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Differentiation of Langerhans Cells from Monocytes and
Their Specific Function in Inducing IL-22-Specific Th Cells

Yohei Otsuka," Eri Watanabe,* Eiji Shinya,* Sadayuki Okura,* Hidehisa Saeki,’
Teunis B. H. Geijtenbeek,”* and Hidemi Takahashi*

Human mucosal tissues and skin contain two distinct types of dendritic cell (DC) subsets, epidermal Langerhans cells (LCs) and
dermal DCs, which can be distinguished by the expression of C-type lectin receptors, Langerin and DC-SIGN, respectively.
Although peripheral blood monocytes differentiate into these distinct subsets, monocyte-derived LCs (moLCs) induced by co-
culture with GM-CSF, IL-4, and TGF-B1 coexpress both Langerin and DC-SIGN, suggesting that the environmental cues remain
unclear. In this study, we show that LC differentiation is TGF-f31 dependent and that cofactors such as IL.-4 and TNF-« promote
TGF-B1-dependent LC differentiation into Langerin"DC-SIGN™ moLCs but continuous exposure to IL-4 blocks differentiation.
Steroids such as dexamethasone greatly enhanced TNF-a-induced moLC differentiation and blocked DC-SIGN expression.
Consistent with primary LCs, dexamethasone-treated moLCs express CD1a, whereas monocyte-derived DCs (moDCs) express
CD1b, CD1¢, and CD1d. moDCs but not moLCs produced inflammatory cytokines after stimulation with CD1b and CD1d ligands
mycolic acid and a-galactosylceramide, respectively. Strikingly, CD1a triggering with squalene on moLCs but not moDCs induced
strong IL-22-producing CD4" helper T cell responses. As IL-22 is an important cytokine in the maintenance of skin homeostasis,

these data suggest that CD1a on LCs is involved in maintaining the immune barrier in the skin.

2018, 201: 3006-3016.

the skin and mucosal barriers to prevent the intrusion of

pathogens from outside and to alert and eliminate tumor
growth within the epidermis. In the skin, Langerhans cells (LCs)
(1) are predominantly situated within epidermal area among the
stratum spinosum (2), whereas DCs are positioned within dermal
region, and these skin DC subsets are separated by a basement
membrane (3, 4).

T wo distinct types of dendritic cells (DCs) are localized in
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The critical difference between epithelial LCs and subepithelial
DCs is that LCs exclusively express the C-type lectin receptor
(CLR) Langerin, whereas DCs express DC-SIGN (5). Indeed,
human LCs are characterized by the expression of CDla and
Langerin, which is associated with Birbeck granules (6). Previ-
ously, when the induction of LC-like cells from peripheral
blood monocytes was reported (7), LC-like cells expressed both
Langerin and DC-SIGN when monocytes were cultured with
GM-CSF, IL-4, and TGF-B1. However, we and others have
reported that LCs in the epidermis uniformly express Langerin but
not DC-SIGN, whereas DCs predominantly expressed DC-SIGN
but not Langerin (8). Also, DC-SIGN expression on the monocyte-
derived LCs (moLCs) is markedly decreased by E-cadherin/
E-cadherin interaction (9). These studies suggest that monocytes
differentiate into moL.Cs expressing both Langerin and DC-SIGN,
whereas additional signals are required to decrease DC-SIGN
expression. Indeed, an inhibitory role of IL-4 on LC differentia-
tion has been described (10), whereas DC-SIGN is induced by
IL-4 on monocyte-derived DCs (moDCs) (11). Therefore, we have
investigated the differentiation program that leads to the devel-
opment of Langerin"DC-SIGN™ LCs and found that short-term
(48 h) exposure of IL-4 at the initiation of the culture promoted
LC differentiation, whereas prolonged IL-4 stimulation interfered
with LC differentiation. As corticosteroids prevent generation of
dermal DCs but do not inhibit LC development (12), we specu-
lated that steroids such as dexamethasone (Dex) can promote LC
differentiation from monocytes but inhibit dermal DC development.
Strikingly, our data show that the Dex strongly decreased DC-SIGN
expression on moLCs during differentiation with GM-CSF, IL-4,
TNF-a, and TGF-B1. In contrast, treatment of monocytes with the
Notch ligand (DLL1) did not affect LC differentiation, but the
disparity with previous study in which DLL1 induces LC differ-
entiation (13) remains unclear.

Finally, taking advantage of the established moLC culture
protocol, we examined the function of the CD1 molecules on the
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DC subsets. CD1a molecules were detected on moLCs, primary
LCs, and moDCs, whereas moDCs expressed both CD1b and
CD1d. On the basis of our recent observations showing that murine
DCs expressing CD1d molecules are activated to secrete inflam-
matory cytokines by stimulating with the known CD1d-specific
glycolipid a-galactosylceramide (a-GalCer) (14-16), we exam-
ined responses of purified DC-SIGN* moDCs and Langerin®
moLC against lipid/glycolipid Ags. Purified human moDCs
strongly responded to mycolic acids (MA) via CD1b to produce
inflammatory cytokines such as TNF-a and IL-12 and weakly
responded to a-GalCer via CD1d to secrete IL-12 but not TNF-a,
whereas they did not respond to squalene, a ligand for CDla.
In contrast, purified LCs did not respond to any of the lipid Ags
to produce inflammatory cytokines. Strikingly, moLCs treated
with squalene strongly induced IL-22—expressing T cells. And, as
IL-22 is an important cytokine in the maintenance of skin homeo-
stasis for the establishment of external immune barrier (17, 18), our
findings, therefore, suggest that LCs within the epidermis may assist
in establishing external barriers and in their defense and repair by
inducing IL-22—-expressing T helper cells, whereas DCs within the
dermal region may eliminate pathogenic intruders or tumors
through the secretion of inflammatory cytokines.

Materials and Methods

Cytokines and reagents

The following cytokines and regents were commercially obtained: recombinant
human GM-CSF, recombinant human IL-4, recombinant human TNF-q,
recombinant human IL-13, recombinant human IL-15, and recombinant
human IL-6 were all from PeproTech (Rocky Hill, NJ). Recombinant human
TGF-B1, recombinant human Notch ligand (DLLI1), recombinant human
IL-1B3, and recombinant human thymic stromal lymphopoietin (TSLP)
were all obtained from R&D Systems (Minneapolis, MN). Dex was
purchased from Sigma-Aldrich (St. Louis, MO). a-GalCer (KRN7000;
Kyowa Hakko Kirin, Tokyo, Japan) was dissolved in DMSO (Sigma-
Aldrich). Squalene (Sigma-Aldrich) was dissolved in ethanol (Sigma-
Aldrich).

Mpycobacterium tuberculosis Aoyama B was provided by the Research
Institute of Tuberculosis/Japan Anti-Tuberculosis Association, (Tokyo,
Japan). MA was obtained as described previously with some modifications
(19). Briefly, M. tuberculosis Aoyama B was grown at 37°C on 7H9 me-
dium (Difco, Detroit, MI) for 4 wk. MA was prepared by alkaline hy-
drolysis of glycolipids. The glycolipids were hydrolyzed with 10% NaOH
at 70°C for 1 h, and the resultant MA were then extracted with n-hexane
(Kanto Chemical, Tokyo, Japan) after acidification with HCI.

Cells

PBMCs were isolated from bufty coats of adult healthy volunteers using
Lymphocyte Separation Medium (PromoCell, Heidelberg, Germany), by
gradient centrifugation. CD14* monocytes were purified from PBMCs by
negative selection using EasySep Human Monocyte Enrichment Kit
(STEMCELL Technologies, Vancouver, CA). After magnetic separation, 90—
95% of the cells were CD14* monocytes as measured by flow cytometry.
Monocytes were resuspended in RPMI 1640-based complete cell medium
(20) supplemented with 10 mM HEPES, 50 mM 2-ME, 2 mM L-glutamine,
100 U/ml penicillin, 100 pg/ml streptomycin (all from Life Technologies,
Waltham, MA), and 10% heat-inactivated FCS (HyClone Laboratories,
Logan, UT) and seeded in 24-well tissue-culture plates at density of 1 X 10°
cells/ml. To induce the formation of moDCs, monocytes were cultured with
100 ng/ml GM-CSF and 10 ng/ml IL-4, and, to obtain Langcn’n+ cells,
monocytes were cultured with different combinations of the following cy-
tokines: IL-4 was added for the first 2 d of the culture in the presence of GM-
CSF and 10 ng/ml TGF-B1. In some experiments, a mixture of cytokines
such as 100 ng/ml GM-CSF + 10 ng/ml TGF-B1, = 10 ng/ml IL-4, = 5
wg/ml DLL1, * 20 ng/ml IL-6, *+ 10 ng/ml IL-13, or = 200 ng/ml IL-15
was used. DLL1 was coated in 24-well culture plates for 5 h at 37°C and
then washed with PBS.

To determine the effect of IL-4 on the induction of moLCs, IL-4 was
depleted at different time point from the culture medium in the presence of
100 ng/ml GM-CSF and 10 ng/ml TGF-B1. On day 2, IL-4 was depleted
from the culture medium in the presence of 100 ng/ml GM-CSF and
10 ng/ml TGF-B1. In addition, monocytes were cultured with 100 ng/ml
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GM-CSF, 10 ng/ml IL-4, 10 ng/ml TGF-B1, and 20 ng/ml TNF-«a in the
absence or presence of various concentrations of Dex (10719 t0 107° M).
The different cytokine combinations were GM-CSF + IL-4 (moDCs),
GM-CSF + IL-4 + TGF-B1 (LC-like cells), GM-CSF + IL-4 (depleted on
day 2) + TGF-B1, GM-CSF + IL-4 (depleted on day 2) + TGF-B1 + TNF-a
(TNF-a—induced moLCs), and GM-CSF + IL-4 (depleted on day 2) + TGF-B1 +
TNF-a + Dex (Dex—TNF-a—induced moLCs). Half of the total volume of
the culture medium was replaced with fresh medium containing cytokines
on day 2 and 4. For some experiments, moDCs and Dex-TNF-a—induced
moLCs were stained with a mouse anti-Langerin IgG1 Ab (clone DCGM4;
Beckman Coulter, Brea, CA) or with anti-DC-SIGN IgGl Ab (clone
120507; R&D Systems) and purified by anti-mouse IgG1 beads using
MACS separation columns (Miltenyi Biotec, Bergisch Gladbach, Germany).
Gating strategies before and after purified DCs and LCs are shown in the
Supplemental Fig. 1C and 1D.

Primary LCs were isolated based on the following procedure (21), with
slight modifications. Normal healthy adult skin obtained from plastic surgery
was used within 3 h after the operation. Three-millimeter-thick slices of skin,
containing the epidermis and dermis, were obtained by using a dermatome.
The slices were incubated with Dispase II (1 mg/ml; Roche Diagnostics,
Branford, CT) in IMDM (Invitrogen), 10% FCS, and gentamicin (10 mg/ml)
for 2 h at 37°C. Epidermis was mechanically separated, washed in medium,
and cut into 1 mm? pieces. Emigrant LCs were generated by floating the
epidermis on IMDM, 10% FCS, 10 mg/ml gentamicin, and 80 ng/ml
GM-CSFE. After 3 d, the migrated cells were layered on a Ficoll gradient
and cultured at 5 X 10°/ml in IMDM, 10% FCS, 10 mg/ml gentamicin, and
80 ng/ml GM-CSF. Immature primary LCs were isolated by incubating
epidermal sheets in PBS containing DNase I (20 U/ml; Roche Applied
Science, Indianapolis, IN) and either trypsin (0.05%; Beckton Dickinson,
Franklin Lakes, NJ) or collagenase blend F (0.25%; Sigma-Aldrich) for
30 min at 20-22°C. FCS was used to inactivate trypsin digestion and gen-
erated a single-cell suspension. Then, LCs were selected from layered cells on
a Ficoll gradient using CD1a-labeled immune-magnetic microbeads (Miltenyi
Biotec).

Flow cytometry analysis

The phenotypical characteristics of human CD14* monocyte-derived cells
were assessed by flow cytometry. After washing, cells were suspended in
100 pl of FACS buffer (PBS with 2% heat-inactivated FCS and 10 mM so-
dium azide). Nonspecific binding was blocked using 10 pg human Ig poly-
globin (Nippon Red Cross, Tokyo, Japan). The cells were stained for 30 min at
4°C with different combinations of specific Abs or their isotype-matched
control Abs, washed twice, and resuspended in FACS buffer. Then, labeled
cells were analyzed with a FACSCanto II (BD Biosciences) and LSRFortessa
X-20 Cell Analyzer (BD Biosciences) using FlowJo software (TreeStar,
Ashland, OR). Live cells were gated based on propidium iodide (PI) gating.
Gating strategy for obtaining cells is shown in the Supplemental Fig. 1.

The following mAbs were used: FITC- and allophycocyanin/Cy7-
conjugated anti-CDla (clone HI149; BioLegend, San Diego, CA),
allophycocyanin-conjugated anti—E-cad (clone 67A4; BioLegend), FITC- and
allophycocyanin-conjugated anti-DC-SIGN (R&D Systems), PE-conjugated
anti-Langerin (clone DCGM4; Beckman Coulter), PE-conjugated anti-CD14
(clone MSE2; BD Biosciences), PECy7-conjugated anti-CD19 (clone HIB19;
eBioscience), allophycocyanin Cy7-conjugated anti-HLA-DR (clone 1.243;
BioLegend), Alexa Fluor 488—conjugated anti-CD86 (clone IT2.2; Bio-
Legend), BV711-conjugated anti-CD11b (clone HII149; BD Biosciences),
CD3-allophycocynin-Cy7 (clone HIT3A; BioLegend), CD4-BV421 (clone
RPA-T4; BD Biosciences), CDS-FITC (clone SK1; BioLegend), CD1b-FITC
(clone M-T101; BD Biosciences), allophycocyanin-CD1d (clone 51.1; Bio-
Legend), biotin-conjugated anti-CD3 (clone UCHT1; BioLegend) secondarily
stained with streptavidin-BV421 (BioLegend), and biotin-conjugated anti—
HLA-DR (clone 1.243; BioLegend) secondarily stained with streptavidin—BV-
650 (BD Biosciences).

RT-PCR

To examine the expression of mRNA for C-type—lectin and CD1 mole-
cules, total RNA was extracted from 3 X 10° cells of each cell prepa-
ration using an RNeasy Kit (Qiagen, Hilden, Germany), and first-strand
DNA was synthesized as described previously (22). PCR was performed
with the following primers: GAPDH sense, 5'-GCC TCA AGA TCA
TCA GCA ATG C-3'; GAPDH antisense, 5'-ATG CCA GTG AGC TTC
CCG TTC-3'; CDla sense, 5'-TTT TGC TAC TTC CAT TGT TA-3';
CDla antisense, 5'-AGC TTC CTG AGA CCT TTC CA-3'; CDI1b sense,
5'-TCA CCC CGC ATC CAC ATC AC-3'; CDI1b antisense, 5'-AGA
GAT ATC GGG GGC AGG TT-3'; CDlc sense, 5'-CGG GAT CCATGC
TGT TTC TGC GAT TT-3’; CDIc antisense, 5'-ATT TGC GGC CGC
CAG GAT GTC CTG ATA TGA GC-3’; CD1d sense, 5'-GGG TGC CTG
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FIGURE 1. Requirement of IL4 for the induction of Langerin® cells from CD14" monocytes in the presence of GM-CSF and TGF-B1. (A) Requirement of IL-4—
mediated stimulation for Langerin™ cells. Monocytes were cultured with 100 ng/ml GM-CSF and 10 ng/ml IL-4 or GM-CSF and TGF-B1 with or without 5 p.g/ml DLLI,
10 ng/ml IL-4, 20 ng/ml IL-6, 10 ng/ml IL-13, or 200 ng/ml IL-15 for 6 d. The expression of Langerin and DC-SIGN was assessed by FACS analysis. The percentage of
Langerin® cells from four independent experiments is shown in the lower panel (+SEM). (B) Effects of IL-4 depletion from the culture condition on the differentiation of
CD14* monocytes into Langerin® cells. Monocytes were cultured with 100 ng/ml GM-CSF and 10 ng/ml TGF-B1 without 10 ng/ml IL-4 or completely washed out from
culture medium at different times on 6 d. The expression of Langerin and DC-SIGN was assessed at day 6 by FACS analysis. The percentage of Langerin"DC-SIGN ™
cells/Langerin® cells from five independent experiments is shown in the lower panel (+SEM). *p < 0.05, **p < 0.01, ***p < 0.0001, Student 7 test.
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FIGURE 2. Effect of TNF-a on the expression of Langerin and DC-SIGN in the presence of GM-CSF, TGF-B1, and IL-4. Effects of various
proinflammatory cytokines on Langerin and DC-SIGN expression on cells from CD14* monocytes in the presence of GM-CSF, IL-4 (day 0-2),
and TGF-B1. Monocytes were cultured with GM-CSF, IL-4 (day 0-2), and TGF-B1 with or without 20 ng/ml TNF-«, 30 ng/ml IL-1p3, 20 ng/ml
IL-6, or 50 ng/ml TSLP for 4 d. The percentage of Langerin*DC-SIGN ™ cells from four independent experiments is shown in the right panel

(+SEM). *p < 0.05, Student ¢ test.

CTG TTT CTG CT-3’; CD1d antisense, 5'-AGT GGG GCC TCT TGG
GTT GG-3'; DC-SIGN sense, 5'-GAG CTT AGC AGG GTG TCT TG-
3’; DC-SIGN antisense, 5'-GCA GGC GGT GAT GGA GTC GT-3';
Langerin sense, 5'-CGC ACT TCA CTG TGG ACA AA-3'; Langerin
antisense, 5'-GAA TCC AGG GTG CTG ATG TT-3'. The PCR produces
were detected by electrophoresis on 1.5% agarose gel containing ethi-
dium bromide.

Measurement of cytokine production by ELISA

Cytokine production in the culture medium either of purified or unpurified
moDCs and Dex-TNF-a—induced moLCs or of autologous CD4" T cells
stimulated by those APCs for 48 h with 500 pwg/ml MA, 2.0 pg/ml
a-GalCer, or 500 pM squalene was measured by ELISA kit for human
TNF-a, IL-12p40, and IL-6 (all from BioLegend), as well as IL-10 and
IL-22 (R&D Systems). The control cells were treated with n-hexane,
DMSO, or ethanol, respectively.

Short interfering RNA transfection

Short interfering RNAs (siRNAs) targeting human CDIb (ON-
TARGET plus siRNA, identifier [ID]: J-01499-05, 06, 07, and 08),
targeting human CD1d (ON-TARGET plus siRNA ID: J-019429-05,
06, 07, and 08), human GAPDH (ID: D-001830-10-05), and negative
control siRNA (IDs: D-001810-10-20 and D-001810-02-05) were ob-
tained from Dharmacon (Horizon Discovery, Cambridge, U.K.), and
siRNA electroporation of moDCs were performed as described pre-
viously (23). Briefly, moDCs were pulsed with the siRNAs (final
500 mM) at 250 V and 950 wF using Gene Pulser II apparatus (Bio-Rad
Laboratories, Hercules, CA).

mRNA quantification by real-time PCR

The levels of mRNAs were measured by quantitative real-time PCR
using a commercial kit (TagMan Gene Expression Master Mix; Thermo
Fisher Scientific, Waltham, MA) according to the manufacturer’s in-
struction with minor modifications. Briefly, 5 pl of Master Mix, 0.5 pl
TagMan Assay (Thermo Fisher Scientific), and 2.5 pl nuclease-free
water were mixed and then 2 wl of cDNA (corresponding to 5 ng of
RNA template) was added to the reaction mixture. The reaction was
performed using PIKOREAL96 (Thermo Fisher Scientific). TagMan
Assay IDs are Hs00957537_m1 (CD1b), Hs00939888_m1 (CD1d), and
Hs02786624_g1 (GAPDH). The relative expression was calculated by
the equation 27(—A cycle threshold[Ct]) X 1000. The A Ct value was
calculated by subtraction of Ct values (target gene — internal control
gene) using GAPDH as an internal control.

Western blotting

Cells were lysed using RIPA buffer (Merck Millipore, Darmstadt,
Germany) supplemented with protease and phosphatase inhibitors
(Roche Diagnostics, Basel, Switzerland). Cell lysate with the amount
corresponding to 5 X 10° cells was loaded and separated on poly-
acrylamide gels (12.5%) and blotted to PVDF membrane. The target

proteins were detected using primary Abs specific to human CDI1d
(clone 51.1; BioLegend), and the secondary Ab was HRP-conjugated
anti-mouse IgG (Cell Signaling Technology). Protein bands were with
the ECL Prime Western Blotting Detection kit (GE Healthcare, Buck-
inghamshire, UK) and imaged with ImageQuant LAS 4000 mini (GE
Healthcare). The band intensities were quantified using ImageJ version 1.46r
software (National Institutes of Health, Bethesda, MD).

Intracellular cytokine staining

To examine intracellular cytokines such as IL-12p40, TNF-«, and IL-10
in moDCs, purified DC-SIGN™* cells were stimulated with the indicated
CDl-related lipid Ags for 48 h. Cells were restimulated for 4 h with
25 ng/ml PMA and 1 pg/ml ionomycin in the presence of 10 pg/ml
Brefeldin A (all from Sigma-Aldrich) at 37°C. EDTA (2 mM; Sigma-
Aldrich) was added for 10 min on ice to stop activation. Cells were
then treated with Zombie Aqua Fixable Viability Kit (BioLegend) at
room temperature for 15 min for dead cell discrimination and subse-
quently fixed with 4% paraformaldehyde (BD Biosciences) on ice for
20 min. The cells were permeabilized in FACSPerm (BD Biosciences),
blocked in 1:50 mouse serum, and incubated for 30 min on ice with the
following anti-human, mouse mAbs: IL-12/23p40-PE (clone C8.6;
eBioscience), TNF-a—PE (clone MABI11; eBioscience), and IL-10-PE
(clone JES3-9D7; eBioscience).

Additionally, naive CD4" T cells were stimulated either with allogeneic
moDCs or with allogeneic moLCs for 7 d. Using the method mentioned
above, the production of IL-17 and IL-22 in CD4" T cells were measured
with the following anti-human, mouse mAbs: IL-17-PerCp-Cy5.5 (clone
eBiol7B7; eBioscience) and IL-22—-allophycocyanin (clone 14298; R&D
Systems).

CFSE-MLR proliferation assay

Naive CD4" T cells were purified from PBMCs using human naive
CD4* T Cell Isolation Kit (BioLegend, San Diego, CA). To evaluate
proliferative responses, purified naive CD4™ T cells were labeled with
10 wM CFSE (Thermo Fisher Scientific) at 37°C for 1 h. Thereafter,
CSFE-labeled purified naive CD4* T cells (1 X 10° cells per well) were
cultured with either moDCs or moLCs (2 X 10° cells per well) in
96-well round-bottom plates for 7 d. As a negative control, wells for
T cells alone were used. T cell proliferation was analyzed on day 7 of
culture. The cells were harvested and stained with CD3-PE (clone
SP34-2; BD Biosciences) for 30 min on ice. Live cells were gated
based on PI gating. PI-negative and CD4" cells were first gated and
then plotted as CFSE versus CD3. Samples were acquired using a
FACSCanto II flow cytometer and analyzed with FlowJo software. The
CFSE-low cells were quantified as a percentage of proliferating cells in
the culture.

Statistical analyses

Statistical analyses were performed with Prism (GraphPad Software,
San Diego, CA). The results were analyzed using Student ¢ test and are
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FIGURE 3. Effect of Dex on the expression of Langerin and DC-SIGN on cells from CD14" monocytes in the presence of GM-CSF, IL-4, TGF-B1, and TNF-a.
Monocytes were cultured in the presence of GM-CSF, IL-4, TGF-B1, and TNF-a with or without different concentrations of Dex (107'0—1075 M) from initiating
the culture for 4 d (upper panels). Monocytes were cultured in the presence of GM-CSF, IL-4, and TGF-B1 with or without different concentrations of Dex from
initiating the culture for 4 d (lower panels). Surface expression of Langerin and DC-SIGN was analyzed by flow cytometry. Results shown are representative of four
independent experiments, respectively. The percentage of Langerin'DC-SIGN ™ cells is shown in the middle panel (=SEM). Cell viability was assessed by PI
exclusion. The percentage of cell viability from four independent experiments is shown in the bottom panel (=SEM). *p < 0.05, Student 7 test.

presented as the mean = SEM. Differences of p < 0.05 were considered Results
significant. Transient IL-4 exposure induces Langerin® cells from CDI14"

Study approval human monocytes

. . To determine which cytokines are required for the differentiation
All human healthy blood donors gave assigned informed consent. + :
This study was approved by the Review Board of Nippon Medical of human CD14" monocytes into LCs, we first confirmed that
School. GM-CSF, IL-4, and TGF-B1 induced the differentiation of CD14*
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monocytes toward CD1a™ LC-like cells expressing both Langerin
and DC-SIGN (7), whereas GM-CSF and IL-4 induced CD14*
monocytes differentiation into DCs (24) (Fig. 1A). Additionally,
because IL-4 and IL-13 share the IL-4Ra-chain (25), we con-
firmed that IL-13, but neither IL-6 nor IL-15, could substitute for
the effect of IL-4 (Fig. 1A). However, it should be noted that IL-4
has been reported as a DC-SIGN inducer (11), and thus it may
inhibit LC differentiation from monocytes. Additionally, IL-4 has
been shown to inhibit the induction of LCs from CD34" hema-
topoietic stem cells (10). Indeed, it has recently been reported that
Langerin® cells could be generated with GM-CSF and TGF-B1 in
serum-free condition without requiring IL-4 (26), whereas Lan-
gerin® cells could not be induced by GM-CSF and TGF-$1 in the
culture medium supplemented with 5% FCS (27). Moreover, it has
been shown that Notch ligand A-1, in cooperation with GM-CSF
and TGF-B1, promotes the differentiation of monocytes into LCs

(13). We have compared the effect of 5 g/ml Notch ligand (also
called DLL1) with IL-4 on LC differentiation. However, LCs
could not be generated from monocytes (Fig. 1A). These studies
suggest that additional factors are involved in LC differentiation.

In this study, we have confirmed that we could not elicit
Langerin™ cells in the complete cell medium supplemented with 10%
FCS (20) containing GM-CSF and TGF-$1 in the absence of IL-4 (9)
(Fig. 1A). IL-4 is an essential element for LC differentiation as re-
moval of IL-4 at day 1 leads to increased CDla expression but no
expression of either Langerin or DC-SIGN (Fig. 1B). However, when
IL-4 was removed after 2 d (day 0-2), the percentage of Langerin®
cells was remarkably increased (Fig. 1B). Moreover, removal of
IL-4 after 3-5 d increased the percentages of both Langerin® and
DC-SIGN™ cells (Fig. 1B). Interestingly, continuous presence of IL-4
decreased the percentage of Langerin"'DC-SIGN ™ cells, whereas
the number of DC-SIGN™ cells was markedly increased (Fig. 1B).
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Taken together, these findings clearly indicate that the Langerin®
LCs were efficiently induced by IL-4 when it was present during
the first 2 d but that further exposure to IL-4 inhibited LC
differentiation.

TNF-a augments Langerin while decreasing
DC-SIGN expression

TNF-a induces Langerin expression on moLCs (28). TNF-a also
stimulates the differentiation of LCs from CD34" cord blood (29).
Based on the findings, we examined the effect of TNF-a on
Langerin and DC-SIGN expression on moLCs induced by GM-
CSF, IL-4, and TGF-B1. Langerin and DC-SIGN expression were
analyzed every 24 h for 6 d. IL-4 was removed from the culture
medium 2 d after the initiation of culture (Fig. 1A). Expression of
Langerin was predominantly enhanced, whereas expression of
DC-SIGN was markedly suppressed in the presence of TNF-a
(Supplemental Fig. 2A). However, expression of DC-SIGN was not
completely inhibited on these so-called “TNF-o—induced moLCs.”
We plotted the time course effect of TNF-a on the downmodulation
of DC-SIGN (left panel of Supplemental Fig. 2B) and enhance-
ment of Langerin expression (right panel of Supplemental Fig. 2B).
The maximal Langerin expression induced by TNF-a was observed
4 d after initiating the culture. Therefore, we used moLCs 4 d after
initiating the culture for the analysis of Langerin expression for
future experiments.

Next, we investigated the effect of other inflammatory stimuli on
the expression of Langerin and DC-SIGN on moLCs. In com-
parison with TNF-a, IL-1B, IL-6, and TSLP did not affect
Langerin expression after 4 d of stimulation (left panels of Fig. 2).
Thus, as reported previously, TNF-a is a unique and strong in-
flammatory stimulus for LC differentiation compared with IL-1[3,
IL-6, and TSLP stimuli (right panel of Fig. 2).

Effect of Dex on Langerin/DC-SIGN expression

Although moLCs induced with GM-CSF, IL-4 (day 0-2), TGF-31,
and TNF-a for 4 d were similar to primary LCs with regard to
Langerin, they still expressed DC-SIGN. It has been reported that
Dex induces downregulation of DC-SIGN (11). On the basis of
these findings, we investigated the effect of Dex for further
differentiation of TNF-a—induced moLCs by 4-d culture with
GM-CSF, IL-4 (day 0-2), TGF-B1, and TNF-a by focusing on the
DC-SIGN expression. We found that DC-SIGN expression on
moLCs was significantly decreased in presence of more than 10~ % M
Dex for 4 d (Fig. 3). Interestingly, LC differentiation was
inhibited when TNF-a was removed from the medium (Fig. 3).
Therefore, TNF-a is required for the LC differentiation by
Dex. Moreover, we observed that Dex significantly affected
Langerin*DC-SIGN™ LC numbers (Fig. 3) and cell viability
at concentration higher than 10”7 M (Fig. 3). Thus, we chose
10" ® M Dex in the generation of Dex—TNF-a—induced moLCs
from monocytes.

Next, we examined Langerin and DC-SIGN expression every
day for 4 d in the different conditions (Fig. 4A). Dex—TNF-a—
induced moLCs expressed high-levels of Langerin (as high as 91%
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at 96 h after starting the culture). Notably, the expression of
DC-SIGN was seemingly negative throughout 4 d of Dex—TNF-a—
induced moLCs. Consequently, the percentage of Langerin'DC-SIGN ™
LCs in each group was the highest on day 4 (Fig. 4A), and the
cells also expressed CD1a, CD11b, E-cadherin, and HLA-DR
(Fig. 4B). Thus, our data strongly suggest that the pheno-
type of the generated moLCs shows similar pattern with
primary LCs.

Phenotype and characteristics of Dex—TNF-a—induced moLCs

Using the obtained Dex—TNF-a—induced moLCs, which were
quite similar to primary LCs, we compared their phenotype and
characteristics with moDCs induced with GM-CSF and IL-4 and
with LC-like cells induced with different stimuli for expression of
DC-SIGN, Langerin, and the CD1 molecules (Fig. 5SA). Similar to
FACS analyses (Fig. 4), mRNA for DC-SIGN in Dex-TNF-a—
induced moLC was undetectable, consistent with primary LCs
from human skin (Fig. 5A). With regard to CD1 expression,
DC-SIGN*Langerin~ moDCs expressed CDla, CD1b, CDIc,
and CD1d expression, whereas moLCs did not express CDI1d
(Fig. 5A). Moreover, CD1b and CDlc decreased with downreg-
ulated DC-SIGN expression, whereas CD1a expression on moDCs
was almost the same as primary LCs and Dex—TNF-a—induced
moLCs.

Therefore, we examined the effect of the known human CDI-
specific stimuli, squalene for CDla, MA for CDIb (30), and
a-GalCer for CD1d, on activation of moDCs or Dex—TNF-a—
induced moLCs. Dex—TNF-a—induced moLCs showed enhanced
CD86 expression even without activation, suggesting that treat-
ment with Dex and TNF-a enhanced the expression of CD86 on
moLCs (Fig. 5B). In comparison with the controls, squalene
induced IL-22 production by CDla-positive Dex—TNF-a-—
induced moLCs but not by CD1a-positive moDCs (Fig. 5C).

As Dex—TNF-a—induced moLC cultures also contain small
numbers of autologous T cells, we investigated whether the LCs or
T cells secreted IL-22. Upon squalene stimulation, IL-22 was not
produced by purified CD4" T cells, purified moDCs, Dex—TNF-a—
induced moLCs, or in a coculture of autologous CD4* T cells with
purified moDCs. Strikingly, squalene induced IL-22 in a coculture
of Dex-TNF-a—induced moLCs with autologous CD4* T cells
(Fig. 5D). These data strongly suggest that squalene binding to
CDla on Dex-TNF-o—induced moLCs leads to induction of
IL-22-expressing CD4" T cells. In contrast, CD1b or CDI1d
triggering on moDCs induced expression of various inflam-
matory cytokines by DCs alone, as shown by intracellular
(Supplemental Fig. 3A) and extracellular (Supplemental Fig. 3B)
analyses. Silencing of CD1b and CD1d on DCs by RNA inter-
ference (Supplemental Fig. 4) blocked the expression of proin-
flammatory cytokines (Fig. SE). Collectively, as sentinels,
epidermal LCs capture lipid Ags such as squalene via CD1a and
activate IL-22-producing T cells, whereas dermal DCs were
activated through CD1b or CDI1d lipid Ag-presenting mole-
cules with MA or a-GalCer and secreted various inflammatory
cytokines.

independent experiments. (C) moDCs and Dex—TNF-a—induced moLCs were stimulated for 48 h with 500 uM squalene, 500 pwg/ml MA, or 2.0 pg/ml
a-GalCer. Levels of cytokines TNF-a, IL-10, IL-12p40, and IL-22 in the cell supernatants were examined by ELISA. Data are shown as the mean + SEM of
results pooled from four independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, Student ¢ test. (D) Purified Dex—TNF-a—induced moLCs were
cocultured with autologous CD4" T cells for 48 h in the presence of 500 wM squalene. IL-22 production was measured in the culture supernatant using
ELISA. Data are shown as the mean + SEM of results pooled from three independent experiments. **p < 0.01, Student ¢ test. (E) Cytokine production of
IL-12p40 and TNF-a by CD1b siRNA or CD1d siRNA transfected cells in response to the respective stimuli for 24 h was examined by ELISA. Data are
shown as mean + SEM of the results pooled from five independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by multiple

comparisons using the Holm-Sidak Method.
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MoLC activate and induce IL-22—producing allogeneic T cells

These findings suggest that moL.Cs, in particular TNF-a—stimulated
activated moLCs, seem to be more potent in stimulating T cells
to produce IL-22. Thus, we then stimulated allogeneic T cells
with either moLCs or moDCs by coculturing them in vitro to
compare their ability for T cell expansion. The stimulatory po-
tency for allogeneic T cell responses was far stronger in moLCs
than moDCs (Fig. 6A). Moreover, the LC-activated allogeneic
CD4" T cells secreted IL-6 and TNF-a, which are cytokines
required for IL-22 production (31) (Fig. 6B). Strikingly, 1L-22
was produced by the CD4" allogeneic T cells stimulated with
moLCs even in the absence of squalene (right accompanied

panel of Fig. 6C). These findings indicate that LC-activated IL-
22-secreting CD4" helper T cells seem to be the major effectors
in skin defense and repair.

Discussion

Two distinct types of DCs, epidermal LCs and dermal DCs, es-
tablish our skin barriers, and the more external LCs may provide
protection for the more internal DCs. DCs are efficiently generated
from monocytes by culturing with GM-CSF and IL-4, whereas the
LC differentiation from monocytes is less efficient and the phe-
notype is not completely similar to primary LCs. This difficulty
in inducing LC differentiation from monocytes has hindered
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investigation into the precise mechanisms underlying the inter-
action between LCs and DCs. Although direct isolation of primary
epidermal LCs from the skin has been previously attempted (9, 21),
it takes a significant amount of time and effort to obtain these
primary LCs for their biological responses. Therefore, moLCs
have typically been investigated even though their phenotype is
not similar to primary LCs.

The critical difference between DCs and LCs is that DCs
principally express DC-SIGN on their surface, whereas LCs pre-
dominantly express Langerin. DC-SIGN captures various Ags such
as HIV-1 (5). Our observations in this study strongly indicated that
the Langerin™ cells were efficiently induced when monocytes were
stimulated for only the first 2 d with IL-4 in the presence of
GM-CSF and TGF-B1. However, when IL-4 was continuously
provided for the duration of the culture experiment, the percentage
of Langerin* cells was decreased and the number of DC-SIGN™*
cells was remarkably increased. Therefore, initial transient stim-
ulation of monocytes with IL-4 for 2 d seems to be critical and
sufficient for the induction of Langerin® cells.

Indeed, it has been reported that treatment of monocytes with
IL-4 for 48 h is a critical time point when DC-SIGN induction
occurs (11), and we found in this study that incubation with IL-4
more than 48 h will induce monocytes to become DC-SIGN™* cells.
Therefore, removing the IL-4 stimulation within 48 h after culture
initiation is critical for the induction of DC-SIGN ™ cells, and thus
further stimulation with Langerin-inducing factors such as TGF-31
(7, 27), TNF-a (28, 32), and Dex (11, 33) induces the DC-SIGN
monocytes to become Langerin™ LCs.

As shown in the current study, Langerin® DC-SIGN™ moLCs
induced by GM-CSF, IL-4, TGF-31, TNF-a, and Dex for 4 d were
very similar to primary LCs in the expression of DC-SIGN and
Langerin. In addition, the expression pattern of CD1 lipid Ag-
presenting molecules was comparable between primary LCs and
Dex—TNF-a—induced moLCs, which strongly expressed CDla
and weakly expressed CD1c but did not express CD1b and CD1d,
whereas moDCs expressed all the four CDls (CDla, CDlb,
CDlc, and CDI1d). Stimulation of the Dex—TNF-a—induced
moLCs with CDla-specific ligand induced the differentiation of
IL-22-producing CD4* T cells. In contrast, moDCs did not induce
differentiation of IL-22—producing T cells. moDCs secreted in-
flammatory cytokines such as TNF-a and IL-12p40 and a small
amount of IL-10 by themselves when stimulated them with MA or
a-GalCer, specific stimuli for CD1b and CD1d, respectively.
These results suggest that DCs can be activated to secrete various
inflammatory cytokines by stimulating via CD1b and CDId
molecules with their specific lipid ligands to fight against various
pathogens and tumors, whereas LCs would not secrete cytokines
by themselves but rather stimulate associated T cells to secrete
IL-22 and thereby maintain skin homeopathy through CDla-
associated stimuli. In this study, we observed that moLCs were
more potent to induce proliferation of allogeneic T cells to secrete
IL-22. These findings are compatible to a recent report indicating
that moLCs induce a stronger allogeneic T cell proliferation but
release low amounts of inflammatory cytokines upon TLR stim-
ulation (26). Thus, even though moLCs displayed a lower ability
to respond to external foreign Ags by stimulation of CD1la mol-
ecules with lipid Ags than moDCs, they established a local de-
fense and skin homeostasis through induction of IL-22-specific
T cells.

Additionally, as we have reported recently using murine system,
the known lipid Ag a-GalCer, which specifically stimulates in-
variant NKT cells, can also activate DCs through CD1d molecules
and induce various cytokines to regulate the internal immune
systems (16). Moreover, repetitive sequential stimulation with

3015

o-GalCer in the tumor-bearing mice preferentially activates DCs
rather than invariant NKT cells, and the activated DCs elicit
tumor-specific CD8" CTLs to eliminate the tumor cells in vivo
(14). Thus, tumor may be attacked after sequential stimulation of
CD1d molecules on the DCs through their specific lipid ligands
o-GalCer in the murine system.

In the current study, our data strongly suggest that IL-4 has a dual
role in the differentiation of LCs; although it is required for their
initiate differentiation, prolonged exposure inhibits LC differen-
tiation. Steroids together with TNF-a also enhance LC differen-
tiation and inhibit differentiation into DCs. The differentiation
into LCs strongly affects the expression and activation of CDI1
molecules. This study has identified important role for IL-4 and
steroids in the differentiation of LCs, and this might be used in the
generation of LCs from monocytes as well as understanding of
LC-mediated immune inflammatory disorders.
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