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Mechanisms of the TSLP-mediated induction of allergic TH2/TH17 polarization
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APCs: Antigen Presenting Cells

FcRy: Fc receptor gamma subunit
FCER1G : Fc fragment of IgE receptor Ig
TET: Ten-eleven translocation protein
Ty2: T Helper Type 2

Allergen Tu17: T Helper Type 17

TSLP: Thymic Stromal Lymphopoietin




10

11

12

13

14

15

16

17

18

19

TSLP epigenetically upregulates FcRy-related receptors on APCs and induces

Tw2/Ty17 polarization via dectin-2

Yunsheng Liang, MB, Bihui Yu, MD*", Junchen Chen, MDHaijin Wu, Ph B,

Yingping Xu Ph3, Bin Yang, MO, Qianjin Lu, PhD, MD

®Department of Dermatology, Dermatology HospitaSofuthern Medical University,

Southern Medical University, Guangzhou, P R of @hin

®Hunan Key Laboratory of Medical Epigenomics & Depeent of Dermatology,

The Second Xiangya Hospital, Central South Univer§thangsha, P R of China
*Co-first authors

Corresponding author: Yunsheng Liang, MD, DepartnoeérDermatology, Derma-
tology Hospital, Southern Medical University, Noldijing Road, Guangzhou

510091, China.
Tel:+86-15973189908; Fax:+86-020-87255261; Emaihshengliang@aliyun.com

Or: Bin Yang, MD, Department of Dermatology, Derolagy Hospital, Southern
Medical University, No.2 Lujing Road, Guangzhou 620, China. Email: yang-

bin101@hotmail.com

Or: Qianjin Lu, PhD, MD, Department of Dermatolodjhe Second Xiangya Hos-
pital, Central South University, N0.139 Renmin M&léRd, Changsha 410011, Chi-

na. Email: gianlu5860@csu.edu.cn

1



20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

Running head: TSLP promotes J2/Ty17 by epigenetic upregulation of dectin-2

Word account: 4083

Funding: The work was supported by the National Natural ismeFoundation of

China (grant number 81371742 and 81573052) to YSL.

Disclosure of potential conflict of interest: The authors declare that they have no

relevant conflicts of interest.

Key message

1. TSLP epigenetically upregulates the expressiofc&y and its related receptors
(FceR1, CD16, and dectin-2) on APCs through the adowmabf pSTATS, which re-

cruits TET2 to induce FCER1G demethylation.

2. TSLP-induced allergic (R/Tyl7 polarization likely depends on the dec-
tin-2-mediated allergen sensitization and upregudain 1L-25/IL-33/IL-6/IL-23 ex-

pression.

Capsule summary

TSLP upregulates FgRelated receptors on APCs through activation of 55,
which recruits TET2 to induce FCER1G demethylatiang the TSLP-induced al-
lergic T42/Ty17 polarization likely depends on the dectin-2-rasetl allergen sensi-

tization and upregulation ingR/Ty17-related cytokines.
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Abstract

Background: Fc receptor gamma subunit (RQRelated receptors expressed on an-
tigen-presenting cells (APCs) enhance allergenitsgaitson and allergic inflamma-
tion. DNA demethylation of the Fc fragment of Igéceptor Ig (FCER1G) leads to
FcRy and FeR1 overexpression on monocytes from patients wibpia dermatitis

(AD).

Objective: We investigated epigenetic mechanisms underlying G5 demethyla-
tion and upregulation of FgRelated receptors on APCs and the consequent timpac

on allergic responses.

Methods: Effects of thymic stromal lymphopoietin (TSLP) onetexpression of
FcRy and its related receptors, and methylation or dwyinethylation of FCER1G
in human monocytes were assessed. Recruitmenh-@légen translocation protein
2 (TET2) to FCER1G by TSLP-activated phospho-sigraisducer and activator of
transcription 5 (pSTAT5) was evaluated. EffectsTELP on the expression of
FcRy-related receptors and costimulatory receptors onawoyte-derived dendritic
cells (MoDCs) and ability of DCs to take-up ovaldomwere analyzed.

TSLP-induced T polarization and related cytokine production was® analyzed.

Results: pSTATS activation by TSLP resulted in TET2 reament to FCER1G,
leading to FCER1G demethylation and subsequengufaton of FcR-related re-

ceptors on monocytes. TSLP not only stimulated MaD&turation but also main-
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tained their allergen uptake ability likely throughaintenance and upregulation of
FcRy-related receptors. Allergesensitization and upregulation ofZ'Ty17-related
cytokines contributed to TSLP-DC-induce@2ITy17 polarization. The latter was

attenuated upon neutralization with a dectin-2bady.

Conclusions: TSLP mediated upregulation of FelRelated receptors on APCs
through activation of pSTATS5, which recruited TEfRinduce FCER1G demethyl-
ation. TSLP-induced allergic 4R/Tyl7 polarization likely depends on dec-
tin-2-mediated allergen sensitization and upregutabf Ty2/Tyl7-related cyto-

kines.

Keywords. Atopic dermatitis, TSLP, STAT5, TET2, DNA demethylation,
FcRy-related receptors, Dectin-2, Allergen uptake, IL-33, IL-25, Ty2/Ty17 polariza-

tion

Abbreviations

AD, Atopic dermatitis; APCs, Antigen-presentinglseBS, Bisulfite; ChIP, Chro-
matin immunoprecipitation, ColP, Co-immunoprecipdga; DC, Dendritic cell,
ELISA, Enzyme-linked immunosorbent assay; FBS,|fbtavine serum; FCERIG,
The high affinity IgE receptor gamma subunit geResR1, The high affinity IgE
receptor; FcR, Fc receptor gamma subunit;eRty, The high affinity IgE receptor
gamma subunit; GM-CSF, Granulocyte-macrophage gedtimulating factor;

HDM, House dust mite; IDEC, Inflammatory dendrigpidermal cell; Im-DC, Im-
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mature monocyte-derived dendritic cell; IRNinterferon gamma; ITAM, Immuno-
receptor tyrosine-based activation motif; MoDC, Moyte-derived dendritic cell;
oxBS, Oxidative bisulfite; OVA, Ovalbumin; LPS, ldapolysaccharide; PBMC, Pe-
ripheral blood mononuclear cell; RT-gPCR, Real top@ntitative polymerase chain
reaction; SCORAD, SCORIing Atopic Dermatitis; STATSgnal transducer and ac-
tivator of transcription 5; TET, Ten-eleven trarcglbion protein; TSLP, Thymic

stromal lymphopoietin; TNd& Tumor necrosis factor alpha

INTRODUCTION

Atopic dermatitis (AD), one of the most common chicoinflammatory dermato-
ses, is characterized with intense itching andrreati eczematous lesions. AD af-
fects up to 20% of the general population in depetbcountries The Fc receptor
gamma subunit (FcR also called FeR1y) is a universal signaling component of
multiple receptors that contain two immunorecepyoosine-based activation motifs
(ITAMs). The activation of FcRrrelated receptors, including éR1, CD16, and
dectin-2 on antigen-presenting cells (APCs) maultes the stimulation of allergen
sensitization and induction of allergic inflammatim patients with AD and animal
model$®. Our previous study demonstrated the overexpressiid-cR and FeR1
on the monocytes from patients with AD upon demletign of the FcR locus

(FCER1G}. However, the epigenetic mechanisms underlyingifiregulation in the
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demethylation of FCER1G and expression of y-oflated receptors in AD are un-

known.

DNA methylation and demethylation in the mammali@mome are key epigenet-
ic modifications that are dynamically regulated DNA methyltransferases and
DNA demethylases, respectively. Ten-eleven tramgioc proteins (TETs) catalyze
the conversion of 5-methylcytosine (5mC) to 5-hygraethylcytosine (5hmC) to
induce DNA demethylatidh®. Specific transcription factors are essential thoe
TET-mediated induction of active demethylation ajnature cytokine genes. For
instance, TET2 and key transcription factors coatpezly regulate the expression of
signature genes. The TET2-mediated DNA demethylagtlays a crucial role in the
control of the expression of signature cytokinesTincells®. Nonconsensus GAS
motifs of signal transducer and activator of traipdon 5a (STAT5a) tetramers
have been observed from —-328 to —290 bp sequeridbe #CER1G promoter us-

ing the TRANSFAC® database?

Thymic stromal lymphopoietin (TSLP) is an interl@uKIL)-7-related cytokine
that is mainly expressed in human epithelial cdllstatinocytes, and bronchial
smooth muscle cells. The main effector cells of PSire dendritic cells (DCS)
The role of TSLP in the induction of allergi¢;Z immune response in DCs and the
pathogenesis of allergic diseases (AD, asthma) b&ve been previously demon-
strated**®. The TSLP-mediated activation of STAT5 phosphdigtais critical for

the development of 2 response in DG§ We speculate that the TSLP-induced ac-
6



119  tivation of pSTATS leads to DNA demethylation andregulated expression of
120  FcRy and its related receptors. Therefore, in the ptestidy, we investigated the
121 epigenetic mechanisms underlying the upregulationthe demethylation of
122 FCERL1G and expression of FeRelated receptors in AD and the consequent impact

123 on allergic response.

124 METHODS

125  Materialsand subjects

126 Human peripheral blood cells were collected from send age-matched healthy
127 volunteers recruited from the Second Xiangya Haspihd Changsha Blood Center.
128  Both inpatients and outpatients with AD (n = 15)reveecruited at the Second
129  Xiangya Hospital. AD was diagnosed according toifitamnd Rajka diagnostic cri-
130 teria® and disease activity was assessed using the S@ORbpic Dermatitis
131 (SCORAD) indeX’. Healthy control subjects (n = 15) were recruiiein the med-
132 ical staff at the Second Xiangya Hospital. Patiemith AD and healthy controls
133 were matched for age and sex. This study was apgrby the human ethics com-
134  mittee of the Second Xiangya Hospital, and writt&iormed consent was obtained
135  from all subjects. The information about patiens aontrol subjects is provided in

136  Table E1.

137  Cdl isolation and culture

138 Peripheral blood mononuclear cells (PBMCs) weréatsd using Ficoll-Hypaque
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density gradient centrifugation (GE Healthcare, &we Catalog 17-1440-03).
CD14 monocytes and naive CDZ cells were isolated by magnetic beads (Human
CD14 Monocyte Cocktail Kit, Catalog 130-050-201; rkan Naive CD4 T Cell
Isolation Kit I, Catalog 130-094-131, Miltenyi Biotec, Germany), @ding to the
manufacturer's instructiong.he purity of the sorted cells was > 90%. Cellsever
cultured in Roswell Park Memorial Institute (RPMB40 (Gibco, Beijing, China,
Catalog C11875500BT) medium supplemented with 1688al bovine serum (FBS;
HyClone, Guangzhou, China, Catalog 10270-106), WOpPenicillin, and 100 mg
streptomycin at 37°C and 5% GOIn some experiments, immature mono-
cyte-derived dendritic cells (MoDCs) were diffefiatéd from CD14 monocytes
using granulocyte-macrophage colony-stimulatingtdlag GM-CSF; 20 ng/mL,
PeproTech, Catalog 96-AF-300-03-20) and IL-4 (2@0nmg PeproTech, Catalog
200-04-20) for 7 days, followed by treatment witBLP (50 ng/mL, Miltenyi Biotec,
Catalog 130106270) or lipopolysaccharide (LPS; imkg Sigma, Catalog L4524)
for 3 days. The MoDCs (immature DCs, TSLP-DCs, &aR&-DCs) were washed
and replated for the subsequent ovalbumin (OVAakgtand T polarization assays.
In other experiments, freshly isolated CDi#bnocytes were stimulated with human
TSLP (50 ng/mL, Miltenyi Biotec, Catalog 130106270y 3 days. PBMCs and
freshly isolated CD14monocytes were stimulated with LPS (1 pg/mL, Sig@at-

alog L4524) for 14 h.

RNA isolation and real-time quantitative polymer ase chain reaction (RT-gPCR)

8
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Total RNA was extracted from monocytes and MoDGsguthe RNeasy Mini Kit
(Qiagen, Germany, Catalog 74104) according to tlufacturer’s instructions.
gPCR was performed using a Rotor-Gene 3000 Real-B@R instrument (Corbett
Research, Australia). mMRNA was amplified with SYBReen qPCR using the One
Step PrimeScript RT-PCR Kit (TaKaRa Biotech, ChiGatalog D350A). Primers

for target genes, includingCERIG (FcRy), FCERIA (FeR1), FCG3A (CD16),

CLECG6A (dectin-2),TET1, TET2, TET3, IL-33, IL-25, andg-actin are listed in Table
E2. Relative expression was calculated using tH&"2nethod, whereACT =

(CTTarget Gené~ CTB-actin)-

Western blot analysis

Monocytes were lysed in radioimmunoprecipitatiosags(RIPA) buffer supple-
mented with protease (Beyotime, China, Catalog B1L@8d phosphatase inhibitors
(Cell Signaling Technology, Catalog 5870). The Itqiateins were extracted and
protein concentrations determined. The antibodsesiun this study were mouse an-
ti-FceR1y (FcRy) antibody (1:500, Santa Cruz Biotechnology, Cajass390222),
rabbit anti-FeR1 antibody (1:800, Proteintech, Catalog 10980-);A&bbit an-
ti-CD16 antibody (1:500, Proteintech, Catalog 16858P), mouse anti-dectin-2
antibody (1:1000, Absin, China, Catalog abs139702)use anti-TET1 antibody
(1:1000, Sigma, Catalog SAB2700730), rabbit antFZE&ntibody (1:1000, Sigma,
Catalog SAB1304574), mouse anti-TET3 antibody (@010 Sigma, Catalog

SAB2702210), rabbit anti-pSTATS5 antibody (1:100IlICSignaling Technology,

9
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201

Catalog 4322T), rabbit anti-STAT5 antibody (1:100@bsin, China, Catalog
abs121050), goat anti-glyceraldehyde-3-phosphatgdiiegenase (GAPDH) anti-
body (1:2000, GenScript, Catalog A00915), and maumip-actin antibody (1:2000,
Abcam, Catalog ab6272). Data were analyzed usi@EdmageQuant LAS 4000
mini (GE Healthcare). For quantification of FGRET1, TET2, and TETS3, the pro-
tein levels were normalized f»actin level by densitometry. For quantification of
FceR1, CD16, dectin-2p-STATS5, and STATS5, the protein levels were noraedi
to GAPDH level by densitometry. Images were cropjpeghresentation.

Bisulfite and oxidative bisulfite amplicon sequencing (BS and oxBS)

Approximately 200 ng of genomic DNA was purifiedngs magnetic beads sup-
plied with the TrueMethyl Seq Kit (CEGX), as peetmanufacturer’s instructions.
After purification, the product was divided intodvequal parts for oxBS and BS re-
actions. BS treatment of genomic DNA was performegreviously describédThe
oxidation reaction was conducted in a reaction m@wf 25 pL with 1 pL of Oxi-
dant Solution (CEGX) for each oxBS reaction, anel phoducts were incubated at
40°C for 30 min in a thermocycler with the lid hedto 57°C. The reaction mixture
was centrifuged at 14,000y>or 10 min, and the supernatant was transferred to
new 0.2 mL PCR tube for BS treatment. The puriiedomic DNA for BS reaction
was directly subjected to BS conversion. After Bfawersion, BS and oxBS prod-
ucts were used as templates for PCR amplificaf®@R products were used for li-

brary construction, and the final libraries wereugfufied with an Agilent 2100 Bio-

10
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222

analyzer (Agilent Technologies) and real-time PGRag and then sequenced by II-
lumina HiSeq. The protocol of 5-methylcytosine a&éhydroxymethylcytosine
0xBS sequencing are described in detail by MicBadooth et & ** Two PCR
primers were used for the FCER1G promoter fragraentthe primers FCER1G-2

and FCER1G-3 are listed in Table E2.

Chromatin immunoprecipitation (ChlP)-qPCR

ChIP assays were performed with a ChIP kit (MiligpoSigma-Aldrich, Catalog
17-371). Briefly, formaldehyde was used to crosslime DNA and proteins in the
cell. The chromatin was fractured using ultrasotmédn interrupted length between
200 and 1,000 bp. Target protein-specific antibediere used for chromatin im-
munoprecipitation. Protein A/G agarose was usedHerisolation of the immuno-
precipitation complex, and the immunoprecipitatechplex was eluted after the re-
moval of nonspecifically bound chromatin. Reversasslinking was performed at
65°C, and the DNA was purified with phenol-chlonefoextraction and ethanol pre-
cipitation. The resulting DNA was amplified withaledime PCR. A rabbit an-
ti-STAT5 antibody (Abcam, catalog ab235934) andoialyG, polyclonal (Abcam,
catalog ab171870) isotype control were used. The@IDNA fragments were ana-
lyzed with gPCR. The PCR primers used for hufR@&ER1G gene FCER1G-4) are
listed in Table E2.
Co-immunopr ecipitation (Co-I1P) assays

Co-IP assays were performed with the Dynabead®iRr@ Immunoprecipitation

11
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238
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242

243

Kit (Novex, Catalog 10007D) according to the mawtdeer's instructions. First, we
used RIPA lysis buffer supplemented with protease phosphatase inhibitors to
collect the freshly treated cells and extract pnst€ TSLP-treated monocytes). We
obtained a new Ab-bait-target complex by addingitanti-STATS capture anti-
body (Abcam, catalog ab36153) to the lysate; rabdligclonal IgG (Abcam, catalog
ab171870) was used as an isotype control. The rapntibody was used for the
immobilization of proteins on the beads (Life Teslugy). The unbound proteins
were removed by a series of washes. The bait-pratnplexes were finally eluted
from the beads and dissociated by boiling in soddodecyl sulfate (SDS). The
endpoint of the assay was the determination optkeence or absence of the target
protein by western blotting. Rabbit anti-pSTATS5 @am, catalog ab32364) and

rabbit anti-TET2 (Abcam, catalog ab94580) antibsdiere used.

MoDC OVA uptake assay

We used a fluorescein isothiocyanate (FITC)-NH2grolabeling kit (Dojindo,
Japan, LKO1) to label OVA according to the manufests instructions. The
MoDCs (1x 10° immature DCs, TSLP-DCs, and LPS-DCs) were incubatith
FITC-labeled OVA (1 mg/mL) at 37°C and 5% &for 6 h in the dark. As controls,
the same concentrations of MoDCs were incubatedowttthe FITC-labeled OVA
for 6 h at 37°C. The MoDCs were washed thrice amalyaed for the uptake of
FITC-labeled OVA with fluorescence microscopy aluhfcytometry.

OVA-pulsed Ty polarization assay

12
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MoDCs (immature DCs, TSLP-DCs, and LPS-DCs) wemltared with autolo-
gous CD4 naive T cells at a 1:5-1:10 ratio in the preseacabsence of OVA (|
mg/mL, Sigma, Catalog A5503) for 7 days; polarization was detected with flow
cytometry. Cytokines in supernatant, including R-3L-31, IL-10, IL-25, IL-23,
IL-6, and tumor necrosis factor (TNk)-were detected with an ultrasensitive multi-
factor electrochemical luminescence kit (Meso Scdbescovery, Catalog
K15067L-1). The levels of IL-4, IL-17A, interfergiiFN)-y, and IL-22 in the super-
natant were analyzed using enzyme-linked immunaesarassay (ELISA) kits. All

procedures were carried out according to the maturier’s instructions.

ELISA

The levels of IL-4, IL-17A, IFNy (DAKEWE, China, Catalog 1110402, 1111702,
1110002), and IL-22 (Abcam, ab216170) in the caraltsupernatant and the level
of TSLP (R&D, DTSLPO) in the sera of patients wiiD were analyzed using
ELISA kits. All measurements were performed in degiks. The standards were
processed using a gradient dilution and used ®iptieparation of a standard curve.
The absorbance values of the samples were subsitituib the standard curve equa-

tion to determine the concentrations of correspagpdamples.

Neutralization of dectin-2 on MoDCs
MoDCs (TSLP-DCs and immature DCs) were incubateith @nti-dectin-2 anti-
body (1 mg/mL, InvivoGen, Catalog mabg-hdect2) g Icontrol (InvivoGen, Cat-

alog mabg2a-ctrim) at 37°C and 5% £0r 1 h. About 1x 10° cells were added to
13
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285

1 mg/mL of the neutralizing antibody and procesaedording to the instructions
indicated in the OVA-pulsedylTpolarization assay manual.
Flow cytometric analysis

Cytokines and cell surface markers were detectedjSACS Canto 1l (BD Bio-
sciences). For cell surface marker detection, efipensions were incubated with
target surface marker antibodies for 30 min at 4¥@shed twice with 2 mL of
phosphate-buffered saline (PBS)/bovine serum albuiB5A), and centrifuged at
400 >g for 5 min. For cytokine detection, Phorbol 12-Myate 13-Acetate (PMA)
and ionomycin with GolgiPlug (BD Biosciences, Catpl555028) were used to
stimulate cells for 4 h. For intracellular stainjrige cells were fixed and permea-
bilized with Cytofix/Cytoperm (BD Biosciences, Clatg 555028) and stained with
fluorescent antibodies for additional 30 min in thegk at 4°C.Antibodies used for
flow cytometric analysis are listed in Table E3t®were analyzed using the FlowJo
software (Tree Star). Dead cells were excluded filmenanalysis, and the gates were
generated using isotype antibody controls.
Statistical analysis

Data were expressed as the mean + standard emoeari (SEM). Paired and un-
paired Student's-tests were used. Statistical analysis was perfomwith GraphPad
Prism, version 7 (GraphPad Software Inc., Calif@rSA) (*p < 0.05; **p < 0.01;

#**p < 0.001).

RESULTS

14
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TSLP upregulates the expression of FcRy and FcRy-related receptors on hu-

man monocytes

We first assessed the effects of TSLP on the egmedevels of FcRand its re-
lated receptors on monocytes. As shown in Fig 4 3dday treatment of normal hu-
man CD14 monocytes with TSLP resulted in a significant alén in the expres-
sion levels of FcR mRNA and protein as well as its receptorgfL CD16, and

dectin-2 (Fig 1A-D).

The upregulation of FRR1 and CD16 expression on the monocytes of patients
with AD may promote their differentiation into #R1"" inflammatory dendritic epi-
dermal cells (IDECs) in AD lesiofi¥> We detected significant upregulation of dec-
tin-2 expression on peripheral blood CDIMonocytes from 15 patients with AD
(9.21% + 1.07%) and 15 healthy controls (3.71% 46@) using flow cytometry
(Fig 1,E). However, we failed to observe any correlatiotwaen serum TSLP lev-
els (105.6 £ 24.41 pg/mL, n = 15) and dectin-2 egpion on the monocytes from

patients with AD (p = 0.723).

TSLP induces demethylation of the FCER1G promoter on human monocytes

As demethylation of FCER1G was shown to upregufatey and its related re-
ceptor FeER1 on the monocytes of patients with Abve investigated whether TSLP
induces demethylation of FCER1G promoter in humamaoytes. DNA methyla-

tion levels significantly decreased at eight Cpt8ss(—428, —426, —-392, -375, —358,

15
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321
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324

325

-349, -341, and -333 bp) on the FCER1G promoteionetn the TSLP-treated
group as compared with that in the control groupg & A-B, 34.00% + 3.70% ver-
sus 52.13% * 2.45%). In contrast, DNA hydroxymedkigh levels dramatically in-
creased in the TSLP-treated group at eight CpG sisecompared with that in the

control group (Fig 2C-D, 10.80% * 2.02% versus 5.10% * 0.88%).

TSLP induces FCER1G demethylation through pSTATS, which recruits TET2

to the FCER1G promoter

DNA demethylases, TETs, regulate active DNA demation. Previous studies
have shown that TET2 participates in active DNA dthylation involved in mono-
cyte differentiatiof® and that the TET2-induced active demethylatiorsighature
cytokine genes relies on specific transcriptiorntdes’. However, we failed to ob-
serve any significant differences in either TETp+Btein or mRNA level between
TSLP-treated and control monocytes in western dmatysis and qPCR (Fig E;:F).

In contrast, the activation ghSTATS5 (Fig 2,G) and the interaction between
pPpSTATS5 and TET2 (Fig 2H) and FCER1G promoters (Fig B,were observed in
TSLP-treated monocytes. Together, we identifiedoaeh epigenetic mechanism,
wherein TSLP induced FCER1G demethylation throu§iA AT5, which recruited

TET2 to the FCER1G promoter in human monocytes.

TSLP stimulates MoDC maturation while maintaining the allergen uptake abil-

ity likely through the maintenance and upregulation of FcRy-related receptors

16
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To investigate whether TSLP regulates the exprassfa-cRy-related receptors
on DCs, immature MoDCs were obtained by the treatroenormal human CD14
monocytes with both GM-CSF and IL-4 for 7 days|daled by incubation with
TSLP or LPS for 3 days. The expression of costitomjareceptor molecules (CD83,
CD86, CD40, and OX40L) and FgRelated receptors (FRI, CD16, and dectin-2)
on DCs was detected with flow cytometry. As showrrig 3,A-C, both TSLP and
LPS stimulated MoDC maturation, as evident fromitleeease in the expression of
CD83, CD86, CD40, and OX40L. TSLP treatment manddithe high level expres-
sion of dectin-2 and upregulated the expressio€D@i6 and FeR1 on DCs, alt-
hough the expression level of dRdl was low. In contrast, LPS treatment, either
combined with or without TSLP treatment, resultedhe downregulation in the ex-
pression of dectin-2 on DCs (Fig E1, FI®X ). It is well known that mature DCs
exhibit strong costimulatory and T-cell activatiabilities but decreased antigen up-
take and processing abilities as compared with itareaDC$*. We investigated
whether mature TSLP-DCs retain their allergen uptakility through the mainte-
nance and upregulation of FglRelated receptors using FITC-labeled OVA. Our re-
sults showed that mature TSLP-DCs and immature §fosved a comparable abil-
ity to take-up OVA, while mature LPS-DCs exhibit@goor ability to take-up OVA
(Fig 3,D-G). These results imply that TSLP not only stimullakdoDC maturation
but also maintained their allergen uptake abilikely through the maintenance and

upregulation of Fcirrelated receptors.

17



347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

TSLP-induced TH2/Ty17 polarization likely depends on the dectin-2-mediated

aller gen sensitization and signaling pathway

TSLP directly induces the pathogenigZTresponse in allergic disea5&¥ how-
ever, two basic mechanisms, including the effe€f§S1LP on allergen sensitization
and the T,2-polarizing cytokine milieu produced by DCs indegent of IL-4, are
uncleaf®. To investigate these mechanisms, we co-incubaimire TSLP-DCs or
LPS-DCs and immature MoDCs with autologous CD4ive T cells in the presence
or absence of OVA for 7 days. Surprisingly, thextneent of TSLP-DCs with OVA
induced [2/Tyl7 polarization, as evident from the increase i plopulation of
IL-47/IL-17A" T cells and upregulation in IL-4/IL-17A proteinvigs in the cocul-
ture supernatant (Fig 4A-E). However, T,1/Ty22 polarization was not different
among the treatment groups (Fig E2)279related inflammatory cytokines, including
IL-33, IL-25, and IL-31, as well asyL7-related inflammatory cytokines, IL-6 and
IL-23, were significantly upregulated in the cocu#t supernatant of TSLP-DCs
pulsed with OVA as compared with the supernatamihfthe LPS-DCs and imma-
ture MoDCs (Fig 4E). Moreover, the expression levels of these cytekiwere
higher in the OVA-treated cells than in the non-G¥@ated cells (Fig 4E), sug-
gesting that allergen stimuli and sensitization anmportant for the
TSLP-DC-mediated secretion of,d/Tyl7-related cytokines. Interestingly, the in-
duction of T,2/Tyl7 polarization (Fig 5A-D) and secretion of R2/Tyl7-related

cytokines (Fig 5E) were attenuated after the neutralization of de2ton MoDCs

18



368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

using a dectin-2-specific antibody. We also foumak {OVA stimulation significantly
upregulated the expressionlaf25 andIL-33 mRNAs in TSLP-DCs, and this effect
was attenuated after dectin-2 neutralization (F3g A). In contrast, the neutraliza-
tion of dectin-2 had no effect on the expressioragtimulatory molecules (CD86,
CD83, CD40, and OX40L) on the surface of OVA-stiatal TSLP-DCs (Fig E3,
B-C). Consistent with the TSLP-DC-induced TNF4L-10" inflammatory T2 cell
differentiation, we observed a decrease in theesiecr of TNFe mainly from T2
cells after neutralization of dectin-2 expressiom BoDCs (Fig 5,E), while
low-level secretion of IL-10 and IFNMwas detected in all groups (FigH, Fig 5,E,
and Fig E2,E). Together these data show that the TSLP-induc¥é-§pecific
Twu2/Tyl7 polarization was likely dependent on the de2tmediated OVA sensiti-

zation and |2/Ty17-related cytokine upregulation.

DISCUSSION

We have previously demonstrated that demethylatibFCER1G leads to the
overexpression of FgRand its related receptor #R1 on the monocytes from pa-
tients with AD. In the present study, we found that TSLP induEEER1G pro-
moter demethylation and upregulated the expressidicRy and FcR-related re-
ceptors (FeR1, CD16, and dectin-2) on human monocytes. Weesjlently identi-
fied the intrinsic epigenetic mechanism underlying TSLP-mediated induction of
FCER1G demethylation through the activation of p$bAwhich recruits TET2 to

the FCER1G promoter in human monocytes.
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TSLP initiates signaling through the establishmain& ternary complex with its
specific receptor, TSLPR, and then with ILe/I® the cells co-expressing TSLPR
and IL-7R:®. Borriello F, et al. recently emphasized the disttiphenotypic, func-
tional, and transcriptomic profiles of TSLPR-positimonocytes as compared with
TSLPR-negative monocytes, and revealed the enrichrok a subset of CD14
CD1c¢" monocyte$’. We speculate that TSLP upregulates the expressfidfcRy
and its related receptors on TSLPR-positive morescyEurther analysis of the ef-

fects of TSLP on monocytes using purified TSLPRHps monocytes is warranted.

FcRy-related receptors on APCs promote allergen seasiin and allergic in-
flammation in allergic diseasts # As a characteristic feature, Langerhans cells
and IDECs bearing ER1 in patients with AD are thought to take-up @&ars
through IgE and induce T-cell-mediated allergicctiEms™ % Although TSLP signif-
icantly upregulated the expression of¢eR& on monocytes, it also promoted
low-level expression of ER1 on MoDCs, suggesting that the surface expression
FceRI on DCs may be regulated by a complex “atopicirenvnent.” For instance,

IgE retains the surface expression offfcon atopic FeR1" MoDCS’.

The percentage of CD1@D16 intermediate monocytes, characterized with high
levels of antigen presentation and costimulatoryecues that stimulate T cell pro-
liferation, was significantly elevated in patiemiith AD and asthnf® *® Signaling
through FeRIII (CD16) on DCs upon stimulation with allergepegific 1IgG im-

mune complexes may promote and exacerbate all&rgicesponsds® > 3 In the
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present study, we demonstrated that TSLP significarpregulated the expression
of CD16 on CD14monocytes and MoDCs. MoDCs may promotg2 Tesponses

induced by allergen-specific IgG immune compleX#e. found that LPS upregulat-
ed the expression of CD16 on MoDCs, partly exphanihe reason underlying the
augmentation in the ability to promote Th2 respsngpon signaling via F&lll

(CD16) in conjunction with TLR4 stimulatich 3

Regulation of T polarization by DCs involves at least three censighaling
pathways, namely antigen uptake and presentatmstintulatory factor signaling,
and immediate secretion of cytokines by DCs to laguTy polarizatiod®. TSLP
has been shown to directly induce pathogenj2 fesponse in allergic diseakes.
The TSLP-activated DCs (TSLP-DCs) preferentiallpress the costimulatory fac-
tor OX40L without the production of IL-12 and comaantly produce chemokine
(C-C motif) ligand 17 (CCL17). In addition, TSLP-B@xpressing OX40L strongly
prime naive CD4 T cells to differentiate into TNE='IL-10" inflammatory T2

cells’2. However, the effects of TSLP on allergen uptahe he immediate cytokine

milieu regulating T;2 polarization remain to be elucidated

Antigen uptake by DCs is mediated via three inddpah mechanisms, namely,
macropinocytosis, phagocytosis, and receptor-medii@ndocytosis. In recep-
tor-mediated endocytosis, C-type lectin receptoes, (angerin, DC-SIGN, dectin-2,
and mannose receptors) are the most prevaleneantigtake receptots In general,

inflammatory mediators induce terminal differertatof immature DCs into mature
21
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immunogenic DCs. This process is associated wilnged uptake of antigens, im-
paired antigen processing activity, and downreguiabf the expression of antigen
uptake receptors. Furthermore, mature DCs showstloag costimulatory and T
cell activation capacify. We identified that TSLP induced DC maturation hehi
maintaining their ability to take-up allergens &véls comparable with those ob-
served with immature DCs, possibly through the mesmiance or upregulation of
dectin-2 and other antigen receptor expressionther words, TSLP-activated DCs
are special DCs that exhibit the ability to takeallergens and strongly stimulate T

cell activation.

Consistent with the results of a previous studyhweibcultures of DCs and autol-
ogous CDAT cells, we found that TSLP alone was a weak iedo¢ T2 responses;
however, DCs coprimed with TSLP and allergen syisgoglly amplified T2 re-
sponse¥. We observed that allergen stimulation and semagitin were important
for the TSLP-DC-mediated secretion qfZFrelated cytokines (IL-33 and IL-25) and
Tul7-related cytokines (IL-6 and IL-23) and consedlyeimduce allergen-specific
Tw2/Tyl7 polarization. Two recent studies in mouse modelsonstrated that the
house dust mite (HDM)-stimulated dectin-2 signalpaghway directly upregulated
the production of §2-related IL-33 and J17-related IL-6 and IL-23 by DCs, lead-
ing to the development of thesZ/Ty17-type allergic respon$€. In the present
study, we found that TSLP stimulation maintainee lingh-level expression of dec-

tin-2 on mature TSLP-DCs. The neutralization oftole2 on human DCs resulted in
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the attenuation of the effects of TSLP, such asaltexgen stimulation of DCs to
produce [,2/Tyl7-related cytokines and induction of2ZFTy17 polarization. These
results show that the TSLP-induced allergi2/Ty17 polarization was likely de-
pendent on the dectin-2-mediated allergen sensdizand upregulation in the ex-

pression of 2/Ty17-related cytokines.

Our study has several limitations. First, althostgttistically significant, the dif-
ferences between the experimental and control graugse small. Whether the small
change had any biomedical effect is still unknoamg verification of in vivo and in
vitro physiological functions is essential in thdure. Second, we did not analyze
the effects of TSLP on monocytes using purified PREpositive monocytes, there-

by necessitating further studies.

In conclusion, the present study reveals a novigleggtic mechanism underlying
the pathogenesis of AD. TSLP upregulates the exmeof FcR-related receptors
on APCs through pSTATS5, which recruits TET2 for thduction of FCER1G de-
methylation. The direct TSLP-induced allergigZITy17 responses likely depend on
the dectin-2-mediated allergen sensitization ancegydation in the expression of
IL-25/1L-33/IL-6/IL-23. Thus, we have elucidatedettmolecular mechanisms un-
derlying the TSLP-mediated direct induction of aijle Ty2/Tyl7 responses and

suggest dectin-2 as a novel therapeutic targgidbents with AD.
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FIG 1. TSLP upregulatesthe expression of FCRy and FcRy-related receptorson

human monocytes.

Human normal CD14monocytes were treated with or without TSLP fatays. The
MRNA (A) and protein (B-C) levels of FgRand FcRy-related receptors in
TSLP-treated monocytes (n = 3) and control cells=(18) were assessed with
RT-gPCR and western blotting, respectively. Flowooyetry was used to analyze
the expression of FgRrelated receptors on monocytes (D-E). (F) The griogn of
dectin-ZCD14/CD14 cells was quantified in PBMCs from patients with An =
15) and healthy controls (n = 15) using flow cyttwpeData are expressed as the
mean + SEM. Paired and unpaired Studdntésts were used to determine statistical
significance. *p < 0.05, **p<0.01, and ***p<0.001. RT-gPCR, real-time quantita-

tive polymerase chain reaction .

28



576

577

578

579

580

581

582

583

584

585

586

587

588

589

FIG 2. TSLP induces demethylation of the FCER1G promoter through

PSTATS, which recruitsTET2 to the FCER1G promoter on monocytes.

Normal human CDI2monocytes were treated with or without TSLP for &8sl
DNA methylation (A-B) and hydroxylation (C-D) lewein TSLP-treated (n = 3) and
control (n = 3) cells at eight CpG sites on the RCE promoter were detected with
BS and oxBS sequencing. TET1-3 protein (E) and mRRNWAevels in TSLP-treated
monocytes (n = 3) and control cells (n = 3) wereedrined by western blotting and
RT-gPCR, respectively. (G) Total STAT5 and pSTAT®teins in TSLP-treated
monocytes and control cells were determined witbter& blotting. (H) Recruitment
of TET2 by TSLP-activated pSTATS in TSLP-treatednooytes was detected with
Co-IP. (I) Binding of pSTATS5 to the FCER1G promotgras assessed in
TSLP-treated monocytes using ChIP-gPCR. Data greesged as the mean = SEM.
Paired and unpaired Studenttests were used to determine the significancellm s

figures B, D, F and I. ns, not significant, *p €¥8,**p < 0.01.
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FIG 3. TSLP stimulates MoDC maturation while maintaining their allergen
uptake ability likely through the maintenance and upregulation of FcRy-related

receptors.

Immature MoDCs generated from human CDidonocytes were treated with
GM-CSF (20 ng/mL) and IL-4 (20 ng/mL) for 7 days]ldwed by treatment with
medium alone, TSLP (50 ng/mL), or LPS (1 pg/mL)3adays. The expression lev-
els of costimulatory molecules (CD86, CD83, CD4f] ©&X40L) and FcRrelated
receptors (FeR1, CD16, and dectin-2) in MoDCs were detected Wdtv cytome-

try (A-C). The uptake of FITC-OVA by MoDCs was assed using fluorescence
microscopy (D-E) and flow cytometry (F-H). Data asgpressed as the mean £ SEM.
n = 3. Unpaired Studenttstest was used to determine statistical signifieans, not

significant. *p < 0.05, *p<0.01.
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FIG 4. TSLP induces polarization of OVA-treated Ty2/Ty17 cells and secretion

of Th2/Ty17-related cytokines.

Mature MoDCs treated with either TSLP (50 ng/mL)L&S (1 pg/mL) and imma-
ture MoDCs co-incubated with CDdaive T cells were treated with or without OVA
for 7 days. Levels of the intracellular cytokinés4l (A-B) and IL-17A (C-D) in |
cells were assessed with flow cytometry. (E) Lewd#ld2/Tyl7-related cytokines
(IL-33, IL-25, IL-10, IL-31, IL-6, IL-23, and TNFe) in the coculture supernatant
were measured using an ultrasensitive multifadectechemical luminescence Kkit.
The levels of IL-4 and IL-17A in the coculture sup&tant were measured with
ELISA kits. Data are expressed as the mean £ SEM3nUnpaired Studentistest
was used to determine statistical significance.nug, significant.*p < 0.05,**p<

0.01.
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FIG 5. TSLP-induced direct Ty2/Ty17 polarization likely depends on the dec-

tin-2-mediated aller gen sensitization and signaling pathways.

Mature TSLP-DCs and immature MoDCs were incubatét gither a neutralizing
antibody (1 mg/mL) or IgG control for 1 h, followday coincubation with naive
CD4' T cells treated with or without OVA for 7 days. Egpsion levels of intracel-
lular cytokines IL-4 (A-B) and IL-17A (C-D) in J cells were assessed by flow cy-
tometry. (E) Levels of J2/Ty17-related cytokinesIL-33, IL-25, IL-10, IL-31, IL-6,
IL-23, and TNFe) in coculture supernatant were measured usingltaasensitive
multifactor electrochemical luminescence kit. Levef IL-4 and IL-17A in cocul-
ture supernatants were measured with ELISA kitdaee expressed as the mean *
SEM, n = 3. Unpaired Studentgest was used to determine statistical signifieanc

*p < 0.05, **p<<0.01.
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FIG E1. DCs stimulated with both TSLP and LPS show downregulated
expression of FCcRy-related receptors.

Immature MoDCs generated from human CDImonocytes were treated with
GM-CSF (20 ng/mL) and IL-4 (20 ng/mL) for 7 days]léwed by treatment with
medium alone, TSLP (50 ng/mL), or both TSLP (50wmigy and LPS (1 pg/mL) for 3
days. The expression levels of costimulatory mdes(CD86, CD83, and CD40) and
FcRy-related receptors (ER1, CD16, and dectin-2) in MoDCs were detected with
flow cytometry (A-C). Data are expressed as the meaSEM, n = 3. Unpaired
Student’st-test was used to determine significance. ns, igoifEcant. *p < 0.05, **p

<0.01.
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FIG E2. TSLPfailsto induce OVA-specific Ty1/Ty22 polarization.

Mature MoDCs treated with either TSLP (50 ng/mLL&S (1 pg/mL) and immature
MoDCs co-incubated with CD4aive T cells were treated with or without OVA for
days. The expression levels of intracellular cyteki IFNy (A-B) and IL-22 (C-D) in

Ty cells were measured with flow cytometry. (E) Levelf IFN+y and IL-22 in
coculture supernatants were measured with ELIS# Kiata are expressed as the
mean + SEM, n = 3. Paired Studenttest (B, D, E) was used to determine the

significance. ns, not significant.
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FIG E3. Effects of neutralization of dectin-2 on the expression of I1L-33 and IL-25

and costimulatory moleculesin OVA-stimulated TSL P-DCs.

Mature MoDCs treated with TSLP (50 ng/mL) and imanatMoDCs were incubated
with either a neutralizing antibody (1 mg/mL) orldgcontrol for 1 h, followed by
treatment with OVA for 3 days. The mRNA levelslbf25 andIL-33 in MoDCs were
detected with RT-gPCR (A). Expression of costimatatmolecules (CD86, CD83,
CD40, and OX40L) was detected with flow cytometByE). Data are expressed as
the mean £ SEM, n = 3. Paired Studetitsst was used to determine significance. ns,

not significant. *p < 0.05, **px 0.01.
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Graphical Abstract. Schematic diagram of the molecular mechanisms underlying
the TSL P-mediated induction of allergic T42/TH17 polarization.

Direct TSLP induction of allergic j2/Ty17 polarization involves several signals as
follows: 1) TSLP-activated DCs (TSLP-DCs) preferalty express costimulatory
factor OX40L without IL-12 production. OX40L stroiygprimes naive CD4T cells
to differentiate into TNE*IL-10" inflammatory T2 cell$?% 2) TSLP-DCs maintain
high levels of FcR-related receptors such as dectin-2 through p-STAWBich
recruits TET2 to mediate FCER1G demethylation anmehtially enhances allergen
uptake and sensitization. Allergen-stimulated de2fFcR/ signaling results in the
production of the W#2/Tyl7 cytokine milieu (IL-33/IL-25 and IL-6/IL-23) and
induction of T42/Ty17 polarization. 3) The recruitment of; Tells requires activation

of STAT6 by TSLP for the induction of CCL17 secoetiby DCs.



Table E1. Demographics and medications for patientand control subjects

Sample no. Age/gender SCORAD System medications
P1 28/F 375 Antihistamine
P2 23/F 314 Medical herbs
P3 16/M 20.1 None

P4 13/F 29.9 None

P5 15/M 39.8 Antihistamine
P6 16/F 35.9 None

P7 38/M 34.6 None

P8 19/F 37.2 Antihistamine
P9 25/F 34.2 None

P10 16/F 236 None

P11 27/IM 33.6 Antihistamine
P12 29/F 324 None

P13 26/M 29.5 None

P14 23IM 232 None

P15 28/M 34.6 Antihistamine
C1 20/F - N

c2 20M > -

C3 28/F - -

Cc4 24/M - -

C5 28/F - -

C6 21/F - -

c7 20/F - -

Cc8 24/F - -

Cc9 34/M - -

C10 20/F - -

Cl1 21/M - -

C12 23/F - -

C13 25/M - -

C14 22/F - -

C15 27/IF - -




Table E2. Gene-specific primer sets used in thiswsty

Gene Prime name Sequence (5’-3')

name

FCER1G FCER1G-1-F GCTCTGCTATATCCTGGATACCATC
FCER1G-1-R AGTCTCGTAAGTCTCCTGGTTCCTG
FCER1G-2-F TTAAATTAAGATTTGGGGTAAAGTTG
FCER1G-2-R TAACATTACAAACATACACCACCAC
FCER1G-3-F GTGGTGGTGTATGTTTGTAATGTTAGT
FCER1G-3-R CCTAACCCACAAAATAAAAAAACTTT
FCER1G-4-F AGCTGGCCCTACCCCTATAA
FCER1G-4-R TTAGCTGGAGTTGGGAATGG

FCER1A FCER1A -F CAGTTGAAGACAGTGGAACCTAC
FCER1A -R TGACCTGCTGCTGAGTTGAG

FCGR3A FCGR3A -F GGAGAGTACAGGTGCCAGACAA
FCGR3A -R CCTCAGGTGAATAGGGTCTTCC

CLEC6A CLEC6A -F CTGGGCAACATCTTTAGGGAGAGAGG
CLEC6A -R GAATGGAACAAAGAGAGGAAGGGTGC

TET1 TET1-F ACCACTTTTGCTACCGACTTG
TET1-R GGCTGTTCTTTCTGTTCTTGC

TET2 TET2-F GCAGTGCTAATGCCTAATGG
TET2-R GAGGTATGCGATGGGTGAGT

TET3 TET3-F GGACCAGCATAACCTCTACAAT
TET3-R TCTCCTCGCTACCAAACTCAT

IL-33 IL-33-F GACTCCTCCGAACACAGAGC
IL-33-R CCCAGCTTGAAACACAAGGC

IL-25 IL-25-F CCAGGTGGTTGCATTCTTGG
IL-25-R TGGCTGTAGGTGTGGGTTCC

p-actin B-actin-F GCACCACA CCTTCTACAATGAGC
p-actin-R GGATAGCACAGCCTGGATAGCAAC

GAPDH GAPDH-F CTTTGGTATCGTGGAAGGACTC

GAPDH-R CTTTGGTATCGTGGAAGGACTC




Table E3. Antibodies forFlow Cytometric Analysis.

Antibody. Company Species CatalogNo.
FITC anti-CD14 Biolegend Human 325607

PE anti-Dectin-2 R&D Human MAB3114
APC anti-FceRla BioLegend Human 334622
PE/Cy7anti-CD16 BioLegend Human 360707
APC anti-FceR1a Miltenyi Human 130-095-980
PE anti-CD40 BioLegend Human 313006
PE/Cy7anti-CD86 BioLegend Human 305421
PE/Cy7anti-CD83 BioLegend Human 305326

PE anti-OX40L BioLegend Human 326308
PE/Cy7 anti-IL-22 eBiosciences Human 25-7229-42
APC anti-IL-17A BioLegend Human 512334
PerCP-Cy5.5 anti-IFN+y eBiosciences Human 45-7319-42
APC anti-IL-4 BD Biosciences Human 560671
PerCP/Cy5.5 Mouse IgG1k Isotype Ctrl BioLegend Human 400149

PE Mouse IgG1 k Isotype Control BD Biosciences Human 556650
FITC Mouse IgG1k Isotype Control eBioscience Human 11-4714-41
APC Mouse 1gG2b,k Isotype Control Miltenyi Human 130-098-890
FITC Mouse IgG1, k Isotype Ctrl BioLegend Human 400110
APC Mouse 1gG1,k Isotype Ctrl BioLegend Human 400122
PE/Cy7 Mouse 1gG1x Isotype Ctrl BioLegend Human 400125

PE Mouse IgG1,k Isotype Ctrl BioLegend Human 400112
PE-Cyanine7 Mouse 1gG1x Isotype Ctrl eBioscience Human 25-4714-42
PerCP-Cyanine5.5Mouse IgG1k Isotype Ctrl  eBioscience Human 45-4714-82
PE Mouse IgG1,k Isotype Ctrl BD Biosciences Human 400114
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ACCEPTED MANUSCRIPT
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