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Allergic	contact	dermatitis	is	the	most	frequent	occupational	disease	in	industrialized	countries.	It	is	caused	
by	CD8+	T	cell–mediated	contact	hypersensitivity	(CHS)	reactions	triggered	at	the	site	of	contact	by	a	variety	of	
chemicals,	also	known	as	weak	haptens,	present	in	fragrances,	dyes,	metals,	preservatives,	and	drugs.	Despite	
the	myriad	of	potentially	allergenic	substances	that	can	penetrate	the	skin,	sensitization	is	relatively	rare	and	
immune	tolerance	to	the	substance	is	often	induced	by	as	yet	poorly	understood	mechanisms.	Here	we	show,	
using	the	innocuous	chemical	2,4-dinitrothiocyanobenzene	(DNTB),	that	cutaneous	immune	tolerance	in	mice	
critically	depends	on	epidermal	Langerhans	cells	(LCs),	which	capture	DNTB	and	migrate	to	lymph	nodes	for	
direct	presentation	to	CD8+	T	cells.	Depletion	and	adoptive	transfer	experiments	revealed	that	LCs	conferred	
protection	from	development	of	CHS	by	a	mechanism	involving	both	anergy	and	deletion	of	allergen-specific	
CD8+	T	cells	and	activation	of	a	population	of	T	cells	identified	as	ICOS+CD4+Foxp3+	Tregs.	Our	findings	
highlight	the	critical	role	of	LCs	in	tolerance	induction	in	mice	to	the	prototype	innocuous	hapten	DNTB	and	
suggest	that	strategies	targeting	LCs	might	be	valuable	for	prevention	of	cutaneous	allergy.

Introduction
Allergic contact dermatitis (ACD) is a common eczematous skin 
disease of high socioeconomic impact, as it is the most preva-
lent chronic occupational disease (1), with life-long persistence 
due to the absence of curative treatments. Skin inflammation 
results from a T cell–mediated contact hypersensitivity (CHS) 
reaction, which occurs in sensitized individuals at the site of con-
tact with a variety of chemicals, also known as haptens, present 
in fragrances, dyes, metals, preservatives, and drugs (2). Most of 
our knowledge of the mechanisms that control ACD comes from 
mouse models of CHS to experimental haptens with strong sen-
sitizing properties such as 2,4-dinitrofluorobenzene (DNFB) or 
oxazolone. Allergic sensitization during the asymptomatic phase 
of the disease leads to the priming of specific cytotoxic CD8+ T 
cells (3) after capture and presentation of the allergen by skin 
DCs to T cells in skin-draining LNs. During the symptomatic 
phase of CHS, elicited by reexposure to the hapten, activated 
effector CD8+ T cells are recruited into the skin and initiate the 
inflammatory cascade by inducing apoptosis of keratinocytes (4), 
leading to skin edema. Many studies have highlighted a central 
role of CD4+CD25+Foxp3+ Tregs in the control of CHS through 
their capacity to suppress specific CD8+ T cell effectors during 
both sensitization (5–7) and the resolution of skin inflamma-
tion (8–10). In contrast to strong experimental haptens such as 
DNFB, which sensitizes mice after a single contact, most human 
contact allergens fall into the category of weak haptens because 
they are immunogenic only after repeated exposure in a fraction 

of individuals and do not induce CD8+ T cell–mediated CHS 
responses in normal mice. The idea that immune tolerance rath-
er than ignorance explains the general innocuity of weak haptens 
is supported both in mouse and human. Indeed, we showed that 
normal mice do not mount CHS responses to common chemical 
allergens of fragrance unless they are acutely depleted of Tregs 
(11). Moreover, studies of nickel allergy best illustrated that a 
weak sensitizing allergen can activate Tregs, as most healthy 
control individuals harbor functional allergen-specific and sup-
pressive CD4+CD25+ Tregs (12). The mechanisms through which 
APCs prevent skin sensitization of normal individuals to these 
weak allergens remain to be elucidated.

Despite our growing knowledge of the immunobiology of skin 
DCs, identification of those that account for natural tolerance to 
weak sensitizing haptens is still lacking. Langerhans cells (LCs), 
which constitute the only DCs present in the epidermis at steady 
state, express the C-type lectin Langerin (CD207) responsible for 
the formation of Birbeck granules and the adhesion molecule 
EpCAM, and renew by local proliferation of radio-resistant pre-
cursors (13). The dermis contains CD207– dermal DCs (dDCs) and 
CD207+ dDCs, which derive from radiosensitive BM precursors 
(14–16) and can be further subcategorized based on CD103 and 
CD11b expression (14, 17). Recently, the use of BM chimeric mice 
and several Langerin knockin and transgenic mouse lines allowing 
for constitutive or acute depletion of CD207+ DCs has challenged 
the old view that LCs constitute the most critical APCs for ini-
tiation of skin immunity. Indeed, in most experimental settings, 
LCs are dispensable for initiation of CHS to strong haptens (18, 
19), which may require CD207+ dDCs (14) and/or newly recruit-
ed monocyte-derived DCs (20, 21). Some of these studies in fact 
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suggest that LCs may have an important role in dampening skin 
immune response. Indeed, at steady state, LCs migrate continu-
ously to draining LNs, presumably to induce or maintain toler-
ance to self or innocuous environment antigens (Ag) (22, 23). In 
line with this hypothesis, LCs were recently shown to act as nega-
tive regulators of the anti-Leishmania response (24), to contribute 
to UV-induced suppression of CHS (25, 26), and to dampen CHS 
response by a process involving IL-10 and cognate interactions 
with CD4+ T cells (27). Yet whether and how LCs may prevent initi-
ation of ACD upon skin contact with weak allergens is unknown.

An appropriate antigenic candidate to address this issue is the 
hapten 2,4-dinitrothiocyanobenzene (DNTB). Although DNTB 
generates dinitrophenyl–self peptide (DNP–self peptide) motifs 
similar to those of the strong contact sensitizer DNFB (28, 29), it 
is unable to activate the inflammasome (30) and to initiate CHS 
responses in normal individuals (29). DNTB can nevertheless be 
considered as a prototype of weak contact allergen, as it can sen-
sitize mice and induce a CHS of moderate intensity only under 
certain experimental conditions, such as repeated cutaneous 
exposures (ref. 31 and data not shown). Yet under conventional 
experimental conditions, DNTB behaves as a tolerogen and ren-
ders mice tolerant to a subsequent sensitization with DNFB (29). 
We thus used DNTB to investigate the dynamics and functions of 
skin DC subsets under tolerogenic conditions and to get insights 
into mechanisms preventing ACD. Using knockin mice express-
ing the human diphtheria toxin (DT) receptor (DTR) (Lang-DTR) 
or EGFP (Lang-EGFP) under the control of the langerin gene, and 
allowing the tracking and conditional depletion of LCs (19), we 
show here that LCs are the critical skin APCs that mediate induc-
tion of skin tolerance to this innocuous hapten and that protect 
from allergic skin inflammation by inducing anergy/deletion of 
allergen-specific T cells and by activating CD4+Foxp3+ Tregs.

Results
Induction of tolerance to the innocuous hapten DNTB is associated with 
migration of both LCs and CD207– dDCs to skin-draining LNs. In order 
to identify the mechanisms responsible for induction of cutane-
ous tolerance toward weak contact allergens, we used the innocu-

ous hapten DNTB, which shares the DNP antigenic motif with 
the strong contact sensitizer DNFB (28). C57BL/6 (B6) mice were 
skin painted with either DNTB or DNFB and ear challenged 5 days  
later with DNFB, as depicted in Figure 1A. While DNFB-sensitized 
mice developed a robust CHS response, peaking at 48–72 hours  
after challenge, DNTB-painted mice did not develop skin inflam-
mation (Figure 1B), in line with the inability of DNTB to prime 
hapten-specific IFN-γ–producing CHS effector T cells in skin-
draining LNs (Figure 1C). In addition, painting with DNTB 1 week  
prior to DNFB sensitization strongly inhibited the priming of IFN-γ– 
producing CD8+ effector T cells (Figure 1C) and significantly 
reduced ear swelling (Figure 1B), in accordance with the previously 
reported tolerizing property of DNTB (29).

To analyze the migration of cutaneous DCs to draining LNs 
during induction of tolerance, we used Lang-EGFP mice (19), in 
which EGFP expression in skin is confined to epidermal LCs and 
to a minor population of dDCs that express the Langerin molecule 
(14–16). We applied the fluorescent dye tetramethylrhodamine-
5-(and-6)-isothiocyanate (TRITC) a few minutes after DNTB, but 
without the irritant molecule dibutyl-phthalate (DBP), which is 
most often used in migration experiments (19). In control mice 
that received TRITC and only the vehicle used for DNTB, few 
TRITC+ cells were detected among LN DCs at 48 hours (Figure 2A),  
most likely reflecting steady state skin DC migration. Surpris-
ingly, DNTB, similarly to the skin irritant DBP used as a positive 
control, strongly increased the frequency of EGFP+TRITC+ and 
EGFP–TRITC+ cells among LN DCs (Figure 2, A and B), indicat-
ing that DNTB induced migration of both CD207+ skin DCs and 
CD207– dDCs. To determine whether TRITC-carrying CD207+ 
DCs (Figure 2C) corresponded to skin-derived LCs or CD207+ 
dDCs (14–16), we generated BM chimeric mice using either Lang-
EGFP or congenic CD45.1 B6 Ly5a donors. Eight weeks after 
reconstitution of lethally irradiated mice with BM cells, nearly 
all LCs remained of host origin due to their radio resistance (13), 
while the vast majority of CD207+ dDCs were replaced by donor 
BM–derived DCs (Supplemental Figure 1; supplemental mate-
rial available online with this article; doi:10.1172/JCI59725DS1). 
Importantly, 48 hours after DNTB painting, TRITC-carrying DCs 

Figure 1
DNTB pretreatment suppresses priming of 
CD8+ T cells and CHS to DNFB. (A) Model of 
tolerance to DNTB. Mice are tolerized by epi-
cutaneous painting of 100 μl of DNTB on the 
abdomen at day 0 and sensitized on the back 
with DNFB at day +7. Five days later, mice were 
either ear challenged with DNFB to follow the 
ear-swelling response or sacrificed to determine 
the frequency of IFN-γ+–producing CD8+ T cells 
by an ELISPOT assay. (B) The mean ear-swell-
ing response (μm ± SD) at various times after 
DNFB challenge was determined. Mice sensi-
tized with vehicle and challenged with DNFB 
were used as controls for nonspecific skin 
inflammation. (C) Frequency of DNP-specific 
IFN-γ SFCs in pooled cutaneous total LN cells 
5 days after skin sensitization (mean ± SD). No 
spots were detected in CD8-depleted cells or 
without hapten restimulation. One representa-
tive experiment out of 5 is shown (5 mice per 
group). *P < 0.05; **P < 0.01.
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were detected among EGFP+ DCs in LNs when EGFP expression 
was restricted to epidermal LCs (B6 Ly5a→Lang-EGFP chime-
ric mice) but not when only CD207+ dDCs were EGFP+ (Lang-
EGFP→B6 Ly5a chimeric mice) (Figure 2D). In addition, analysis 
in normal nontransgenic mice of migratory skin TRITC+MHC-IIhi 
DCs (19) according to CD207 and CD103 expression (Figure 2E) 
revealed that CD207– dDCs and LCs (CD207+CD103–) accounted 
for the majority of the TRITC+ DCs present in LNs 72 hours after 
skin painting with DNTB, while CD207+ dDCs were barely detect-

ed (Figure 2E). LCs arrived in LNs at 24 hours after skin painting 
and increased at 72 hours, while migration of CD207– dDCs was 
already maximal at 24 hours. Together, these data demonstrate 
that DNTB painting induces emigration of bona fide radio-resis-
tant LCs as well as CD207– dDCs to LNs.

The tolerogen DNTB is presented to CD8+ T cells primarily by skin-emi-
grating LCs. We next determined the nature of the LN DC subsets 
involved in the presentation of the tolerogen to CD8+ T cells, which 
are the major effector cell type initiating CHS responses (3). To 

Figure 2
Both LCs and CD207– dDCs migrate to LNs upon induction of cutaneous tolerance. To track DC migration from skin to draining LNs, Lang-EGFP 
mice (A–C), various types of BM chimeric mice (D), and B6 mice (E) were ear painted with either vehicle, DBP, or DNTB, followed by application 
of TRITC on the same site. At different time points after ear painting, CD11c+ cells were enriched from cervical LNs and the frequency of TRITC+ 
cells was determined by flow cytometry. (A) Representative dot plot of EGFP versus TRITC expression by LN DCs (gated as viable CD11c+ cells) 
at 48 hours. The numbers indicate the percentages of TRITC+EGFPhi (LCs and CD207+ dDCs) and TRITC+EGFP– (CD207– dDCs) cells among 
LN DCs. (B) Percentages of TRITC+EGFPhi and TRITC+EGFP– cells in a pool of 3 independent experiments (mean ± SD). (C) Frequency of 
TRITC+ cells among LN EGFPhi DCs in Lang-EGFP mice (mean ± SD) and (D) in various BM chimeric mice at 48 hours after painting. DC chi-
merism in both the epidermis and dermis is shown in Supplemental Figure 1, and results correspond to the mean of 2 independent experiments. 
(E) Representative profile of EGFP versus CD103 expression in skin-emigrated DCs (gated as viable CD11c+MHC-IIhiTRITC+ cells) at 24 hours  
and 72 hours after skin painting with DNTB showing the percentages of CD207– dDCs, CD207+CD103+ dDCs, and CD207–CD103– LCs (left 
panels). Absolute frequency of each TRITC+ DC subset among LN skin-derived CD11c+MHC-IIhi DCs (right panel).
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this end, we used an ex vivo presentation assay using DNP-specific 
CD8+ CHS effectors from day 5 DNFB-sensitized mice as indicator 
cells, based on the fact that DNTB and DNFB painting generates 
similar antigenic DNP motifs (28) recognized by T cells. Total LN 
CD11c+ DCs isolated 72 hours after skin painting with DNFB or 
DNTB similarly induced the proliferation of DNP-specific CD8+ 
T cells (Supplemental Figure 2A), indicating that DNP motifs are 
presented to T cells in LNs during both sensitization and toleriza-
tion. To determine whether presentation of the tolerogen in LNs 
requires transport of the hapten by skin DCs, we analyzed the con-
sequences of skin dissection as a way to prevent migration of cuta-
neous DCs to draining LNs (32). When skin was excised 5 hours 
after DNTB delivery, the hapten-presenting capacity of LN DCs 
was strongly reduced (Supplemental Figure 2B). We interpret the 
remaining Ag-presenting activity as a consequence of incomplete 
removal of the hapten delivery site, although it is possible that this 
results from the rapid migration of a minor proportion of skin 
DCs. These data suggest that presentation of DNTB to CD8+ T 
cells requires migration of skin DCs to LNs.

Isolation of various LN DC subsets from Lang-EGFP mice on 
the basis of CD8α and CD207 expression (Figure 3A) indicated 
that DNTB was presented primarily by skin-derived CD207+ 
(EGFPhi) DCs (Supplemental Figure 2C), with little if any contri-
bution of LN resident CD8α+ DCs and CD8α–EGFP– double-nega-
tive (DN) DCs. Further subsorting of EGFPhi DCs according to 

CD103 expression (14, 17) revealed that CD207+CD103– LCs, but 
not CD207+CD103+ dDCs, induced DNP-specific CD8+ T cell pro-
liferation when isolated either at 24 hours or 72 hours after DNTB 
skin delivery/application (Figure 3, B and C). Importantly, all DC 
subsets were able to induce proliferation of specific CD8+ T cells, 
albeit with different efficacy, when pulsed ex vivo with DNBS (the 
soluble form of the hapten) or the OVA SIINFEKL class I peptide 
(Supplemental Figure 3), indicating that the sorting strategy had 
not altered their Ag-presenting functions.

We then confirmed that Ag presentation was confined to bona 
fide LCs and was not due to the minor fraction of CD207+ dDCs 
present in LN CD207+CD103– DCs (17) by using DCs from DNTB-
painted BM chimeras. Indeed, proliferation of DNP-specific CD8+ 
T cells was observed when EGFPhi DCs consisted of radio-resistant 
host-derived LCs (B6 Ly5a→Lang-EGFP mice), but not when they 
only contained donor-derived CD207+ dDCs (Lang-EGFP→B6 
Ly5a mice) (Supplemental Figure 4). DN DCs contained several 
subsets, including CD11b+ LN DCs and CD207– dDCs. To directly 
assess the Ag-presenting function of the latter cells, which migrate 
to LN during DNTB tolerance (Figure 2, B and E), we used a differ-
ent sorting strategy (Figure 3D) to isolate total LN DCs (MHC-IIint  
DCs) and the 3 subsets of skin-emigrating DCs (MHC-IIhi DCs) 
(19). Stimulation of DNP-specific CD8+ T cells was primarily 
observed with LCs and, to some extent, with CD207– dDCs, but 
neither with CD207+ dDCs nor LN DCs (Figure 3E).

Figure 3
Presentation of DNTB-modified peptides in LNs is mostly performed by CD207+CD103– LCs. CD11c+ cells were enriched from pooled cutaneous 
LNs of Lang-EGFP mice 24 hours (C) or 72 hours (B, C, and E) after abdominal skin painting with DNTB and further FACS sorted into various DC 
subsets based on 2 different strategies. (A) DCs were separated into CD8α+EGFP–/lo DCs, CD8α–EGFP– DN DCs, CD8α–EGFPhiCD103– LCs, 
and CD8α–EGFPhiCD103+ DCs and cultured with 105 DNP-specific CD8+ effector T cells at serial dilutions (B) or at a fixed number (2.5 × 104) 
(C). (D) DCs were separated into MHC-IIint LN-resident DCs, MHC-IIhiEGFPhiCD103+ DCs (CD207+ dDCs), MHC-IIhiEGFPhiCD103– DCs (LCs), 
and MHC-IIhiEGFP–CD103– DCs (CD207– dDCs), and 2.5 × 104 cells of each DC subset were cultured with DNP-specific CD8+ effector T cells 
(white bars: DCs from control naive mice, black bars: DCs from DNTB-painted mice). Proliferation of CD8+ T cells was determined after 3 days 
by thymidine uptake and is expressed by mean cpm ± SD of triplicate wells. Data are representative of 1 out of 2 (C and E) to 4 (B) independent 
experiments. *P < 0.05; **P < 0.01.
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Together, these ex vivo functional assays demonstrate that 
during induction of tolerance with DNTB, LCs, and to a lesser 
extent CD207– dDCs, transport and present the hapten to CD8+ 
T cells in LNs.

Depletion of LCs breaks tolerance to DNTB and allows for priming of 
cytotoxic CD8+ T cells mediating CHS responses. To determine the con-
tribution of LCs to DNTB-induced tolerance, Lang-DTR mice were 
depleted of CD207+ cells by injection of DT 3 days before DNTB 
tolerization and were subsequently sensitized with DNFB. FACS 
analysis at the time of DNTB delivery confirmed that DT-injected 
mice were devoid of all skin CD207+ DCs, including both CD207+ 
(EGFP+EpCAM+) LCs residing in the epidermis or transiting in the 
dermis and CD207+ (EGFP+EpCAM–) dDCs (Supplemental Figure 
5). Importantly, DNTB painting significantly reduced the priming 
of hapten-specific IFN-γ–producing T cells in response to DNFB 
sensitization in control Lang-DTR mice, but not in CD207+ DC–
deficient mice (Figure 4A). In addition, while normal mice did not 
show any signs of CD8+ T cell priming after DNTB skin delivery, 
Lang-DTR mice depleted in all CD207+ DCs (DT injection at day –3)  

displayed DNP-specific IFN-γ+CD8+ T cells (Figure 4B) 
and in vivo cytotoxic CD8+ T cell activity (Figure 4C) in 
LNs and developed moderate but significant skin inflam-
mation — as measured by ear swelling — after DNTB ear 
skin challenge (Figure 4D). Similar results were observed 
in mice solely deficient in LCs (Figure 4B), which were 
obtained by injecting Lang-DTR mice with DT (14–16), 
a protocol allowing recovery of CD207+ dDCs to nearly 
normal numbers at the time of DNTB painting (Supple-
mental Figure 5). Together, the above results demonstrate 
that LCs are responsible for DNTB-induced skin toler-
ance and protect from development of a CHS response to 
this weak and innocuous allergen.

Epidermal LCs can transfer tolerance to naive mice. To con-
firm the tolerogenic potential of LCs, we tested their 
capacity to confer DNTB-specific suppression upon in 
vivo transfer to naive B6 mice. LCs were purified by den-
sity gradient centrifugation from the epidermis of Lang-
EGFP mice 4 hours after application of either DNTB or 
the vehicle as control, and 2.5 × 104 cells were transferred 
s.c. to naive B6 recipients 7 days prior to sensitization 
with DNP-loaded BM-derived DCs (BMDCs). Five days 
later, mice were either sacrificed to measure the DNP-spe-
cific CD8+ T cell response or ear challenged with DNFB to 
measure the CHS response (Figure 5A). LC suspensions 
(low density fraction) contained 70%–90% EGFP+ LCs 
and few contaminating keratinocytes, but no EGFP–CD3+ 
dendritic epidermal T cells (DETC), which were only pres-
ent in the high-density fraction (Supplemental Figure 6). 
Similarly to DNTB painting, adoptive transfer of LCs 
from DNTB-painted mice inhibited the priming of DNP-
specific CHS effectors (Figure 5, C–E), resulting in nearly 
complete prevention of the ear swelling in response to 
DNFB challenge (Figure 5B). To exclude a contribution of 
contaminating keratinocytes to immune suppression, we 
used Lang-DTR donor mice, in which LCs were depleted 
by DT injection. In contrast to LCs from DNTB-painted 
and DT-untreated Lang-DTR mice, the low-density frac-
tion from DNTB-painted and DT-treated animals (which 
contained mostly keratinocytes; Supplemental Figure 6)  
was unable to suppress the priming of DNP-specific  

IFN-γ+CD8+ T cells (Figure 5E), demonstrating that LCs but not 
keratinocytes were the tolerogenic cells. Although DETCs are 
(innate) γδ T lymphocytes reported to regulate inflammatory dis-
eases (33), DETC-enriched cells from DNTB-painted mice (Sup-
plemental Figure 6) were unable to suppress priming of CHS effec-
tor CD8+ T cells, even when they were purified from LC-deficient 
donors (Figure 5E). These data demonstrate that LCs constitute 
the only epidermal cell type able to induce DNTB tolerance.

Tolerance by LCs requires cognate interactions with CD8+ and CD4+ 
T cells. CHS is initiated by hapten-specific MHC-I–restricted 
cytotoxic CD8+ T cells (34) and controlled by MHC-II–restricted 
CD4+CD25+Foxp3+ Tregs (5, 8). Thus, we asked whether LCs 
induced tolerance by direct interaction with CD8+ T cells and/or 
indirectly via induction and/or activation of Tregs. In contrast to 
epidermal LCs from WT B6 donors, LCs from DNTB-painted β2m–/–  
or H2-Aβ1–/– donor mice (i.e., deficient in MHC-I or -II molecules, 
respectively) were unable to suppress DNP-specific CD8+ T cells 
and CHS responses upon transfer to naive B6 recipients (Figure 5,  
F and G). It is unlikely that MHC-I–deficient LCs failed to induce 

Figure 4
In vivo depletion of CD207+ DCs abrogates skin tolerance to DNTB and allows 
for priming of cytotoxic CD8+ T cells and CHS responses. (A) Lang-DTR mice 
injected (black bars) or not (white bars) with DT at day –3 were tolerized with 
DNTB at day 0 or left untreated, and were sensitized with DNFB at day +7. The 
frequency of hapten-specific IFN-γ SFCs in LNs was determined by ELISpot in 
individual mice and is expressed as mean ± SD SFCs per 106 total LN cells. 
(B–D) Lang-DTR mice injected with DT at day –3 or day –15 were painted at 
day 0 with DNTB. On day +5, the frequency of hapten-specific IFN-γ–producing 
cells in LNs was determined (mean ± SD) (B). In vivo hapten-specific cytotoxic 
activity was calculated after injection of DNP-loaded target cells (mean ± SD) (C), 
and the ear-swelling response was determined 24 hours after ear challenge with 
DNTB (D). Each symbol corresponds to an individual mouse, and horizontal bars 
indicate the mean. Results correspond to 1 representative experiment out of 3, 
with 3 mice per group in each (A and C) and to pooled data from 2 (B, day –15; 
D) to 4 (B, day –3) independent experiments. Statistical analysis was performed 
using (A and B) the Kruskal-Wallis test with Dunn’s post-test and (C and D) the 
Mann-Whitney test. *P < 0.05; **P < 0.01. Data are shown as mean ± SD.
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tolerance due to their elimination by host NK cells because WT 
and β2m–/– DCs survived equally well in recipient LNs (data not 
shown). This suggests that LCs need to interact directly with CD8+ 
T cells and with CD4+ T cells to induce DNTB tolerance.

Direct DNTB presentation by LCs to CD8+ T cells in skin-draining 
LNs induces their deletion or anergy in vivo. The fact that LCs present 
DNTB to specific CD8+ T cells ex vivo and require MHC-I expres-
sion for their tolerogenic function suggested that cognate interac-
tions with LCs might impair the capacity of DNTB-specific CD8+ 
T cells to subsequently differentiate into CHS effectors, as has 
been previously documented for T cells interacting with plasma-
cytoid DCs during oral tolerance (35). To test this hypothesis, we 
used our previously described CD8+ T cell transfer model of CHS 
in T cell–deficient Cd3ε–/– mice (Figure 6A and ref. 35) to analyze 
the outcome of DNTB skin painting on the CHS effector func-

tion of skin-draining LN CD8+ T cells. CD8+ T cells from control 
vehicle–painted or DNFB-sensitized B6 mice differentiated into 
IFN-γ+ effector cells in Cd3ε–/– recipients, while those from DNTB-
tolerized mice were virtually nonresponsive to skin sensitization 
with DNFB (Figure 6B). Alternatively, CD8+ T cells from Lang-
DTR donor mice that were treated with DT prior to DNTB paint-
ing exhibited a normal ability to respond to DNFB sensitization 
(Figure 6C), suggesting that LCs induced DNP-specific CD8+ T 
cell unresponsiveness in lymphoid organs.

To further determine whether direct cognate interaction between 
LCs and CD8+ T cells was sufficient to initiate DNP-specific CD8+ 
T cell hyporesponsiveness, CD8+ T cells from naive B6 mice were 
precultured for 3 days with epidermal LCs from either vehicle- or 
DNTB-treated animals and transferred into Cd3ε–/– recipients (Fig-
ure 6A). CD8+ T cells cocultured with LCs from DNTB-tolerized 

Figure 5
Epidermal LCs can transfer tolerance to DNTB. (A) Assessment of LC function by adoptive transfer. Ear epithelial sheets were prepared 4 hours 
after vehicle or DNTB painting and used to enrich for LCs by centrifugation over an OptiPrep gradient (low-density fraction). Naive B6 mice were 
transferred s.c. with 2.5 × 104 enriched LCs and were immunized 6 days later by s.c. injection of 105 DNBS-loaded BMDCs. The effect of LC 
transfer was determined by measuring the following: (B and F) the ear swelling that developed 24 hours after DNFB challenge (mean μm ± SD of 6 
individual mice), (C and D) the capacity of CD8+ T cells isolated from LN 5 days after immunization to proliferate and to produce IFN-γ in vitro after 
stimulation with DNBS-loaded APCs (mean ± SD of triplicate wells), and (E and G) the frequency of DNP-specific IFN-γ–producing CD8+ T cells 
in LNs (mean SFCs per 106 CD8+ T cells ± SD of pooled mice, using 3–4 serial dilutions performed in duplicate). (B–D) Comparisons of the sup-
pressive effect of LC transfer versus direct DNTB painting. (E) Lang-DTR mice, injected or not with DT 3 days before DNTB or vehicle ear painting, 
were used to prepare LCs (low-density fraction) or DETCs (high-density fraction) using an OptiPrep gradient (Supplemental Figure 5). (F and G)  
Comparison of the suppressive potential of LCs from B6, β2m–/– (F), and H2-Aβ1–/– (G) donor mice. *P < 0.05; **P < 0.01; ***P < 0.001.
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mice generated roughly 3 times less DNP-specific IFN-γ–produc-
ing CD8+ effector T cells as compared with CD8+ T cells cultured 
with control LCs (Figure 6D). These data demonstrate that pre-
sentation of DNTB by LCs to naive CD8+ T cells abrogates their 
ability to differentiate into IFN-γ+ CHS effectors.

Preexisting Foxp3+ Tregs are activated by LCs and are essential for LC-
mediated tolerance. CD4+Foxp3+ Tregs are critical regulators of CHS 
responses (5, 8), and our recent data highlighted the unique sup-
pressive potential of activated ICOS+CD4+Foxp3+ Tregs in CHS 
to DNFB (7). Although DNTB painting did not affect the overall 
frequency of CD4+Foxp3+ Tregs in skin-draining LNs (data not 
shown), the proportion of activated ICOS+ cells among CD4+Foxp3+ 
Tregs increased by 2- to 3-fold 5 days after tolerance induction  
(Figure 7A), indicating that an innocuous and tolerogenic hapten 
can activate Tregs. Importantly, transfer of LCs from DNTB-paint-
ed mice similarly resulted in a dramatic increase in the frequency 
and number of ICOS+CD4+Foxp3+ Tregs, and this required MHC-II 
expression by LCs (Figure 7A). To determine whether preexisting 
Tregs are instrumental for LC-induced tolerance, we tested the out-
come of LC transfer into DEREG recipient mice (Figure 7B), which 
allowed for conditional ablation of CD4+Foxp3+ Tregs by injection 
of DT (8). In DT-treated DEREG mice, CD4+Foxp3+ Tregs were 
almost completely absent (>95% depletion) at the time of LC trans-

fer, but had recovered by more than 70% at the time of DNP-BMDC 
immunization (Supplemental Figure 7). As expected, transfer of 
LCs from DNTB-tolerized mice strongly suppressed the priming 
of DNP-specific IFN-γ+CD8+ T cells in DT-injected WT mice. In 
contrast, suppression of T cell priming was no longer achieved in 
DT-treated DEREG mice (Figure 7B). These data demonstrate that 
preexisting CD4+Foxp3+ Tregs are required for LC-mediated toler-
ance and suggest that the tolerogenic potential of LCs is linked to 
their efficacy in triggering their activation and expansion.

Discussion
ACD results from a breakdown of skin tolerance that allows for 
the priming of pathogenic CD8+ T cells to normally innocuous 
weak haptens. Yet the nature of skin DCs and mechanisms respon-
sible for induction of tolerance to such common allergens remains 
poorly understood. Our study, using DNTB as a prototype of such 
a weak contact allergen, demonstrates that epidermal LCs are the 
only skin DCs that protect from ACD by orchestrating 2 comple-
mentary mechanisms mediated by in vivo presentation of the aller-
gen by MHC-I and -II molecules, respectively. First, LCs induce 
anergy or deletion of a large fraction of allergen-responsive CD8+ 
T cells, and second, they expand ICOS+CD4+Foxp3+ Tregs from a 
preexisting pool to achieve efficient suppression of ACD.

Figure 6
LCs renders hapten-specific CD8+ T cells hyporesponsive to subsequent skin sensitization. (A) In vivo assay to study CD8+ T cell functions. 
Cd3ε–/– T cell–deficient mice were injected i.v. with 5 × 106 (B) or 1 × 106 (C and D) purified CD8+ T cells and were skin sensitized with DNFB  
1 day (B) or 4 weeks later (C and D). Five days after sensitization, recipient mice were sacrificed, and the frequency of the DNP-specific IFN-γ– 
producing cells in cutaneous LNs was determined by ELISpot. (B) Functions of CD8+ T cells purified from cutaneous LNs of B6 mice 6 days 
after abdominal skin painting with vehicle (white bars), DNTB (black bars), or DNFB (gray bars). (C) CD8+ T cells were isolated from Lang-DTR 
donor mice that were injected or not with DT 3 days prior to DNTB painting. (D) CD8+ T cells from naive B6 mice were cultured in vitro with LCs 
(1 LC for 20 CD8+ T cells) isolated from the epidermis 4 hours after vehicle (white bar) or DNTB (black bar) painting, were sorted to high purity 
after 3 days to remove LCs, and were injected into Cd3ε–/– mice. Results are expressed as the mean value ± SD of IFN-γ SFCs for 3 individual 
mice and are representative of 2 (B) and 3 (C and D) independent experiments. *P < 0.05; ***P < 0.001.
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The first important finding relates to the unexpected observa-
tion that a weak contact allergen elicits the emigration of LCs from 
epidermis to draining LNs. It is generally believed that only strong 
haptens such as DNFB, which are able to activate the inflamma-
some (30), trigger LC emigration from the skin (18). Indeed, based 
on undetectable changes of LC density in epidermal sheets (ref. 
36 and data not shown), it was concluded that weak haptens such 
as DNTB induce very little if any migration of skin DCs. In order 
to follow skin DC migration under more physiologic conditions, 
we employed a modified version of the commonly used migration 
assay with the fluorescent dye TRITC, circumventing the untow-
ard irritancy of DBP by the use of acetone to dilute TRITC. By 
analyzing the phenotype of skin-emigrated DCs and by using BM 
chimeric mice (14–16), we were able to demonstrate emigration of 
bona fide epidermal LCs and other skin DC subsets to draining 
LNs after DNTB skin exposure. As soon as 24 hours after DNTB 
skin exposure, all subsets of skin DCs were detected in LNs, with 
CD207– dDCs and LCs contributing to 65% and 21% of skin-emi-
grated DCs, respectively. While migration of CD207– dDCs was 
already maximal at 24 hours, migration of LCs increased at later 
time points. The fact that migration of CD207+ dDCs was barely 
detected may be due to the insufficient sensitivity threshold of our 
assay for this quantitatively minor skin DC subset (14–16) or to 

insufficient innate signals induced by DNTB or possibly to the 
presence of inhibitory signals, as was suggested elsewhere for UV-
induced immune suppression (25, 26).

The second original finding pertains to the unanticipated rapid 
kinetics of LC presentation of DNTB to CD8+ T cells in LNs. FACS 
sorting of the various LN DC subsets from DNTB-painted Lang-
EGFP transgenic mice revealed that (a) only LCs, and to a lesser 
extent CD207– dDCs, but not CD207+ dDCs or LN CD8α+ DCs, 
were able to present the allergen to CD8+ T cells in LNs and (b) Ag 
presentation by LCs could be detected as early as 24 hours after 
skin exposure to the tolerogen. This demonstrates that LCs do not 
simply ferry the Ag for presentation by LN-resident CD8α+ DCs, 
which are endowed with the capacity to cross-present Ag from 
incoming DCs (37). In addition, our observations that LCs reached 
LNs and presented the hapten as soon as 24 hours after skin deliv-
ery of DNTB contrast with the general view that LCs reach LNs far 
later than dDCs after skin exposure to Ag (18, 19) and may thus 
preferentially regulate the late phases of T cell activation. It should 
be emphasized, however, that this dogma was mostly raised from 
studies of DC migration under inflammatory settings associated 
with the irritancy of DBP used to dilute the fluorescent tracers 
TRITC or FITC. At variance with our modified TRITC-painting 
protocol, these models cause early and massive mobilization of 

Figure 7
LCs require CD4+Foxp3+ Tregs to induce tolerance. (A) Expression of ICOS and CD25 on LN CD4+Foxp3+ Tregs from B6 mice 5 days after skin 
painting with vehicle or DNTB, or after s.c. transfer of LCs isolated from either vehicle- or DNTB-painted B6 or H2-Aβ1–/– mice. Representative 
dot plots showing the percentages of ICOS+CD25+ cells in gated CD4+Foxp3+ cells are shown (left panel). The mean frequency of ICOS+CD25+ 
cells among CD4+Foxp3+ Tregs and the absolute number of ICOS+CD4+Foxp3+ Tregs observed in 4 independent mice (mean ± SD) are also 
shown (right panels). (B) Foxp3-DTR (DEREG) mice and WT littermates were injected twice with 1 μg of DT at day –2 and day –1 and received at 
day 0 LCs from ear epidermis of vehicle-painted (white bars) or DNTB-painted (black bars) mice. (C) Suppressive function of LCs was assessed 
as depicted in Figure 6A by measuring the frequency of DNP-specific IFN-γ+ T cells in LNs (mean ± SD) after immunization with DNBS-loaded 
BMDCs. The data are representative of 2 independent experiments. *P < 0.05; **P < 0.01.
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CD207– dDCs to LNs (19, 38), which may overwhelm the more 
limited migration of LCs. In addition, in all these studies, the dif-
ferential emigration of DC subsets has never been compared with 
their capacity to present cutaneous Ag. In this context, we found 
that although LCs accounted for only 20% of skin-emigrated DCs 
at day 1 after DNTB skin delivery, they induced a far better prolif-
eration of DNTB-specific CD8+ T cells as compared with CD207– 
dDCs, suggesting that LCs may transport much higher amounts 
of the hapten than do dDCs.

Whether LCs exert an inductive or suppressive role during CHS 
to strong haptens such as DNFB or oxazolone remains so far con-
troversial (19, 39, 40). Importantly, our present study clearly dem-
onstrates that LCs confer natural protection from development of 
ACD to a prototype weak/tolerogenic hapten. Indeed, we found 
that acute depletion of LCs reversed DNTB-induced tolerance 
and allowed for in vivo priming of DNP-specific IFN-γ–producing 
cytotoxic CD8+ T cells and development of a CHS response upon 
subsequent DNTB challenge. Interestingly, while CHS to strong 
experimental haptens seems to be initiated by newly recruited 
monocyte-derived skin DCs (21) and CD207+ dDCs (14), CHS 
to weak/tolerogenic hapten that develops in the absence of LCs 
might be initiated by CD207– dDCs. This is supported by the fact 
that DNTB is unable to recruit monocyte-derived inflammatory 
DCs in the skin (M. Gomez de Agüero and B. Dubois, unpublished 
observations) and that CD207– dDCs are the only LN cells respon-
sible for hapten presentation in LC-depleted mice (Supplemental 
Figure 8). The tolerogenic potential of LCs is also corroborated by 
adoptive transfer experiments, which have not been conducted in 
previous studies. We clearly document that even low numbers of 
LCs from epidermis of DNTB-exposed mice transferred tolerance 
to naive B6 mice, while neither keratinocytes nor innate DETCs 
from these mice could do so.

The finding that expression of both MHC-I and -II by LCs was 
mandatory for their ability to transfer DNTB tolerance highlight-
ed 2 complementary mechanisms of tolerance dictated by allergen 
presentation to both CD8+ and CD4+ T lymphocytes, which respec-
tively act as initiators (3, 4) and regulators (5, 8) of ACD. Presenta-
tion of DNTB by LCs to CD8+ T cells in skin-draining LNs result-
ed in a state of functional hyporesponsiveness by anergy and/or  
deletion. Indeed, when CD8+ T cells from DNTB-painted mice 
were transferred into Cd3ε–/– recipients, they were unable to sub-
sequently differentiate into IFN-γ+ CHS effector cells in response 
to DNFB skin sensitization. Importantly, CD8+ T cell unrespon-
siveness was abrogated by LC depletion of DNTB-painted donor 
mice and could be reproduced in vitro by coculture of naive CD8+ 
T cells with DNTB-presenting epidermal LCs. Because chronic 
exposure to the Ag is required to maintain anergy in T cells (41), 
the fact that LC-stimulated CD8+ T cells remain unresponsive in T 
cell–deficient mice even after a resting period of 4 weeks suggests 
that a significant proportion of allergen-specific CD8+ T cells are 
deleted after cognate interaction with LCs in LNs. Deletional CD8+ 
T cell tolerance has been previously demonstrated in mice express-
ing a transmembrane form of OVA as a model self Ag in kerati-
nocytes, but seems to be induced by the specialized Ag cross-pre-
senting CD103+CD207+ dDCs rather than epidermal LCs (17, 42).  
This suggests that CD8+ T cell tolerance to self Ag expressed in 
keratinocytes versus exogenous Ag penetrating through intact skin 
may involve different DC subsets. Alternatively, that haptens are 
efficiently presented by LCs, which are so far considered as poor 
cross-presenting cells, may rely on the particular properties of hap-

tens as compared with proteins. Indeed, it is noteworthy that hap-
tens can directly bind to peptides already present in the groove of 
MHC-I molecules on the surface of APC (43) and, thanks to their 
lipid-soluble properties, can also enter the cell and conjugate with 
intracellular endogenous proteins (44), thus bypassing the need 
for cross-presentation.

Because efficient induction of tolerance by the sole deletion of 
CHS effector T cells would require that most circulating allergen-
reactive CD8+ T cells interact with LCs in LNs, it is likely that com-
plementary mechanisms operate systemically to prevent priming 
of the residual hapten-reactive CD8+ T cells. Increasing evidence 
indicates that CD4+CD25+Foxp3+ Tregs are essential to control-
ling the development and severity of skin allergy in both mouse 
models (5, 8) and in humans (12). Indeed, allergen-specific Tregs 
can be detected in allergen-exposed but nonallergic individuals 
(12) and are likely mandatory for prevention of sensitization, as 
depletion of Tregs in mouse models allows for development of 
CHS to otherwise nonsensitizing weak haptens (11). Yet an under-
standing of how allergen-specific Tregs are generated is still elu-
sive. Along with the need for MHC-II expression by LCs to transfer 
tolerance, we documented that both DNTB painting and adoptive 
transfer of LCs from tolerized mice induced the appearance of a 
subset of CD4+Foxp3+ Tregs expressing ICOS. Importantly, LCs 
failed to transfer DNTB-specific tolerance in DEREG recipient 
mice previously depleted in CD4+Foxp3+ Tregs by DT injection. 
Together with the fact that, conversely to dDCs (45, 46), LCs could 
not induce CD4+Foxp3+ Treg conversion from CD4+CD25– con-
ventional T cells (data not shown), this suggests that MHC-II– 
dependent hapten presentation by LCs induces activation and 
expansion of preexisting CD4+Foxp3+ Tregs. These findings are 
consistent with the fact that Tregs (a) regulate CHS to strong hap-
tens by controlling the priming of CD8+ effector T cells in skin-
draining LNs (5, 8) and (b) that ICOS identifies a subset of highly 
suppressive CD4+Foxp3+ Tregs (47), which we recently showed 
arose from allergen activation of preexisting CD4+Foxp3+ Tregs 
in the LNs and displayed the most robust suppressive potential in 
CHS (7). Interestingly, our results showing that transfer of LCs in 
CD4+Foxp3+ Treg-deficient animals did not at all affect the prim-
ing of CD8+ T cells suggest that LCs need to coordinate with Tregs 
to induce CD8+ T cell hyporesponsiveness.

Our study thus assigns a critical role to epidermal LCs in protec-
tion from development of T cell–mediated cutaneous allergies to 
the weak sensitizer DNTB and identifies 2 complementary path-
ways of skin tolerance that are reminiscent of those described for 
orally induced tolerance (35, 48). The exact molecular mechanisms 
by which LCs induce anergy/deletion of allergen-specific CD8+ T 
cells and activation/expansion of ICOS+ Tregs remain to be char-
acterized and will require further in-depth investigations. Obvious 
potential candidates, to name a few molecules, are 2,3-indolamine-
deoxygenase (IDO) (49), TGF-β, IL-10 (27), PD1-L, and FasL (27). 
Whether such LCs’ suppressive functions extend to other types of 
allergens/Ag and may help in understanding the pathophysiology 
of certain human cutaneous inflammatory diseases remains to be 
explored. One may speculate that a deficiency in LC numbers or 
migration, or reversion of their natural suppressive function — for 
example, by local inflammation or microbial colonization — may 
contribute to disease pathogenesis. In this respect, impaired LC 
migration has been reported in psoriasis (50) and could be respon-
sible for deregulated immune response to self Ag expressed in the 
skin. In addition, several currently used treatments for inflamma-
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tory diseases might act at least partly through LCs. These include 
the calcineurin inhibitor tacrolimus, whose beneficial effect in 
atopic dermatitis correlates with an increase of epidermal LCs har-
boring a resting phenotype (51), and glucocorticosteroids, which 
are efficient in nickel-allergic patients and were recently reported 
to endow LCs with Treg-promoting properties (52). In addition, 
in mouse models of sublingual immunotherapy, the allergen is 
captured within the oral mucosa by LC-like DCs producing IL-10 
and TGF-β, and upregulating IDO, suggesting that such cells con-
tribute to the efficacy of these promising treatments (53). More 
recently, epicutaneous delivery of a protein Ag through intact skin 
via an occlusive chamber was found to favor uptake by epidermal 
DCs reaching the superficial layers of the stratum corneum and to 
reduce allergen-specific responses in sensitized mice (54). In view 
of our data and the aforementioned observations, it may thus be 
anticipated that strategies that exploit, or even increase, the tolero-
genic functions of epithelial LCs could be of invaluable interest in 
developing innovative treatments for human allergic diseases.

Methods
Mice. Lang-EGFP and Lang-DTR knockin mice (19) and Foxp3-DTR/EGFP 
transgenic DEREG mice (8) were previously described. These mice, togeth-
er with Cd3ε–/–, H2-Aβ1–/–, β2m–/–, OT-I, and CD45.1 mice, all on a B6 back-
ground, were bred at the Plateau de Biologie Expérimentale de la Souris 
(PBES) (Ecole Normale Supérieure de Lyon, Lyon, France) under specific 
pathogen–free (SPF) conditions. B6 mice were purchased from Charles 
River Laboratories. Mice were used between 6 and 11 weeks of age.

CHS to DNFB and DNTB tolerance. Mice were sensitized epicutaneously 
by painting the shaved abdominal skin with 25 μl of 0.5% DNFB (Sigma-
Aldrich) in a vehicle consisting of acetone and olive oil (AOO) (4:1, v/v) 
and challenged 5 days later by topical application onto both sides of the 
right ear of 4 μl of 0.10% DNFB in AOO or 16 μl of 2% DNTB (Lancaster 
Synthesis) in AOO. CHS was determined by the mouse ear-swelling test as 
previously described (5). For induction of cutaneous tolerance (29), 100 μl  
of 1% DTNB in AOO was applied to the abdominal skin 7 days before sen-
sitization with 0.5% DNFB on the back skin.

Assessment of hapten-specific T cell responses. For proliferation studies, 2 × 105  
CD8+ T cells, isolated using anti-CD8 Ab–coated microbeads (Miltenyi 
Biotec) from pooled cutaneous LNs (brachial, inguinal, and axillary) were 
cultured in the presence of DNBS-pulsed (Sigma-Aldrich) irradiated spleen 
cells for 3 days. Supernatants were collected for titration of IFN-γ by ELISA, 
and the proliferative response was determined after addition of 0.5 μCi  
3H-thymidine for the last 18 hours of culture as previously described (5). 
3H-thymidine incorporation was assessed using a TopCount counter 
(PerkinElmer), and results were expressed as cpm ± SD of triplicate wells.

The frequency of hapten-specific IFN-γ–producing T cells was deter-
mined using an ELISpot assay as described (21). Serial numbers of either 
purified CD8+ T cells supplemented with spleen cells from naive B6 mice 
or total LN cells were cultured in the presence of 0.4 mM DNBS or medi-
um alone. The number of IFN-γ spot-forming cells (SFCs) was determined, 
and the results were expressed as the number of IFN-γ SFCs per 106 cells 
(either total LN cells or purified CD8+ T cells).

The in vivo DNP-specific CD8+ T cells cytotoxic activity was analyzed 5 days  
after DNTB application. Briefly, mice were injected i.v. with a mixture of 
DNBS-pulsed (1.6 mM) and unpulsed spleen cells (107 each) that were 
stained with a low (0.5 mM ) or high (5 mM) dose of CFSE (Molecular 
Probes), respectively. Mice were sacrificed 24 hours later, and 10,000 CFSE+ 
cells from cutaneous LNs were analyzed by flow cytometry (FACS). In vivo 
cytotoxicity was calculated by determining the ratio of control targets to 
hapten-loaded targets in immunized versus control naive mice.

Antibodies. Anti-CD3ε (145-2C11), anti-CD4 (RM4-5), anti-CD8α  
(53-6.7), anti-CD11c (HL3), anti-CD25 (PC-61), anti-CD45 (30-F11), 
anti-CD45.2 (clone 104), anti-CD103 (M290), and anti-ICOS (E7.17G9) 
Abs and matching isotype controls were all purchased from BD Biosci-
ences — Pharmingen. Anti-CD45.1 (A20), anti-EpCAM (G8.8), and anti– 
I-A/I-E (M5/114.15.2) Abs were from BioLegend, and anti-Foxp3 (FJK-16s)  
Abs were from eBioscience. Anti-CD207 (929F3.01) Abs were purchased 
from Dendritics. FACs analysis was performed using a FACSCanto  
system or LRSII (BD Biosciences), and analysis was performed using 
FlowJo software (Tree Star Inc.).

Tracking of skin DC migration. B6, Lang-EGFP transgenic, and BM chimeric 
mice were painted with either vehicle (16 μl), 1% DNTB (16 μl), or DBP (20 μl,  
1 v/v) on the dorsal sides of both ears. Then, 20 μl TRITC (Molecular 
Probes) diluted at 0.1 mg/ml in 10% DMSO (Sigma-Aldrich) and 90% ace-
tone was applied. At different time points, CD11c+ cells were enriched from 
cervical LNs using anti-CD11c mAb–coated microbeads (Miltenyi Biotec) 
and were analyzed by FACS for EGFP and TRITC expression or for I-A/I-E, 
CD207, and CD103 expression.

Generation of BM chimeric mice. Eight- to ten-week-old B6 Ly5a (CD45.1+) 
or Lang-EGFP (CD45.2+) mice were lethally irradiated with 2 doses of 5 Gy  
each, 4 hours apart, and then injected i.v. with 107 whole BM cells from 
either B6 Ly5a or Lang-EGFP mice. Chimeras were kept on antibiotic-con-
taining water (0.2% Bactrim; Roche) during the whole experiment. Eight 
to ten weeks after reconstitution, chimerism was determined in blood by 
FACS, using anti-CD45.1 and anti-CD45.2 Abs, and at that time, more 
than 99% of B cells were of donor origin.

Sorting of DCs and ex vivo presentation assay. Cutaneous LNs from mice 
previously immunized with 1% DNTB on the abdominal skin were cut 
into small pieces and incubated with collagenase IA (Sigma-Aldrich) and 
DNAse I. CD11c+ cells were first enriched using CD11c-coated microbeads 
and then stained with either anti-CD103, anti-CD8α, and anti-CD11c Abs 
or with anti-CD11c, anti-IA/IE (MHC-II), and anti-CD103 Abs. DC subsets 
were subsequently sorted on a FACSAria system (BD). The purity of DC 
subsets was routinely greater than 99%. Serial numbers of each DC subset 
were cultured with 2 × 105 CD8+ T cells isolated from B6 mice at day 5 
after DNFB immunization. After 3 days of culture, presentation of DNP 
peptides by sorted DC subsets was revealed by measuring the proliferation 
of CD8+ T cells by thymidine uptake.

In vivo depletion experiments. To deplete CD207+ DCs or LCs, 1 μg of DT 
(List Biological Laboratories) was injected i.p. in Lang-DTR mice at day 
–3 or –15, respectively. DEREG mice were depleted of CD4+Foxp3+ Tregs 
(8) by i.p. injection of 1 μg DT at days –2 or –1 with respect to day 0  
of LC transfer.

Isolation of skin cells and LC transfer experiments. Mouse ears were split into 
halves and incubated for 2 hours in PBS containing dispase II (Roche Diag-
nostics). Small pieces of separated epidermal and dermal sheets were incu-
bated with collagenase IV (Worthington) and DNase I (Roche) to obtain 
homogeneous cell suspensions. For enrichment of LCs, epidermal cell sus-
pensions were overlaid on an OptiPrep (Axis-Shield) gradient consisting 
of 15% and 11.5% iodixanol, according to the manufacturer’s instructions. 
After 20 minutes of centrifugation, the low-density fraction was collected 
on top of 11.5% iodixanol and contained 70%–90% LCs. For some experi-
ments, the high-density fraction was also collected at the interface between 
11.5% and 15% iodixanol and contained 30%–50% DETCs. From 2 to 5 × 104  
enriched LCs or DETCs isolated from ears 4 hours after painting with 1% 
DNTB (16 μl per ear side) were transferred s.c. into the abdominal region 
of naive B6 mice. Six days later, recipient mice were immunized by s.c. injec-
tion in the same area of 105 DCs that were generated by culture of BM pro-
genitors with GM-CSF (BMDCs) and pulsed in vitro with DNBS (1.6 mM),  
as previously described (5).
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Statistics. The Mann-Whitney nonparametric test was used for experi-
ments involving only 2 groups. To compare 3 or more experimental groups, 
we used the nonparametric Kruskal-Wallis test with Dunn’s multiple com-
parison test to generate P values for selected pairwise comparisons. Graph-
Pad Prism 4.0 software was used for statistical analysis. Data are shown as 
mean ± SD. P < 0.05 was considered significant.

Study approval. All mouse studies were conducted with the approval of 
and in accordance with the guidelines for animal experiments of the local 
ethics committee (CECCAPP Lyon, registered by the French National Eth-
ics Committee of Animal Experimentation [CNREEA] under no. 15).

Acknowledgments
The authors are grateful to Rémi Doucet Ladevèze, Marion Salou, 
and Marie Gouanvic for expert technical assistance. We acknowl-
edge the contribution of several platforms of SFR Biosciences Ger-

land-Lyon Sud (UMS344/US8): the PBES for breeding and main-
taining mouse strains and the flow cytometry facility (Chantal 
Bella, Sébastien Dussurgey, and Thibault Andrieu) for cell sorting. 
This project was supported by Programme National de Recherche 
en Dermatologie and Inserm. Mercedes Gomez de Agüero has ben-
efitted from fellowships from the Fondation pour la Recherche 
Médicale and from the Leonardo Da Vinci Program.

Received for publication June 28, 2011, and accepted in revised 
form February 15, 2012.

Address correspondence to: Bertrand Dubois, INSERM U 851, 
21 Avenue Tony Garnier, 69365 LYON CX 07, France. Phone: 
33.437.282.456; Fax: 33.437.282.391; E-mail: bertrand.dubois@
inserm.fr.

 1. Kadyk DL, Hall S, Belsito DV. Quality of life of patients 
with allergic contact dermatitis: an exploratory 
analysis by gender, ethnicity, age, and occupation.  
Dermatitis. 2004;15(3):117–124.

 2. Saint-Mezard P, et al. Allergic contact dermatitis. 
Eur J Dermatol. 2004;14(5):284–295.

 3. Kehren J, et al. Cytotoxicity is mandatory for 
CD8(+) T cell-mediated contact hypersensitivity.  
J Exp Med. 1999;189(5):779–786.

 4. Akiba H, et al. Skin inflammation during contact 
hypersensitivity is mediated by early recruitment 
of CD8+ T cytotoxic 1 cells inducing keratinocyte 
apoptosis. J Immunol. 2002;168(6):3079–3087.

 5. Dubois B, Chapat L, Goubier A, Papiernik M, Nico-
las JF, Kaiserlian D. Innate CD4+CD25+ regulatory 
T cells are required for oral tolerance and inhibi-
tion of CD8+ T cells mediating skin inflammation. 
Blood. 2003;102(9):3295–3301.

 6. Kish DD, Gorbachev AV, Fairchild RL. CD8+ T cells 
produce IL-2, which is required for CD(4+)CD25+ 
T cell regulation of effector CD8+ T cell develop-
ment for contact hypersensitivity responses. J Leu-
koc Biol. 2005;78(3):725–735.

 7. Vocanson M, et al. Inducible costimulator (ICOS) 
is a marker for highly suppressive antigen–spe-
cific T cells sharing features of TH17/TH1 and 
regulatory T cells. J Allergy Clin Immunol. 2010; 
126(2):280–289.

 8. Lahl K, et al. Selective depletion of Foxp3+ regula-
tory T cells induces a scurfy-like disease. J Exp Med. 
2007;204(1):57–63.

 9. McLachlan JB, Catron DM, Moon JJ, Jenkins 
MK. Dendritic cell antigen presentation drives 
simultaneous cytokine production by effector 
and regulatory T cells in inflamed skin. Immunity. 
2009;30(2):277–288.

 10. Ring S, Schafer SC, Mahnke K, Lehr HA, Enk AH. 
CD4+ CD25+ regulatory T cells suppress contact 
hypersensitivity reactions by blocking influx of 
effector T cells into inflamed tissue. Eur J Immunol. 
2006;36(11):2981–2992.

 11. Vocanson M, et al. Skin exposure to weak and mod-
erate contact allergens induces IFNgamma produc-
tion by lymph node cells of CD4+ T-cell-depleted 
mice. J Invest Dermatol. 2009;129(5):1185–1191.

 12. Cavani A, Nasorri F, Ottaviani C, Sebastiani S, De 
Pita O, Girolomoni G. Human CD25+ regulatory 
T cells maintain immune tolerance to nickel in 
healthy, nonallergic individuals. J Immunol. 2003; 
171(11):5760–5768.

 13. Merad M, et al. Langerhans cells renew in the skin 
throughout life under steady-state conditions. Nat 
Immunol. 2002;3(12):1135–1141.

 14. Bursch LS, et al. Identification of a novel popula-
tion of Langerin+ dendritic cells. J Exp Med. 2007; 
204(13):3147–3156.

 15. Poulin LF, Henri S, de Bovis B, Devilard E, Kis-
senpfennig A, Malissen B. The dermis contains 

langerin+ dendritic cells that develop and function 
independently of epidermal Langerhans cells. J Exp 
Med. 2007;204(13):3119–3131.

 16. Ginhoux F, et al. Blood-derived dermal langerin+ 
dendritic cells survey the skin in the steady state.  
J Exp Med. 2007;204(13):3133–3146.

 17. Henri S, et al. CD207+ CD103+ dermal dendritic 
cells cross-present keratinocyte-derived antigens 
irrespective of the presence of Langerhans cells.  
J Exp Med. 2010;207(1):189–206.

 18. Fukunaga A, Khaskhely NM, Sreevidya CS, 
Byrne SN, Ullrich SE. Dermal dendritic cells, and 
not Langerhans cells, play an essential role in 
inducing an immune response. J Immunol. 2008; 
180(5):3057–3064.

 19. Kissenpfennig A, et al. Dynamics and function of 
Langerhans cells in vivo: dermal dendritic cells 
colonize lymph node areas distinct from slower 
migrating Langerhans cells. Immunity. 2005; 
22(5):643–654.

 20. Honda T, et al. Compensatory role of Langer-
hans cells and langerin-positive dermal den-
dritic cells in the sensitization phase of murine 
contact hypersensitivity. J Allergy Clin Immunol. 
2010;125(5):1154–1156.e2.

 21. Le Borgne M, et al. Dendritic cells rapidly recruited 
into epithelial tissues via CCR6/CCL20 are respon-
sible for CD8+ T cell crosspriming in vivo. Immunity.  
2006;24(2):191–201.

 22. Mayerova D, Parke EA, Bursch LS, Odumade OA, 
Hogquist KA. Langerhans cells activate naive self-
antigen-specific CD8 T cells in the steady state. 
Immunity. 2004;21(3):391–400.

 23. Waithman J, et al. Skin-derived dendritic cells can 
mediate deletional tolerance of class I-restricted self-
reactive T cells. J Immunol. 2007;179(7):4535–4541.

 24. Kautz-Neu K, et al. Langerhans cells are negative 
regulators of the anti-Leishmania response. J Exp 
Med. 2011;208(5):885–891.

 25. Fukunaga A, et al. Langerhans cells serve as immu-
noregulatory cells by activating NKT cells. J Immunol.  
2010;185(8):4633–4640.

 26. Yoshiki R, et al. The mandatory role of IL-10-produc-
ing and OX40 ligand-expressing mature Langerhans 
cells in local UVB-induced immunosuppression.  
J Immunol. 2010;184(10):5670–5677.

 27. Igyarto BZ, et al. Langerhans cells suppress contact 
hypersensitivity responses via cognate CD4 interac-
tion and Langerhans cell-derived IL-10. J Immunol. 
2009;183(8):5085–5093.

 28. Eisen HN, Belmam S. Studies of hypersensitivity 
to low molecular weight substances. II. Reactions 
of some allergenic substituted dinitrobenzenes 
with cysteine or cystine of skin proteins. J Exp Med. 
1953;98(6):533–549.

 29. Iijima M, Katz SI. Specific immunologic toler-
ance to dinitrofluorobenzene following topical 
application of dinitrothiocyanobenzene: modula-

tion by suppressor T cells. J Invest Dermatol. 1983; 
81(4):325–330.

 30. Watanabe H, et al. Danger signaling through the 
inflammasome acts as a master switch between 
tolerance and sensitization. J Immunol. 2008; 
180(9):5826–5832.

 31. Dearman RJ, Cumberbatch M, Hilton J, Fielding I, 
Basketter DA, Kimber I. A re-appraisal of the skin-
sensitizing activity of 2,4-dinitrothiocyanobenzene. 
Food Chem Toxicol. 1997;35(2):261–269.

 32. Allam JP, et al. Comparative analysis of nasal and oral 
mucosa dendritic cells. Allergy. 2006;61(2):166–172.

 33. Hayday A, Tigelaar R. Immunoregulation in the tis-
sues by gammadelta T cells. Nat Rev Immunol. 2003; 
3(3):233–242.

 34. Bour H, et al. Major histocompatibility complex 
class I-restricted CD8+ T cells and class II-restrict-
ed CD4+ T cells, respectively, mediate and regulate 
contact sensitivity to dinitrofluorobenzene. Eur J 
Immunol. 1995;25(11):3006–3010.

 35. Goubier A, et al. Plasmacytoid dendritic cells medi-
ate oral tolerance. Immunity. 2008;29(3):464–475.

 36. Weinlich G, et al. Entry into afferent lymphat-
ics and maturation in situ of migrating murine 
cutaneous dendritic cells. J Invest Dermatol. 1998; 
110(4):441–448.

 37. Allan RS, et al. Migratory dendritic cells transfer 
antigen to a lymph node-resident dendritic cell pop-
ulation for efficient CTL priming. Immunity. 2006; 
25(1):153–162.

 38. Shklovskaya E, Roediger B, Fazekas de St Groth B. 
Epidermal and dermal dendritic cells display dif-
ferential activation and migratory behavior while 
sharing the ability to stimulate CD4+ T cell prolif-
eration in vivo. J Immunol. 2008;181(1):418–430.

 39. Bennett CL, et al. Inducible ablation of mouse Lang-
erhans cells diminishes but fails to abrogate contact 
hypersensitivity. J Cell Biol. 2005;169(4):569–576.

 40. Bobr A, Olvera-Gomez I, Igyarto BZ, Haley KM, 
Hogquist KA, Kaplan DH. Acute ablation of Lang-
erhans cells enhances skin immune responses.  
J Immunol. 2010;185(8):4724–4728.

 41. Rocha B, Tanchot C, Von Boehmer H. Clonal anergy 
blocks in vivo growth of mature T cells and can be 
reversed in the absence of antigen. J Exp Med. 1993; 
177(5):1517–1521.

 42. Bedoui S, et al. Cross-presentation of viral and self 
antigens by skin-derived CD103+ dendritic cells. 
Nat Immunol. 2009;10(5):488–495.

 43. von Bonin A, Ortmann B, Martin S, Weltzien HU. 
Peptide-conjugated hapten groups are the major 
antigenic determinants for trinitrophenyl-specific 
cytotoxic T cells. Int Immunol. 1992;4(8):869–874.

 44. Bauer B, et al. Modification and expulsion of 
keratins by human epidermal keratinocytes upon 
hapten exposure in vitro. Chem Res Toxicol. 2011; 
24(5):737–743.

 45. Azukizawa H, et al. Steady state migratory RelB+ 



research article

	 The	Journal	of	Clinical	Investigation   http://www.jci.org   Volume 122   Number 5   May 2012 1711

langerin+ dermal dendritic cells mediate periph-
eral induction of antigen-specific CD4+ CD25+ 
Foxp3+ regulatory T cells. Eur J Immunol. 2011; 
41(5):1420–1434.

 46. Guilliams M, et al. Skin-draining lymph nodes 
contain dermis-derived CD103(–) dendritic cells 
that constitutively produce retinoic acid and 
induce Foxp3(+) regulatory T cells. Blood. 2010; 
115(10):1958–1968.

 47. Akbari O, et al. Antigen-specific regulatory T cells 
develop via the ICOS-ICOS-ligand pathway and 
inhibit allergen-induced airway hyperreactivity. 
Nat Med. 2002;8(9):1024–1032.

 48. Dubois B, Joubert G, Gomez de Agüero M, 

Gouanvic M, Goubier A, Kaiserlian D. Sequential 
role of plasmacytoid dendritic cells and regula-
tory T cells in oral tolerance. Gastroenterology. 2009; 
137(3):1019–1028.

 49. von Bubnoff D, et al. Human epidermal Langerhans 
cells express the immunoregulatory enzyme indole-
amine 2,3-dioxygenase. J Invest Dermatol. 2004; 
123(2):298–304.

 50. Cumberbatch M, Singh M, Dearman RJ, Young 
HS, Kimber I, Griffiths CE. Impaired Langer-
hans cell migration in psoriasis. J Exp Med. 2006; 
203(4):953–960.

 51. Kwiek B, Peng WM, Allam JP, Langner A, Bieber T, 
Novak N. Tacrolimus and TGF-beta act synergisti-

cally on the generation of Langerhans cells. J Allergy 
Clin Immunol. 2008;122(1):126–132.

 52. Stary G, et al. Glucocorticosteroids modify Langer-
hans cells to produce TGF-beta and expand regula-
tory T cells. J Immunol. 2010;186(1):103–112.

 53. Moingeon P, Batard T, Fadel R, Frati F, Sieber J, 
Van Overtvelt L. Immune mechanisms of allergen-
specific sublingual immunotherapy. Allergy. 2006; 
61(2):151–165.

 54. Dioszeghy V, et al. Epicutaneous immunotherapy 
results in rapid allergen uptake by dendritic cells 
through intact skin and downregulates the allergen-
specific response in sensitized mice. J Immunol. 2011; 
186(10):5629–5637.


