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Abstract
Background

Exposure to allergens like house dust mite (HDMj the skin often precedes allergic
inflammation in the lung. It was proposed that Hehsitization via the skin occurs when
skin barrier function is disrupted for example ngtic predisposition, mechanical damage
or enzymatic activity of allergens.

Objective
To study how HDM applied to unmanipulated skin &d Th2 sensitization and to study
which antigen presenting cells mediate this process

Methods

HDM was applied epicutaneously by painting HDM amrmanipulated ear skin, or under an
occlusive tape. HDM challenge was via the nose. 9dostrains lacking different dendritic
cell (DC) populations were used, and 1-DER T ce#la'ying a transgenic TCR reactive to
Der p 1 allergen used as readout for antigen ptatem. The Th2-inducing capacity of sorted
skin-derived DC subsets was determined by adoptresfer to naive mice.

Results

Epicutaneous HDM application led to Th2 sensit@atind eosinophilic airway inflammation

upon intranasal HDM challenge. Skin sensitizatioth dot require prior skin damage or
enzymatic activity within HDM extract, yet was fhigited by applying the allergen under an
occlusive tape. Primary proliferation of 1-DER Tllgeoccurred only in the regional skin

draining lymph nodes. Epicutaneous sensitizatioa feand to be driven by two variants of
IRF4-dependent dermal conventional dendritic celd@2) subsets, and not by epidermal
Langerhans cells.

,Conclusion
These findings identify skin cDC2 as crucial playar Th2 sensitization to common inhaled
allergens that enter the body through the skin,camdprovoke features of allergic asthma.

Key messages
« Epicutaneous sensitization to mite allergen caruotorough an intact skin, yet is
facilitated by an occlusive tape
« Epicutaneous sensitization to mite allergen doésetuire the enzymatic activity of
the allergen
« Epicutaneous sensitization to mite allergen isadritay 2 variants of IRF4-dependent
dendritic cells, and not by Langerhans cells

Capsulesummary

Our findings identify skin IRF4-dependent cDC2 arad Langerhans cells as crucial players
in Th2 sensitization to HDM. How alterations in rskixpressed proteins or cytokines in
patients at risk for developing asthma could imexfwith this basic mechanism of DC-driven
type 2 immunity will need to be addressed.
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88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114

115

I ntroduction

Although most clinically relevant allergens likeuse dust mite (HDM) fecal pellets, pollen,
animal dander and fungal spores are aeroallerpamsie easily inhaled, the precise route by
which individuals mount an adaptive immune respdoshiem has been poorly defined. It is
well known that airborne particles can trigger anmune response in the respiratory
epithelium that leads to systemic sensitizdffonlt is however equally possible that
aeroallergens enter the body via other routes. e dust mite Dermatophagoides
pteronyssinus feeds on human skin, HDM allergens are abundamhattress covers and
blankets and could be recognized by the structamdl immune cells of the skin barfiet
The idea that sensitization can occur via the gkialso supported by the fact that children
who later develop allergic asthma or rhinitis oftexd eczema in the first year of fifét has
been hypothesized that some children might havetansically altered skin barrier integrity,
which could lead to increased penetration of allesyto the cells of the immune system.
These children indeed show single nucleotide pohpmiems (SNPs) in genes encoding for
skin barrier proteins, like filaggrii. However, these SNPs are only present in 20% of
asthmatic patients’*? suggesting that other mechanisms might be reggentor Th2
sensitization through the skin. Intrinsic barriefetts in the skin are not a prerequisite for
allergy development via that route. Many allerggresuding the HDM allergens Der p 1 and
Der p 9 are proteolytic enzymes that have the dgpém cleave tight junctions that are
abundantly present in skin and mucosal barrierd,thus get access to immune cells across
intact skin. Other risk allele SNPs that are asgedi with allergy and asthma are found in
genes encoding regulators of the process of antigesentation (e.g. certain major
histocompatibility complex (MHC) haplotypes), patterecognition receptors, as well as
multiple cytokine (receptor) genes involved in tiiate and adaptive immune system.
Indeed, allergic sensitization occurs when allesgare recognized by pattern recognition
receptors on antigen-presenting dendritic cells Dthat degrade the antigen into small
peptides for presentation on MHC molecules to theell receptor” # '3 In the lungs and

nose, it has been shown that subsets of conveh{iofizCs, especially those expressing the
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integrin CD11b and SIRPOOOOOOOOO0 OO0, and now referred to as c¢DC2, are
crucial for the recognition of aeroallergens andsigbsequent development of Th2 immunity
to allergens like HDM, and development of asthmaakergic rhinitis™ % ***2 Other DC

subsets of the lung (cDC1s expressing XCR1 andntegrin CD103 or plasmacytoid DCs)

induce tolerance to inhaled allergéh§’

If the skin is a portal for allergic sensitizatitimough an intact skin barrier, then DCs are
likely to play an equally important role. Also the skin, different subsets of DCs with
different anatomical localizations and functionssdvdeen describ8®. Langerhans cells
(expressing CD11c, langerin (a.k.a CD207), and QD Hre located in the epidermis and
were considered for a long time as the main antfgesenting cells (APCSs) in the skin. In the
dermis, studies have reported the presence ofaes®€ populations like cDC1s and cDC2s
which respectively rely on the transcription fasttRF8 and IRF4 for their development and
function % % During inflammation, monocyte-derived DCs (exgieg CD11b and
intermediate levels of the macrophage markers Cay@étMERTK) also get recruited to the
skin ¥, IRF4-dependent cDC2s were recently reported trebTh2 responses in the sih

% and this property was mostly restricted to Klgdndent MglZCD115CD24 “double
negative” (DN) cDC2¥. However, in most studies using sensitizationtki@ skin, the pro-
Th2 antigens (papain, alum, ovalbumin) have begtted through the skin or applied to the
skin after tape stripping, causing either a ditwetach of skin barrier integrity or irritation of
the barrier by the process of tape strippiny ®’ and no study has studied the role of DC
subsets in the process of epicutaneous allerggitsgtion.

In this paper, we have addressed whether Th2 intsnumbuld occur in response to an
aqueous extract of the ubiquitous environmentargdn HDM, when applied epicutaneously
on intact mouse ear skin. We demonstrate cleas §systemic Th2 sensitization that lead
to allergic airway inflammation following airwaylatgen challenge. We found that HDM
sensitization via this route did not require skirker disruption by tape stripping or the

proteolytic activity of HDM, yet was facilitated gpplying the allergen under an occlusive
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tape that caused mild barrier impairment. Epicetas sensitization was mediated by two
subsets of IRF4-expressing dermal cDC2s, whereagdrhans cells were not required.
These findings identify skin cDC2 as crucial playar Th2 sensitization to common inhaled
allergens that enter the body through an intaah skid can provoke features of allergic

asthma.
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M ethods

Mice

C57BI/6 were obtained from Harlan or generatedande and were maintained in the animal
facility of the Inflammation Research Center (IR&) Ghent under specific-pathogen free
conditions.Langerin-DTR transgenic mice were obtained from Dr. Berrdaldissen (Centre
d’Immunologie de Marseille-Luminy, Frané®)Irf4"" mice were obtained from Dr. William
Agace (University of Lund, Swedefl) 1-DER TCR transgenic mice in which CD4 T cells
react to an immunodominant epitope in Der p 1 Hzsen described in det&il Experiments
were approved by the animal ethical committees hef University of Ghent and the

Inflammation Research Center.

Flow cytometry

To determine the cellular composition of BAL flujd=lls were stained with moAbs directed
against MHCII (M5/114.15.2), CD11lc (N418), CD19 @Dand CD3 (145-2C11)
(eBioscience), Siglec F (E50-2440), Ly-6G (1A8) (BBor detection and phenotyping of DC
subsets in cell suspensions of skin, or skin dngifiN, cells were stained with MHCII
(M5/114;Biolegend), CD11c (N418), CD103 (2E7), C[i315-2C11), CD19 (1D3), F4/80
(BM8), CD172a (P84) (eBioscience), XCR1 (ZET, Bgded), CD11lb (M1/70), CD24
(M1/69), CD64 (X54-5/7.1), CD26 (H194-112) and SARD). For intracellular IRF4, IRF8
or CD207 staining, cells were fixed using a fixaffgermeabilization kit (eBioscience) before
they were stained with labeled CD207 (929F3.01,dpiéns) and/or IRF8 (C19, eBioscience)
or unlabeled IRF4 (M17, Santa Cruz Biotechnologen, unlabeled IRF4 was bound to
labeled donkey anti-goat Ab (Invitrogen). To checkity and proliferation of CD4'1der’ T-
cells following Ab were used: CD4 (RM4-5), CD3 (12\ CD44 (IM7) (eBioscience),
CD45.1 (A20), CD45.2 (104), TCRp4 (KT4) and CD69 (H1,2F3) (BD). Dead cells were
always excluded from the analysis by using fixablbility dye eFluor506 or eFluor780
(eBioscience). Acquisition of multi-color samplesasvdone on a LSR Fortessa flow
cytometer (BD Bioscience). Final analysis and giegdloutput were performed using FlowJo

software (Tree Star Inc.).

HDM labding and uptake by dendritic cell subsets

HDM extract (Greer Laboratories; Derpl content: .B2{ug/vial; Endotoxin content: 1397
EUl/vial; Protein content: 5.59 mg/vial) was labelith AF647 succinimidyl ester (Life
Technologies) by the protein service facility (P$m the IRC of Ghent. 100 pg HDM
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were applied on the ear skin and analysis of uptede performed in the skin or in SCLN

using flow cytometry at different time points.

Epicutaneous sensitization and development of aller gic airway inflammation

Sensitization was induced on day O by applying 40§ HDM in 20 pl PBS
(Dermatophagoides pteronyssinus extracts, Greer Laboratories) on the dorsal eisr @kon
the shaved flank, which was then covered with a 5mfBmm gauze under an acrylic
adhesive waterproof film (Leukoflex). The tape wgtly removed using scissors taking
care to avoid skin stripping or abrasion. To irelatlergic airway inflammation, mice were
challenged intranasally (i.n) with @) HDM on days 7-11. On day 14, serum, BAL and
mediastinal lymph nodes were collected and analyzed

In experiments where Langerin-DTR mice were usete t@nimals were injected
intraperitoneally with 500 ng diphtheria toxin ohet day before HDM epicutaneous

sensitization.

Collection of serum, BAL, MLN cells.

Blood was collected from the iliac vein for seruregaration. Bronchoalveolar lavage (BAL)
was obtained by injecting 3 x 1 ml of PBS contagnEDTA in the canulated trachea. MLN
cells (2*10 cells/ml) were restimulated for 3 dagsvivo with 15ug/mL HDM extracts in 96
round-bottomed plates. Cytokine production was rddteed in supernatants by specific
ELISA (eBioscience).

I mmunofluorescence staining of lung tissue sections

70m-thick lung slices were incubated with rat ang#&c F (BD Bioscience) or with mouse
anti-Muc5ac antibodies (Abcam). For Muc5ac stainsigles were treated with the Mouse on
Mouse staining kit according to the manufactur@r&ructions. Slides were then incubated
with Cy3-labeled secondary antibodies and nucleiewsunterstained with DAPI before
analysis on a LSM710 microscope (Zeiss) equippe&t witunable 2-photon Mai Tai and a

561 nm laser. Analysis of the acquired images vee® dising Imaris software (Bitplane).

Lymph nodes and skin preparationsfor dendritic cell sorting

Lymph nodes were manually cut in small pieces &iedd were enzymatically digested with
20 pg/mL Liberas® research grade and 10 U DNase (both from RochBPill medium
for 30" at 37°C. Skin samples were incubated agtnat 4°C with 200 pg/mL Dispase I
(from Bacillus polymerase grade 2, Roche) to facilitate manual cutting and isolatidrcells.
Small skin pieces were further digested with 1,5migCollagenase Type 4 (Worthington)
and 10 U DNase (Roche) in RPMI medium buffered witdpes and supplemented with 2%



220 Fetal Calf Serum (FCS). The suspension was eache30spended and provided with fresh
221 digestion buffer for a total of 90 minutes at 37°8fter digestion, debris and dead cells were
222 removed using a density gradient (Percoll).

223

224  CFSE labeling of HDM-specific T cells

225 LNs and spleen from CD45.1 congenic ‘1-DER’ micgevisolated and homogenized in PBS
226  through a 70 uM cell strainer (Falcon). After rédda cell lysis, CD2 T-cells were purified
227  using the MagniSolY Mouse CD4 T-cell enrichment kit according to thamafacturer’s
228 protocol. The purity of the cells was assessedidy tytometry and was higher than 98%.
229 Isolated CD2 T-cells were incubated for 7 minutes at 37°C véithhM CellTracé" CFSE
230 (ThermoFisher Scientific) in FCS-free medium. Cellsre washed with RPMI containing
231 10% FCS.

232 In coculture experiments, 1-DER T cells were plaegtt sorted DC subsets for 3 days at a
233 ratio of 5:1.

234

235 Dendriticcell and 1-DER T cell adoptive transfer

236 In experiments where DCs were transferred, naivéB6 mice were applied PBS or HDM
237 epicutaneously. Thirty-six hours later, SCLN wemdlected and cell suspensions were
238 prepared. Cells were stained for the presence ftdreint DC subsets. After washing, the
239 different DC subsets were sorted on an Aria lll {BOwenty thousand cells were injected
240 intradermally into naive recipient mice on day n @ays 7-11, mice were challenged
241 intranasally with 10g HDM. On day 14, BAL and lung-draining mediastitahph nodes
242  were collected and analyzed for the presence ahepisils and Th2 cytokine production,
243  respectively.

244  In 1-DER adoptive transfer experiments, 3 millioD4 CFSE-labeled 1-DER T cells were
245 injected into mice via the tail vein. T cell preifition was assessed 4 and 7 days later by flow
246  cytometry.

247

248 HDM-specific ELISA

249 96 well plates were coated with 100 pg/mL HDM estseovernight at 4°C. After washing,
250 serum was incubated on the plates for 3h. Biotupted anti-IgE detection antibodies and
251 avidin-HRP reagent were then added for 1h. TMB sates was added after extensive
252 washing and chemiluminescence was determined bgtreplotometry (absorbance at 450
253 nm).

254

255 Transepidermal water loss (TEWL) measur ement



256
257
258
259
260
261
262
263

264

265

The belly of the mice was shaved in the morning] arice were applied an occlusive tape
(Leukoflex) on the shaved area in the evening. Asrdrol, some mice did not receive a tape.
One group of shaved mice were tape stripped 10stimefore TEWL measurement. One day

later, TEWL was measured with a Tewameter® TM308uf@ge + Khazaka electronic).
Statistics

For all experiments, the difference between 2 gsoups calculated with the Mann-Whitney

U test for unpaired data. Differences were considisignificant when p < 0.05)(
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Results

Epicutaneous sensitization to HDM does not require skin damage

In several models of epicutaneous sensitizatiotigems are applied on the skin after
disruption of the stratum corneum using differemtchianical methods like tape strippihd"
“2 or after applying irritating depilatory creafis To be able to study epicutaneous
sensitization to the relevant HDM allergen whilenimially altering skin barrier, we applied
HDM extract to the backside of a mouse ear on alestgauze under an occlusive flexible
dressing tape (Leukoflex) devoid of latex extraci&le gently removed the tape after 16h
taking care not to not disturb epithelial cell origy, by cutting away, rather than stripping
the tape off. For comparison, we also includedaugmnwhere we applied the allergen under a
similar occlusive tape on shaved flank skin. Alicenwere then challenged with HDM
intranasally (i.n) 7 days later for 5 days, and degree of airway eosinophilic inflammation
was read out 3 days after the last challenge (fp#re-1A for experimental setup). After
challenge, all mice sensitized epicutaneously wbM on the ears (HDM/HDM group)
developed airway eosinophilia (Figure 1B), had HBpkcific IgE in the serum (Figure 1C),
and showed strong IL-5 and IL-13 production wherdiastinal lymph node cells (MLN)
were restimulatedx vivo with HDM (Figure 1D), compared to mice applied wiPBS
epicutaneously (PBS/HDM group). However, when HDIsvapplied on shaved flank skin,
the severity of all features of allergic inflamnaatiwas significantly higher than in mice in
which the allergen was applied on the ears (FidiBeD). We also characterized lung
changes more carefully. There was increased pechial and perivascular infiltration of
SiglecF eosinophils in the HDM/HDM group, compared witke tRBS/HDM group (Figure
1E). Moreover, mice in the HDM/HDM group showed rg@sed staining intensity for
Mucb5ac, a gel forming protein present in mucustnihe airways particularly when there is
goblet cell metaplasia (GCM), compared to cont®6RHDM mice (Figure 1E). These data
indicate that allergens applied epicutaneously ba skin can induce systemic Th2
sensitization to allergen and cause features efgil airway inflammation upon repeated
exposure to the lung when the same allergen isssulestly inhaled.

Although we took great care in avoiding manual ieardisruption by cutting away, rather
than stripping off the occlusive tape after 16h, stdl wanted to study the impact of the
occlusive dressing in our model. A good measureepidermal barrier function is
measurement of transepidermal water loss (TEWL)okttnately, due to the size of the
probe, we could not measure this on mouse ear 3kia therefore measured the effect of the
occlusive tape removal on shaved back skin. Fanpesison, we also performed tape
stripping by manually stripping off adhesive tafietimes prior to TEWL measurement. As

shown in Figure 1F, overnight application of ocolaestape, followed by our gentle removal

11
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procedure did modify the skin barrier integrity,rafiected by the increased TEWL compared
with mice that did not get a tape applied. Howetlee, degree of barrier defect induced was
much smaller compared with the tape stripping ptaoe commonly used in allergen skin
application models. This increased TEWL inducedHhsyocclusive tape was associated with
a very mild inflammatory response in the skin, sseased by the recruitment of innate cells
Ly-6G™ neutrophils and MHCH CD11¢ dendritic cells (DCs) to the draining node 24 lsour
after the tape application (Figure 1G). Whethersgzation can still be achieved by the
application of allergens on an intact and unmamigal skin, or whether it always requires
some degree of inflammation in the skin is stilbaed’. To address the impact of the
occlusive tape on the strength of Th2 responsétbigl, we applied an occlusive tape on the
ears overnight. As a control for the tape effeatme mice did not receive a tape application.
The next day, the occlusive tape was removed. Aderwvere then anaesthetized and 100 pg
HDM extract, or PBS as a control, was applied fdrolr by painting the HDM solution on
the ear skin. After i.n HDM challenges, even mieeasstized epicutaneously to HDM in the
absence of prior tape application (No tape-HDM 1t) @leveloped airway eosinophilia
(Figure 1H). However, removal of the overnight tqpst prior to HDM sensitization (Tape
ON-HDM 1h e.c) further increased the strength &f thodel, as reflected by the increased
BAL fluid eosinophilia (Figure 1H). The group of o& where the tape was removed prior to
HDM (Tape ON-HDM 1h e.c) in fact showed similaransity of inflammation as a group of
mice in which the HDM was applied under the tapernight(HDM under tape ON; Figure
1H). These data point to the fact that Th2 semgitim to HDM can be achieved even through
an intact unmanipulated ear skin, but that semgitin is further enhanced if an occlusive tape

is used.

Epicutaneous sensitization to HDM does not requir e proteolytic activity of HDM

We next wanted to understand how Th2 sensitizabdADM could be achieved through the
skin barrier, and investigated whether the disauptof tight junctions by proteolytically
active allergens contained in our HDM extractsg(liRer p 1) could be involved in this
process. For this, mice were sensitized e.c eitligr HDM or with heat-inactivated HDM
under an occlusive dressing tape on mouse earswara challenged with HDM i.n. We
verified that heat inactivation of HDM for 45 mim 85 °C inactivated the proteolytic activity
of HDM (data not shown). Epicutaneous sensitizatioth HDM or with heat-inactivated
HDM (HI-HDM) induced similar numbers of BAL eosinojis and lymphocytes (Figure 11),
and of cytokine production by MLN cells restimuldtex vivo with HDM (Figure 1J),
indicating that the proteolytic activity of HDM wamt required to induce epicutaneous Th2
sensitization. Similar data were obtained wherused the highly selective cysteine protease

inhibitor E64 Figurel-J), in which case HDM sensitization was also intact.

12
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T cell activation after epicutaneous sensitization occursin skin-draining lymph node

We next wanted to study where sensitization to H@ddurred when applied on the skin. For
this, we made use of the recently generated ‘1-DEWRe, which express an MHCII-
restricted TCR specific for a Der pskspeptide (peptide sequence SCWAFSGVAATES), a
major allergen of HDM. To test the importance ofgse versus dual TCR reactivity, these
mice were generated on Rag” C57BI/6 background and a C57BI/6 background,
respectively. Four days after e.c HDM applicatipmliferation of WT CD4 ‘1-DER’ T-cells
only occurred in the superficial cervical lymph Bo(ECLN) that drain the ear skin on the
side of allergen application (Figure 2A-C). No paim T cell divisions were detectable in the
contralateral SCLN, or in other non-draining lympides like the inguinal lymph node (ILN;
Figure 2B-C) or spleen (Figure 2A). A low percertayf divided 1-DER T cells could be
recovered from the spleen, but these had a €EBE4" phenotype, suggesting they were
recirculating T cells (Figure 2A). WheRag” 1-DER T cells were injected into mice exposed
to HDM e.c, these cells showed higher proliferatiom activation capacities in the draining
SCLN 4 days after HDM application (Figures 2E-RnMANT 1-DER T cells (Figures 2B-C).
The number oRag” CFSE°CD44" recirculating T cells was significantly increasiedthe
ILN of mice exposed to HDM compared to PBS appéeinals (Figure 2F).

Four and 7 days after HDM e.c. application, eailinilng SCLN cells were obtained from
mice that had received WT 1-DER T cells and westimailated with HDM for 3 daysx
vivo (Figure 2D). The supernatants contained high ansowftIFNy, IL-10 and IL-13
cytokines when cells were derived from mice injdatéth WT 1-DER T cells and exposed to
HDM e.c for 4 days (Figure 2D). In mice exposedHDM for 7 days, IL-17 and IL-13
production were very high compared to mice expdasedBS (Figure 2D). Similar cytokine
profiles were observed in SCLN cells of mice ingetwithRag” 1-DER T cells (Figure 2G).
These data show that HDM e.c application inducesgyy T cell divisions only in the SCLN
draining the ear to which the allergen was applsdisequently leading to Th2 and Th17
cytokine production, as well as mild IFNhduction. Similar responses were observed with
WT 1-DER T cells bearing dual TCR reactivity aReg” 1-DER cells bearing single TCR
reactivity and lacking naturally-occurring Tregsdicating that the response induced by the
application of HDM extracts is specific for Der pThe proliferative response of 1-DER T
cells observed following HDM e.c application in Wiiice was absent when the allergen was
applied on the ears @cr7’” mice (Suppl. Figure 1), showing that the activatad HDM-
specific T cells requires a CCR7-dependent actigasport of the allergen by DCs to the

draining node.
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DCs capture epicutaneous HDM in the skin and transport it to the draining lymph
nodes

Priming of naive T cells is a function performeddgs after they have captured antigens in
the periphery and migrated to the nodes in a CC&pendent manner. The skin and skin-
draining LN contain five major DC subséfs®® *vhich share high expression of CD11c and
MHCII, but can be discriminated based on the serfagpression of CD26, CD64, CD24,
CD207 (langerin), CD103, XCR1, CD172a and CD11kg aw intracellular expression of
lineage defining transcription factors IRF4 and 8Rfsee Figure 3 for detailed gating
processy. The function of skin DCs has mainly been studiitdr painting irritative haptens
to the skin, or injection of antigens subcutaneposlintradermally. Exposure of the ear skin
to e.c. HDM induced a rapid increase in the nunddddCs in SCLN. As early as 1 day after
allergen application, we observed an increase énntimber of CD1ThcDC2 and CD11b
CD24 double negative (DN) cDC2 in SCLN (Figure 4A). eThumber of DN cDC2 peaked
at day 2 post e.c HDM and returned to baseline dy 4] whereas the number of CD11b
cDC2 kept increasing until day 4 post e.c HDM agation. CD24 c¢DC1 and Langerhans
cells (LCs) were recruited to the SCLN only aftedd®/s post HDM e.c application. We did
not find any increase in the number of CD1MHCII® monocyte-derived cells (MCs or
moDCs) in the SCLN (Figure 4A). We next went onidentify the specific subsets of skin
DCs, which were able to transport e.c. applied HRDMBCLN. For this, ears were exposed to
fluorescently labelled (Alexa Fluor 647) HDM. Fduours after the application, fluorescent
HDM could be detected in CD149ccells of the skin (Figure 4B). The application of
fluorescent HDM did not induce any changes in thenlber of skin macrophages and DC
subsets at this time point compared to PBS appitdFigure 4C). The fluorescent allergen
was contained mostly in skin macrophages, in maeedgrived cells (MCs), Langerhans
cells (LCs) and CD1IbcDC2 (Figure 4D). Almost no DN ¢DC2 and cDC1 wésend to
carry HDM in the skin (Figure 4D). When SCLN wersb/sed 48h after e.c application, the
fluorescent HDM was detected mostly in very few @B1cells (Figure 4E). Contrary to the
skin, HDM e.c application induced a significantre@se in the number of all DC subsets
analysed compared to mice exposed to PBS (Figurd@SCLN, the fluorescent HDM was
mostly contained in cDC2 (CD11land DN subset) (Figure 4G). Strikingly, very fe@@l,
MCs and LCs were found to carry HDM in SCLN (Figdi@).

Epicutaneous sensitization to HDM isinduced by | RF4-dependent cDC2

Since several skin-derived DC subsets can captiemen applied on the skin and transport
it to the draining SCLN, we next wanted to know g¥hsubset would be responsible for Th2
sensitization to e.c HDM. To address the contrdoutdf MCs and LCs in this process, we
made use of Flt3L-deficient(t3l”) mice that still have LCs and MCs, but in which al
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subsets of cDCs are lacking (Figure 5A). As expbct®T mice exposed to HDM e.c and
challenged i.n with HDM developed BAL lymphocytosisd eosinophilia (Figure 5B). These
mice also showed a strong IL-5 and IL-13 productiop MLN cells after ex vivo
restimulation with HDM compared to mice sensitizeith PBS e.c (Figure 5C). BAL
eosinophilia was reduced by 50% and Th2 cytokinedpection was almost completely
abolished irFlt3l” mice sensitized and challenged with HDM compacedantrol WT mice
(Figure 5B-C), suggesting that cDCs are involved 2 sensitization to e.c. applied HDM.
However, LCs and MCs were sufficient to induce sategree of BAL eosinophilia. To test
the contribution of LCs and CD102DC1s, we made use of Langerin-DTRarfg-DTR)
mice lacking all Langerihcells (LCs and one subset of (CD1D8DC1s) after DT injection
(Figure 5D). To study the contribution of cDC2s, made use o€d11cCredrf4" mice that
lack both subsets of cDC2s in the skin draininggiinmodes due to a migration defect of
these cells (Figure 5G). When Lang-DTR mice irgdowvith DT were subjected to the e.c
sensitization protocol when both LCs and CD16BC1 were absent, they showed similar
degrees of airway eosinophilia than their WT corpads (Figures 5E-FBurprisingly, Th2
cytokine production by MLN cells was strongly inased compared to WT littermates.
Similar results were obtained if HDM was applied at a time when only LCs were absent
(Supplementary Figure 2), suggesting that LCs an@@103 cDC1s might play a role in
inducing T cell tolerance to e.c. applied allerggvhen CD11c-Cre'™ Irf4"™ mice were
exposed to the same protocol, they failed to devédatures of allergic airway inflammation
compared to the littermate controls (Figure 5H-IAltogether, these results suggest that
mainly ¢cDC2, and not LCs or LangefirCD103 cDC1, are necessary to induce Th2

sensitization to e.c. applied HDM.

IRF4-dependent skin-derived cDC2 are sufficient to induce allergic airway
inflammation to HDM

We next wanted to know which subsets of skin DCgewsufficient to induce Th2
sensitization to HDM. We first investigated whibi€ subsets would be able to stimulate the
proliferation of CD4 1-DER naive T cellex vivo. For this, different subsets of DCs (CD11b
cDC2s, DN c¢DC2s, CD10XDCl1s, and LCs) were sorted from SCLN 36 hoursr atc.
applied HDM or control PBS (Figure 6A), and werewtured for 3 days with CFSE-labelled
HDM-specific naive T-cells. As shown in Figure Gy HDM-exposed CD1ThcDC2s and
DN cDC2s induced the proliferation of 1-DER T-celhile CD103 cDC1s and LCs did not
(Figure 6B). The degree of proliferation induceddC2 was, however, very low compared
to the positive control where exogenous HDM waseddd the co-culture (Figure 6B). Since
cDC2 were the only subsets able to stimulate n@igells to proliferate, we wanted to know

whether they would be able to induce Th2 sensitimatvhen adoptively transferred into
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naive mice. Different DC subsets were sorted fr@@hl$ of mice exposed epicutaneously to
HDM or to control PBS, and were injected intraddiyn@.d.) in naive C57BI/6 mice on day
0. On days 7-11, mice were challenged i.n with HD®hly mice injected with HDM-
exposed CD11bcDC2s or with HDM-exposed DN cDC2s developed festwof allergic
airway inflammation, as evidenced by the preserid@Ad eosinophilia (Figure 6C) and by
the production of the Th2 cytokines IL-5 and IL4$ MLN cells restimulated with HDMx
vivo (Figure 6D). Mice injected with CD1028DC1 or with LC failed to mount Th2 immunity
to HDM. Together, these data show that IRF-4-depen@D116 cDC2 and DN cDC2s are

necessary and sufficient to induce type 2 immutaitgpicutaneously applied HDM allergen.
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DISCUSSION

The first barrier to protect against sensitizatiorllergens is made up by the epithelial layer,
a physical, chemical and immunological barrier fuim skin and the mucosa covering the
gastrointestinal, genitourinary and respiratorycttf®  Allergic inflammatory diseases are
accompanied by increased permeability of variouthelm including the skin and respiratory
epithelium caused for example by disruption of tdgimction (TJ) function or genetic or
metabolic defects in filaggrin or hornerit ** *7 As a consequence of subtle defects in
epithelial barrier function, it is thought that wmying structural cells and immune cells
become more susceptible for environmental trigdiwes HDM, pollutants and viruses that all
contain pathogen associated molecular pattern (P®fPvarious epithelial cells, including
skin keratinocytes, express Toll-like receptorsi)land protease-activated receptors (PARS)
to interact with allergens and other environmefdators, leading to production of cytokines
that promote Th2 immunity by activating DCs andeotmnate immune ceff$(reviewed in

2).

It has long been established that eczema constitateisk factor for development of
sensitization to aeroallergens and to (severe)vasthter in life> °> ** Also, many children
who have signs of altered and defective epitheliarrier function (measured by
transepidermal water loss) are at increased rigkegéloping sensitizations to aeroallergens
2 Although this has led to the assumption that gkim might be a portal of entry for
allergens, the actual route and mechanism of $mmt#iin to aeroallergens has not been
studied in great detail, but has however been neigl the mouse skin, where epicutaneous
application of model and real life allergens doeadl to Th2 immunity’” ** ** 53 34 One
caveat to many of the previously published modélskan sensitization is the fact that the
skin was altered by shaving or tape stripping, witte use of irritants such as DMSO or
depilatory creami$ *** The ensuing epithelial leakiness, damage arddnmhation caused
by these actions might act as an adjuvant, overatiig the real potential of allergens to
cause sensitization when applied on an intac®$kKinWe have therefore developed a model
of epicutaneous application of allergens on thaainéars of mice, and compared it to a model
where allergens were applied on shaved skin. Wengislly found that sensitization did not
require shaving of the mice or the application ofaclusive dressing tape, but instead, it
could be induced by the simple painting of HDM exts on the ear skin of an anesthetized
mouse. However, both shaving on the flank skin theduse of an occlusive dressing on the
ears did enhance most features of allergic inflatitmathat were induced. It is therefore
very likely that these methods induce some degf&eratinocyte damag®associated with a
stronger innate response. This damage was refldgted mild increase in TEWL that was

however not near the degree of TEWL induced bytdpe stripping procedure.
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In this model of epicutaneous sensitization underoaclusive dressing overnight, the
penetration of the skin could occur as a resuilhefproteolytic activity of some allergens like
Der p 1 or Der p 9 capable of cleaving epithelightt junction proteins and, in this way,
gaining access to immune celf§ **®2  Although this is an elegant hypothesis, the
requirement for the proteolytic activity of allergein the process of sensitization is still
debated. As such, some studies show that the ioduat Th2 responses via the skin by the
cysteine protease papain is mediated by its enigyraativity °* °>* °> ° whereas others have
shown that this is not the c4%eThe reason for such discrepancy might come frben t
differences in application of the allergen at tinoégirst allergen application, with one study
employing hair removal and the other one using &ppping, raising the issue as to whether
proteolytically active allergens are responsibleTib2 sensitization after application on intact
skin. We have carefully compared the developmenth# immunity between mice applied
with crude or heat-inactivated HDM extracts on @htear skin, and found that both types of
extracts induced sensitization to a similar exténir data show that proteases like Der p 1
and Der p 9, which are present in our allergenagidt are not required to induce proper
sensitization leading to development of allergieway inflammation. This was also
confirmed by using an irreversible cysteine prasminhibitor which was previously used to
also block the activity of Der p 1 and the cysteipmteinase papain in a model of
epicutaneous sensitizatfin

Which allergens are responsible for HDM sensittwatvia the skin is currently unknown.
Recent studies have shown the possibility to indt2 immunity to HDM allergens such as
Der pl and Der p2, which are contained in fecalepelof the mites' °* *° but this was
studied in the context of altered skin barrier fiort Although many allergens are found in
the fecal pellets of the HDM, it was also shownvpesly that sensitization via the skin in
humans with atopic dermatitis leads to IgE reatstito mite body allergens, not contained in
the fecal pellets. As the allergen used was whole HDM extract (idilg fecal pellets) it is
possible that epicutaneous sensitization in mic® davours sensitization to mite body
allergens, although a clear response to Der pifjeantvas detected using TCR transgenic 1-
DER T cells.

Underneath the skin barrier, DCs are lined up smdor incoming allergens. The skin and
skin-draining LN contain five major DC subséts’” whose function has mainly been studied
after painting of irritative haptens to the skin, imjection antigens subcutaneously or
intradermally. Through extension of dendritic preges, DCs, and especially Langerhans
cells (LCs) can penetrate the epithelium until jbsfow the stratum corneum without
breaching the barrier functith In this way, LCs were shown to gain access to caplure
antigens deposited on the skin. It was therefory gearprising that fluorescently labelled

HDM applied on the skin was not found in LCs orthe different dermal cDC subsets
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analyzed, but rather in macrophages localized éendbrmis. In our study, a high dose of
allergen was used and it is possible that such idomkle to reach cells in the dermis without
the need for LCs. Another explanation might be thast LCs and dermal cDCs that would
have taken up the allergen emigrated from the kieach the draining SCLN. However, 24
hours after HDM epicutaneous application, the meg@ktypes that contained allergens in the
ipsilateral SCLN were 2 subsets of cDC2 (CD1#md double negative DN cDC2) and
almost no allergen-bearing LCs were present, wigclsonsistent with a previous report
showing that skin-derived cDCs migrate faster ® ltiNs than LCS® ®* ® Whether cDC2
have captured the allergen in the skin or whetheratlergen would have been transferred by
other DC subsets and/or macrophages remains taldressed, but in any case the CCR7
chemokine receptor was involved, implying a dirg@nsport by DCs. Also, after skin
administration of proteolytic HDM allergen extradtyisions were only seen in the ipsilateral
skin draining lymph node, suggesting that there m@deakiness of skin applied antigen to
the systemic circulation, in which case the sple@uld show T cell divisions. This is in
clear contrast to the lung, where the same doddDifl extract does reach the systemic
circulation and induce primary divisions in HDM-oti@e splenocytes (data not shown). In
the skin, the migration of DCs to the draining Liscontrolled by CCR7 responsivené&ss
and by the transcription factor IRF4, which is naiexpressed by cDCZ5 Not surprisingly,
the amount of cDC2s was strongly reduced in the @ Cdl1cCre Irf4"™ mice that
received HDM allergen. The underrepresentationDsEt in the SCLN 24-48h after allergen
e.c exposure is best explained by the fact thagtioells have a poor chemotactic response to
CCRY7 ligands$®.

A consequence of DC migration to draining LN is #wivation of antigen-specific T cells.
Our data clearly show that both cDC2 subsets sdrted SCLN 24h after HDM exposure
were the only DCs capable of inducing Der p 1-dpedi cell proliferation to some extent
(Figure 5). The few LCs or cDC1 present in the SGithkhis time point were unable to do so.
It was surprising to us that LCs failed to indudeMtspecific T cell proliferation, because in
a model where the protein ovalbumin was applietherskin of mice, T cell proliferation was
blunted when LCs were depletéd A major difference with our model is that the raars
shaved the skin of the mice before the applicatioime antigen, which might have facilitated
the uptake and migration of LCs to the draining tiNpugh induction of the cytokine TSLP.
As a consequence, Nakajima et al also found thatwére responsible for Th2 epicutaneous
sensitization to the antigéfi In our model of epicutaneous sensitization to HRMpletion

all langeriri cells (LCs and langerirdermal cDC1), at the time of HDM application, diot
lead to a significant reduction in sensitizationateroallergens, as read out by the similar
degree of airway inflammation upon challenge ofltireg with HDM extracts. However, we

noticed that the amount of Th2 cytokines producgdifaining mediastinal lymph node T
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cells were increased in mice lacking langeifCs, suggesting that in response to allergens,
langerii DCs might have some regulatory role and keep inamm@sponses in check as
already shown in CHS modef§ " In our study, we have not fully excluded the
involvement of langerincDC1 in Th2 skin sensitization to HDM, as only dann” cDC1
were targeted in langerin-DTR mice. However, Batépendent cDC1 have been reported to
be a major source of IL-12, favouring Th1l immunsp@nses, and in this way, they might
prevent Th2 immunity from developing’ . We have also previously demonstrated that
langerii CD103 cDC1 can drive the generation of regulatory Tsce#irough the production
of retinoic acid®®. It is therefore possible that the increased prtidn of Th2 cytokines
observed in langerinDC-depleted animals might be attributed to a latkhese regulatory
cells (Figure 4).

We recently described that CDI1bDC2s are the most important subset inducing
sensitization after application of HDM extracts thre lungs of adult and neonatal mice,
whereas CD103cDC1s were not necessHry® When our epicutaneous HDM sensitization
model was performed ilt3l" mice lacking cDCs, there was a strong reducticthéndegree

of BAL eosinophilia and Th2 cytokine production B LN cells, pointing to the fact that
cDCs are crucial in the induction of Th2 resportseslDM applied on skin. One difference
with the lung however, is that the same 1@ of HDM applied to the lung, also caused
sensitization irFIt3I” mice, whereas a low dose of antigen could noteaessitization in
FIt3l” mice. The explanation that we found in the luxgeziments, was that the dose of
antigen stimulating the lung epithelium was de@sim causing monocyte-derived cells
(MCs) to also present antigen in the mediastindesd. In the current epicutaneous model,
we therefore believe that there is much less amtgmnetration into the skin barrier with 100
ug of HDM extract, a finding supported by the idbattvery little HDM-positive cells could
be traced in the SCLN. Experiments performedCinlicCre Irf4" identified IRF4-
dependent cDC2 as the main inducers of skin seasgn to HDM. Our data are in
agreements with other studies showing that IRF4esging DCs could control Th2
responses to allergens in the lung and to papéucted into the skin® ** **because IRF4
controls cDC2 migration to SCLRf, the permeability and fibrosis of afferent lympbat’
and the expression of costimulatory molecules aktCM on this subset of DG Within the
IRF4-dependent skin cDC2 comprising CD1H®DC2 and DN (double negative) cDC2, the
pro-Th2 potential was recently attributed solely ttre Kif4-dependent DN sub&&t
However, when we sorted both cDC2 subsets from SGLMNMDM e.c-exposed mice and
adoptively transferred them intradermally into maiecipients, we found that both subsets of
c¢DC2 could promote Th2 sensitization to HDM. Altgbuthe idea of a specialized subset of
KIf4* cDC2 restricted to the induction of Th2 resporisesppealing, our data suggest that the
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type of antigen encountered together with enviramalecues may give some plasticity to
KIf4™ cDCs to also drive Th2 responses. Within the patpan of IRF4-dependent DCs, there
is also a subset of cells expressing the C-typinlédgl2, which was also shown to promote
Th2 responses to the model allergen papain. Rgcéhnis subset was also shown to suppress
humoral immune responses and formation of T fdlicinelper (Fy) cells to epicutaneous
HDM allergeri®. Although this would suggest a tolerogenic rale¥gl2* cDC2s, it is also
possible that induction of £f; cells and effector or resident memory Th2 celks mutually
exclusive fates of naive allergen reactive T celisd that suppression ofs formation
inevitably leads to increased Th2 immunity. Suchael was recently proposed by different
groups studying HDM-reactive T cell differentiatiam B cell deficient and Bcl6-deficient
mice that also lack; formatiorf® &

The fact that murine DN c¢DC2 can induce Th2 respsns allergens in the skin brings up the
guestion of translation of these findings in humasiace no counterparts for this murine
subset has been identified in human kil In our hands however, IRF4-dependent CD11b
cDC2 can also induce Th2 sensitization to HDM ta@ $kin. In humans, CD1c+ DCs are the
counterpart of this mouse populatidmnd have been shown to activate Th2 responses to
inhaled allergens ex vifa Whether this human subset is involved in the atidn of Th2
responses in the skin remains to be addressed.

In conclusion, we have shown that sensitizationetevant inhaled allergens like HDM can
occur through intact skin, and does not requireptiaéease activity of the allergen. This type
of epicutaneous sensitization is driven by two asats of IRF4-dependent cDC2 subsets, not
by Langerhans cells. Future studies will have t@at how genetic or inflammation induced
alterations in skin barrier proteins (like the wiallown filaggrin polymorphism) or cytokines
(like the TSLP gene polymorphism) in patients at risk for deveigpasthma could interfere

with this basic mechanism of DC driven type 2 imiityin
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Figurelegends

Figure 1. HDM sensitization via the skin does not depend on barrier disruption or
proteolytic activity of theallergen

(A) Protocol of allergic airway inflammation indutdy epicutaneous sensitization to HDM.
(B) Differential cell counts in BAL fluids. (C) Sem levels of HDM-specific IgE. (D)
Cytokine production by MLN cells. (E) Siglec F lednd Muc5ac (right) confocal staining in
lungs. DAPI, nucleus counterstaining. (F) Transepithl water loss after overnight tape
occlusion (tape ON) or acute tape stripping. (Ggkency of neutrophils and DCs in SCLN
after overnight tape occlusion. (H) Differentialllsecounts in BAL fluids after e.c HDM
application in the absence of tape occlusion.Effig¢ct of the enzymatic activity of HDM on
cell counts in BAL fluids. (J) Cytokine productitay MLN cells. Data represent means + SE,
n = 5-10 mice/group, *p< 0.05. O.D; optical density.

Figure 2. Sengtization via the skin occur s only in the skin-draining lymph node and this
isder p 1 specific

(A) Proliferation (CFSE dilution) and activation @4 expression) of 1-Der T-cells in
draining (SCLN) and non-draining LNs, 4 days aéer. HDM application. (B) Percentage of
cells in division and of (C) CD44ells in draining SCLN and non-draining LN (ILN)o# 7
days after e.c. application of HDM or PBS. (D) Ggt® production by SCLN cells. (E-G)
The same protocol as in Figure 2A-D was repeatewjiRag ‘1der’ CD4" T-cells. Data are

representative of four independent experimentspesSE, n = 3-6, *p< 0.05.

Figure 3. Gating strategy of DC subsetsin the skin and skin-draining lymph node

(A) Gating strategy of DC subsets in the skin alveaC57BI/6 mice. (B) Gating strategy of
DC subsets in the skin-draining LN (Superficial Weal LN, SCLN) 24 hours after e.c.

treatment with HDM. (C) Expression of different hars in skin DC subsets. (D) Expression

of different markers in migratory DC subsets fro@L3l.

Figure 4. Epicutaneous application of HDM induces the migration of DCs to the
drainingLN

(A) Kinetics of DC migration in SCLN after e.c. dgation of HDM. (B) Uptake of
fluorescent HDM by skin CD4%5cells and (C) Number of total skin macrophages $Vinhd
DC subsets 4 hours after PBS (white bars) and Hoidly(bars) e.c application. (D) Number
of HDM-AF647" cells in the skin 4 hours after e.c. applicatiotH®M-AF647. (E) Uptake
of fluorescent HDM by CD45SCLN cells and (F) Number of total DC subsetthisn SCLN
48 hours after e.c. application of PBS or HDM-AF6@3) Number of HDM-AF647cells in
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the SCLN 2 days after e.c. application of PBS oMHBRF647. Data are representative of at

least two independent experiments, means + SE,rfp=< 0.05

Figure5. Allergic airway inflammation induced by skin sensitization dependson cDC2s.
(A, D and G) Number of migratory DC subsets in 8@LN of FIt3”, Langerin-DTR and
Irf4" Cd11c-Cre mice, respectively, in steady state conditi¢Bs E and H) Differential cell
counts in BAL fluids and (C, F and ) cytokine pumtion of MLN cells. Data are

representative of at least two independent expetisneneans + SE, n = 5-6, *p< 0.05

Figure 6. IRF4-dependent cDC2 are sufficient to induce allergic airway inflammation to
HDM

(A) Experimental setup. (B) Proliferation and CDéxpression of ‘1-DER’ CD4 T-cells
coculturedex vivo with sorted HDM DC subsets. (C) Differential cell counts in BALda(D)
cytokine production of MLN cells from mice inject@ttradermally with HDM DC subsets.
(B) Data are representative of at least four inddpat experiments. (C-D) Data from two

independent experiments have been pooled, meaks it $4-12, *p< 0.05
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Supplementary Figures

Supplementary Figure 1. Sensitization via the skin requires CCR7-dependent active
transport of HDM to the draining lymph node

CFSE-labeled WT ‘1der’ CD4T cells were injected intravenously in C57Bl/6 enpplied
with HDM or PBS on the ear skin. (A) Proliferatiarf injected 1-Der T cells in draining
(ipsilateral SCLN) and non-draining LNs (contratatdLN), 4 days after e.c. application of
HDM extract or PBS control. (B) Percentage of cellslivision. Data are representative of

two independent experiments, means + SE, n = @7 0¢05.

Supplementary Figure 2: Langerhans cells are not involved in Th2 sensitization to
epicutaneously-applied HDM. Langerin-DTR mice and WT counterparts were injgdtp
with 500 ng diphtheria toxin (DT) or PBS on dayd@n day 7, mice were sensitized with
HDM or PBS e.c, and were challenged with HDM in&sally on days 14-18. (A)
Differential cell counts in BAL fluids and (B) cykae production of MLN cells restimulated
with HDM for 3 daysex vivo. Mean * SE, n = 5-6, *p< 0.05



