this study, we brought strong
evidence that monocytes can display a similar ability in a serumfree setting. Regardless of their intrinsic properties, we emphasize
that monocytes are much more abundant than CD1c+ DCs in the
blood circulation (10–30 versus 0.6% of all PBMCs), raising the
probability for monocytes to circulate within tissues and possibly
differentiate (57).
Hoshino et al. (28) reported recently that addition of soluble
recombinant DLL1 to GM-CSF and TGF-b1 contributed to the differentiation of human blood monocytes into langerinhigh-expressing
cells. Our conclusions are in line with these results. In the present
study, we indeed demonstrated that E-cadherin expression was
readily induced on MDLCs when cocultured with primary KCs
and that this was partly due to the Notch signaling pathway activation as suggested by the DAPT blockade (28). Moreover, we
provided further evidence that E-cadherin–dependent interactions
between MDLCs and KCs were crucial to generate fully differentiated MDLCs as reported by others in two-dimensional cultures
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FIGURE 7. MDLCs modulate their chemokine receptor expression upon maturation and are responsive to
lymph node– or epithelium-derived chemokines. (A)
Elutriated monocytes containing only CD14highCD162
cells were differentiated as in Fig. 1A into MDDCs or
MDLCs for 7 d in RPMI 1640 supplemented with 2%
HSA. Cell surface expression of CCR2, CCR6, CCR7,
and CCR10 was evaluated by flow cytometry on these
cells and compared with skin LCs. Filled gray histograms represent negatively stained cells. Results are
representative of three independent experiments. (B)
Immature (d) and R848/LPS-matured (s) MDLCs
were analyzed by flow cytometry to evaluate their cell
surface expression of the chemokine receptors 2, 6, 7,
and 10 (MFI). These results represent four independent
experiments. ***p , 0.005. (C) An actin polymerization assay was implemented to monitor the responsiveness of immature MDDCs (dark gray-filled circle)
and MDLCs (black square) toward 25 ng/ml recombinant human CCL19 (MIP3-b), 50 ng/ml CCL20 (MIP3-a),
50 ng/ml CCL2 (MCP-1), 50 ng/ml CCL27 (CTAC), or
fMLF (1026M) as a positive control for chemotaxis.
Data were collected at 0, 30, 45, 60, and 90 s after
adding chemokines on cells. The chemotactic activity
was evaluated by the incorporation of FITC-labeled
phalloidin into polymerized actin in function of time.
It was calculated as a percentage of the phalloidin incorporation by unstimulated cells (gray dashed line).
Results represent the mean of three independent experiments 6 SD. Significance was calculated with a
one-way ANOVA with a Welch correction. *p , 0.05.

(45, 58). Noticeably, to our knowledge, DLL1 does not exist as a
clinical-grade reagent whereas GM-CSF, TGF-b1, and human
albumin do, thus precluding the development of preclinical or
clinical applications involving human LC-like cells using the
DLL1 approach reported by Hoshino et al. (28).
Depending on their environment skin LCs have been shown to
induce either stimulatory or regulatory T cell responses (4, 59). Our
current model is a versatile and easily upgradable source of LClike cells that could be used to address the tolerogenic or immunostimulatory potential of LCs in vitro and ex vivo as well by
using our model of reconstructed epithelium containing MDLCs.
Flow cytometry–based and transcriptomic (RNA sequencing)
analyses on MDLCs isolated from enzymatically processed rebuilt
tissues with or without inflammatory conditions should be undertaken to that purpose.
We demonstrated that only classical or inflammatory monocytes
that expressed high levels of CD14 and no CD16 could differentiate
into MDLCs whereas CD16+ monocytes could not (60). Based on
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several transcriptomic studies and the analysis of a Gene Expression Omnibus dataset (GSE18565 dataset), it appeared that
both monocyte subsets are expected to express functional GMCSF, TGF-b1, and BMP-7 receptors because mRNAs are transcribed in both cell types, although it remained to be proven at the
protein level (60, 61). To identify underlying mechanisms of this
differential behavior between classical and CD16+ monocytes,
downstream signaling pathways should be investigated. Several
studies have already tackled the delineation of those functional
differences by analyzing the transcriptome (60, 61) and even the
proteome (62) of both subsets. Although numerous genes were
differentially expressed in these two cell types, their attachment to
functions relevant for the monocyte plasticity remains elusive for
most of them. However, one can assume that some yet unidentified
transcription factors may play a role in the differential ability to
promote LC differentiation from classical monocytes only as
reported in this study. Indeed, none of the ID2, SPI1, or RUNX3
that are clearly associated to LC differentiation is expressed by
CD14highCD162 monocytes (61). Further investigations to clarify
the monocyte heterogeneity at the single-cell level would be
useful to unravel this puzzling question.
Monocytes have long been referred to as blood precursors of
tissue macrophages, but recent works based on murine models have
led to a shift in this paradigm (63). Indeed, it was shown that
monocytes exit blood to enter nonlymphoid tissues at the steady-

state and recirculate to draining lymph nodes without undergoing
major phenotypic alterations. Based on parabiotic mice experiments, such studies also showed that monocytes may be critical
precursors of macrophages in noninflammatory skin. Other studies
provided recently strong evidence that LCs were closer to tissue
macrophages than to other tissue DC subsets (64). Murine inflammatory monocytes, the CD14high human blood monocyte
counterparts, are known to express CD62L and CCR2, allowing
them to enter inflamed skin, but in line with Jackubzick et al. (63)
they might enter noninflamed peripheral tissues such as skin via
hair follicles, as proposed by Nagao et al. (65), and differentiate
into macrophages, LCs, or remain as circulating monocytes according to the encountered environment. In line with this, sparse
studies reported basal GM-CSF synthesis in human and murine
skin or colonic mucosa, most predominantly by KCs and fibroblasts (66–68). Interestingly, Yasmin et al. (40) have clearly shown
that BMP-7 precedes TGF-b1 during embryonic life, between 8–
10 and 9–11 wk estimated gestational age, respectively (69). Both
cytokines are still expressed in adult skin basally and suprabasally,
respectively (40). In this study, we have clearly demonstrated that
BMP-7 was equivalent to TGF-b1 in inducing LC differentiation
of human monocytes, which was already known for CD34+ cell–
derived LCs (40). Taken together, these data suggest that human
monocytes might be able to differentiate into langerinhigh LCs in
noninflammatory epidermis or ME if they encounter an appro-
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FIGURE 8. MDLCs reside basolaterally in a
rebuilt epithelium and are responsive to TLR agonists or UV light irradiation. General views of
epithelial reconstructions containing DiD+ (red)
langerinhigh MDLCs (A) or DiD+langerin2 cells (B).
All images consist of maximum projection of
confocal stacks. Ten-day reconstructions were
fixed, permeabilized, and stained with an antilangerin (green). Two regions of interest in each
micrograph were magnified and are displayed in
insets. Scale bars are represented in large images
(1000 mm; ImageJ software). (C) One confocal
plane showing a dendritic-shaped double-stained
cell, that is, DiD + (red) and langerin+ (green;
ImageJ software). (D) Orthogonal view of a 310
magnified confocal stack showing the in-depth location of DiD (red) and langerin (green) staining
(ImageJ software). (E) Ten-day epithelial reconstructions containing langerinhigh MDLCs and human
genital explants (vaginal mucosa) were topically exposed to either TLR agonist (R848 and LPS, respectively, at 1 mg/ml and 100 ng/ml) or short-wave
UVC light irradiation (10 mJ/cm2). After 2 d, tissues
were fixed and cut before being stained with an antiCD83 Ab. Mean CD83 staining surface areas were
calculated with ImageJ software for five independent
nontreated, R848/LPS-treated, and UV-irradiated
samples (ME and human vaginal mucosa). Black
lines correspond to mean values and 25th/75th percentiles. A Mann–Whitney nonparametric t test was
applied to assess statistical significance. *p , 0.05,
**p , 0.01.

The Journal of Immunology
priate environment. Additional studies relying on relevant engineered human epithelia containing MDLCs and improved humanized mice models are urgently required to clearly address this
question in humans.
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J. Stöckl, A. Elbe-B€
urger, D. Graf, and H. Strobl. 2013. Identification of bone
morphogenetic protein 7 (BMP7) as an instructive factor for human epidermal
Langerhans cell differentiation. J. Exp. Med. 210: 2597–2610.
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J. Stöckl, and H. Strobl. 2013. b-Catenin promotes the differentiation of epidermal Langerhans dendritic cells. J. Invest. Dermatol. 133: 1250–1259.
47. Mumm, J. S., and R. Kopan. 2000. Notch signaling: from the outside in. Dev.
Biol. 228: 151–165.
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