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ABSTRACT

Distinctive skin microbe-dependent activation of TSLP-group 2 innate
lymphoid cells priming axis in early neonatal stage is co-opted in allergic skin
inflammation

Jimin Cha

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Ji-Hwan Ryu)

Although early life colonization of commensal microbes contributes to long-lasting
immune imprinting in host tissues, little is known regarding the pathophysiological
consequences of postnatal microbial tuning of cutaneous immunity. Here, we show that
postnatal exposure to specific skin commensal Staphylococcus lentus (S. lentus) promotes
the extent of atopic dermatitis (AD)-like inflammation in adults through priming of group
2 innate lymphoid cells (ILC2s). Early postnatal skin is dynamically populated by discrete
subset of primed ILC2s driven by microbiota-dependent induction of thymic stromal
lymphopoietin (TSLP) in keratinocytes. Specifically, indole-3-aldehyde-producing
tryptophan metabolic pathway, shared across Staphylococcus species, is involved in TSLP-
mediated ILC2 priming. Furthermore, we demonstrate a critical contribution of the early
postnatal S. lentus-TSLP-ILC2 priming axis in facilitating AD-like inflammation that is not
replicated by later microbial exposure. Thus, our findings highlight the fundamental role
of time-dependent neonatal microbial-skin crosstalk in shaping the threshold of innate type

2 immunity co-opted in adulthood.

Key words : allergic skin inflammation, atopic dermatitis, early postnatal life, group

Vi



2 innate lymphoid cells, priming, skin microbiota, staphylococcus, tryptophan
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Distinctive skin microbe-dependent activation of TSLP-group 2 innate
lymphoid cells priming axis in early neonatal stage is co-opted in allergic skin
inflammation

Jimin Cha

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Ji-Hwan Ryu )

I. INTRODUCTION

The barrier surfaces of living organisms harbor distinct communities of symbiotic microbes
with temporal and topographical dynamics." * At the forefront of host defense, skin is the
outermost epithelial organ that provides physical and immunological protection.** A series
of mouse studies have shown that skin is associated with a diverse community of
commensal microbes that play essential roles in maintaining functional homeostasis.> ®
Skin commensal microbes facilitate the expression of skin barrier-related genes and
recovery of the skin barrier.”® In addition, skin commensals promote wound healing and
wound-induced hair follicle neogenesis through the inflammatory and metabolic regulation
of keratinocytes (KCs).” ' Besides, skin microbiome also plays a distinct role in fine-
tuning of the cutaneous immune responses.'' Recent studies show that germ-free (GF) mice
revealed a reduced inflammatory response to ultraviolet radiation and IL-1B3-dependent
skin wound healing, suggesting that commensal microbiota augments skin inflammation.”
12 Furthermore, colonization with Staphylococcus epidermidis (S. epidermidis), one of the
commensal Staphylococci present on human and mouse skin, induces commensal-specific
IL-17A"CDS8" T cells, which in turn provides the protective immunity against pathogens

and accelerate skin wound repair.'*'® Therefore, a deeper understanding of the skin
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microbiota-host immune interaction is crucial for translating skin immune response and

physiology in health and disease.

Several mouse studies have demonstrated that exposure to the commensal microbiome
early in life contributes to the enduring effects of skin immune imprinting, leading to
consequent functional changes in long-term immunity and physiology.'” '® Colonization
with S. epidermidis in neonatal mice induces the expansion of S. epidermidis-specific
regulatory T cells (Tregs), which provide immune tolerance upon subsequent challenge of
same bacteria in adults."”?' In addition, the development of cutaneous mucosal-associated
invariant T cells is determined by exposure to microbes that synthesize riboflavin-derived
antigens early in the postnatal period, which results in an accelerating wound repair in adult
life.”? However, recent studies have also demonstrated that early life colonization with
certain microbes is associated with the development of inflammatory skin diseases such as
atopic dermatitis (AD). Postnatal developing human skin displays dynamic changes in
composition of commensal microbial community, dominated by colonization of
Staphylococci® Among skin commensal Staphylococci, several human cohort studies have
shown that early colonization of Staphylococcus aureus (S. aureus) precedes the diagnosis
of AD and promotes predisposition to AD.**** However, the mechanistic understanding of
how microbial coordination of cutaneous immunity early in life contributes to the
magnitude of the skin immune response in adulthood is largely unknown. Microbiota-
derived metabolic derivatives, such as tryptophan (Trp) metabolites, have critical roles in
immune cell maturation, imprinting, and fine-tuning of local inflammatory milieu.?>°
Microbial Trp metabolites, including indole and indole-3-aldehyde (IAld), lead to immune
balance of gut mucosa in mouse through supporting the integrity of gut epithelial cells and
inducing interleukin (IL)-22 production from group 3 innate lymphoid cells (ILC3s).*'3
The metabolic function of the skin microbiome is distinct from that of the gut microbiome
due to limited metabolic substrates under the harsh skin environment.” ° In the human AD
lesional skin, the Trp metabolic pathway is attenuated in skin microbiota,** and topical

treatment of TAld attenuates murine model of AD-like inflammation through suppression



of thymic stromal lymphopoietin (TSLP) expression.”> However, it is largely unclear
whether skin commensal-derived metabolites are actively involved in early postnatal

immune imprinting under homeostatic conditions.

Here, we show that cutaneous group 2 ILCs (ILC2s) undergo dynamic postnatal priming
during the first few weeks of life depending on the skin commensal microbiome. Based on
temporal analyses of transcriptome and microbial communities, we demonstrate that early
colonization by Staphylococcus lentus (S. lentus) is sufficient to drive ILC2 priming
through inducing TSLP in postnatal KCs. Skin commensal Staphylococci share a unique
metabolic pathway for Trp metabolites, and 1Ald-synthesizing Staphylococcus promotes
TSLP-dependent ILC2 priming. Consequently, skin microbe-dependent TSLP-ILC2
priming axis is co-opted in AD-like inflammation in adult mice. Therefore, this work
highlights the fundamental role of time-dependent microbial-skin crosstalk in shaping the
threshold of innate type 2 immunity, which provides a potential neonatal window for

regulating the magnitude of allergic inflammation.



II. MATERIALS AND METHODS

1.

A. Mice

Wild-type (C57BL/6), Tslp-null transgenic (C57BL/6), Ragl-null (C57BL/6), Ccr6-null
(C57BL/6), and CD45.1 (C57BL/6) mice were housed under SPF conditions. GF mice
(C57BL/6) were housed and maintained in the gnotobiotic animal facility in Yonsei
University College of Medicine. Sex- and age-matched mice between 8 and 12 weeks of
age were used for each experiment. In all neonate experiments, mice between 0 and 28 days
of age were used. All experiments were performed in accordance with the Association for
Assessment and Accreditation of Laboratory Animal Care International (AAALAC
International) guidelines and approved by the Institutional Review Board of the Yonsei

University College of Medicine (approval number: 2018-0308 or 2021-0049).

B. Production of 7s/p-null transgenic mouse

Mouse zygotes were collected from super-ovulated C57BL/6N females as described
previously *. Briefly, female C57BL/6N mice at 5-6 weeks of age were injected with 5 U
of pregnant mare serum gonadotrophin (PMSF, Sigma Aldrich, St. Louis, State of Missouri,
U.S.), followed by 5 IU of human chorionic gonadotropins (Heg, Sigma Aldrich, St. Louis,
State of Missouri, U.S.) 48 h apart, and mated with C57BL/6N male mice. Successful
mating was determined the following morning by detection of a vaginal plug. Mouse
zygotes were transferred to M2 medium (Sigma Aldrich) containing 0.1% (W/v)
hyaluronidase to remove cumulus cells and cultured in M16 medium (Sigma Aldrich) at
37°C, 5% CO2 in air before microinjection.

Single-guide RNAs (sgRNAs) and recombinant Cas9 protein were purchased from
ToolGen. The sgRNA-1 and -2 sequences targeting 7s/p gene were 5’-AGTTGAAGCAAA
CTGATGGTAGG-3’ and 5’-TGCAAGTACTAGTACGGATGGGG-3’, respectively. Cas9
protein and sgRNAs were mixed using microinjection buffer (0.1 mM EDTA/10 mM Tris-
CL, pH 7.4) to the final concentration of 40 ng/ul each and incubated for 15 min at 37 °C



immediately before microinjection *’. Microinjection was performed 24 hr after human
chorionic gonadotropin injection. To visualize the pronuclei, cumulus-free zygotes were
centrifuged at 13,000 rpm for 5 min *. Embryos with clearly visible pronuclei were
selected, and the mixture of sgRNAs and Cas9 were injected into the male pronucleus.
Microinjection was performed under an inverted microscope equipped with
micromanipulator and a microinjector (Leica, Sigma Aldrich, Germany). The injected
zygotes were cultured in M16 media for 48 hr and then transferred into the oviduct of a
pseudopregnant foster mother (ICR). The tail-tip genomic DNAs were extracted from
resultant pups and genotyped by PCR. The primers used for genotyping were 5’-CGTAGG
CGTTTAGGTGTTATA-3 and 5’-TGTGATATTTGCCCCTACTTT-3".

2. Bacterial strain, culture and mouse association

Staphylococcus lentus and Staphylococcus xylosus were collected from SPF mouse skin.
For bacterial isolation, whole skin from neonatal SPF mice was homogenized in PBS,
filtered through a 40-pm strainer, and spread on Brain Heart Infusion plates (BHI, BD
Biosciences, Franklin Lakes, New Jersey, U.S.). After overnight incubation, colonies were
identified using capillary electrophoresis sequencing by Macrogen (Seoul, Korea).
Staphylococcus lentus, Staphylococcus xylosus, and Staphylococcus epidermidis strains
were grown for 18 h in tryptic soy broth (TSB [BD Biosciences, Franklin Lakes, New
Jersey, U.S.]) at 37 °C, to a density of approximately 10° colony-forming units (CFUs)/mL.
Staphylococcus aureus RN4220 was grown for 18 h in Brain Heart Infusion broth (BHI
[BD Biosciences]) and Staphylococcus aureus AArAT were grown for 18 h in BHI broth at
37 °C with 10 pg/ml erythromycin. Escherichia coli was grown for 18 h in LB broth
(Tryptone 10 g/mL, Yeast 5 g/mL, NaCl 10 g/mL) at 37 °C.

3. Construction of ArAT mutant strains in Staphylococcus aureus RN4220

For generation of ArAT gene mutation by erythromycin insertion, 883 bp fragment

upstream and 766 bp fragment downstream of ArAT were amplified from S. aureus RN4220
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genome using primers pairs ArAT 900 Fw/ ArAT(N177) Erm_Rv and Erm_ArAT(N177)
_Fw/ArAT 780 Rv, which are inserted into pENTR/D-TOPO vector (Life Technologies,
Carlsbad, California, U.S.), respectively. A erythromycin B cassette was amplified from
plasmid pCD256AEC Ptuf34 mCherry using primer pair ArAT(N177) Erm Fw
/Erm_ArAT(N177) Rv.*® Purified PCR products were then fused by splice overlap
extension PCR using primers ArAT 900 Fw/ ArAT 780 Rv. The PCR product was
subcloned into pENTR/D-TOPO plasmid. ArAT::Erm® pENTR was recombined with
pKORI1(Addgene, Watertown, Massachusetts, U.S.)- an E. coli/ S. aureus shuttle vector-
by LR Clonase (Thermofisher Scientific, Waltham, MA, U.S.), making pKOR1 ArAT::
Erm. The resulting plasmid was subsequently electroporated into S. aureus RN4220 and
stably maintained at 30 °C on BHI agar plate with 10 ug/ml chloramphenicol and 5 ug/ml
erythromycin (BHIcmio/ems), Generating S. aureus RN4220 (pKOR1_ ArA-T::Erm). ArAT
allele replacement was carried out by a two-step procedure as described before with minor
modifications.”® In the first step, plasmid was integrated into the chromosome by
staphylococcal growth at the non-permissive condition. 5 ul of S. aureus RN4220 (pKOR1
pKOR1 ArAT::Erm) culture grown at 30 °C in BHIcmio/ems broth was inoculated into Sml
of fresh BHIcmio/Ems broth and incubated overnight in shaking incubator at 43 °C. The
following day, the culture was plated on BHIcmio/ems agar media and incubated at 43 °C
overnight. One colony from the plate was cultured in BHIcmio/Ems broth at 30 °C overnight
to facilitate plasmid excision. Culture was spread on BHIgms agar containing 2 ug/ml
anhydrotetracycline(ATc) and incubated at 30 °C for 2 days for pKOR1 excision and loss.
To identify S. aureus RN4220 ArAT::Erm mutant, 5 colonies were tested by PCR
amplification using specific primer set ArAT mut 100 Fw /ArAT mut 486 Rv ( mutant: 3363
bp, wildtype: 2240 bp) and subsequently confirmed by sequencing the PCR product DNA.

4. Mouse atopic dermatitis (AD) model and index
To establish the atopic dermatitis model, mice ears were treated once daily with 2 nmol

of MC903 (Calcipotriol, Tocris Bioscience, Bristol, UK) in 20 uL of ethanol.* Ear
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thickness was daily measured using a dial thickness gauge (PEACOCK, Ozaki MFG Co.
Ltd., Tokyo, Japan). After 5 or 7 days of MC903 treatment, ear skin was harvested for
measuring ear thickness, accumulated leukocyte number, and local gene expression. The
ear skins were fixed in 4% paraformaldehyde (PFA) (Biosesang, Seongnam, Korea) and
embedded in paraffin before sectioning (4 pm thick sections) and staining with
Hematoxylin & Eosin (H&E). Epidermal thickness was analyzed using Image] software
(NIH, Bethesda, MD, U.S.). H&E Images were acquired using light microscope (Zeiss)

and analyzed by Image J. Leukocyte number was counted in H&E images in same fields.

5. Antibiotic treatment

Intestinal bacteria ablation in adult SPF mice was achieved via treatment with an
antibiotics cocktail comprising 0.1 g/L of vancomycin (Sigma Aldrich), 0.1 g/L of
ampicillin (Sigma Aldrich) and 0.1 g/L of metronidazole (Sigma Aldrich). Antibiotics were
added into drinking water for 14 days. Skin bacteria ablation in adult mice was achieved
via topical treatment with antibiotic ointment (Neosporin: triple antibiotic ointment, 1 g
containing: bacitracin 400 units, neomycin 3.5 mg and polymyxin B 5000 units) (Johnson
& Johnson consumer inc., New Brunswick, New Jersey, U.S.) of mouse ear skin. 10 min
after MC903 treatment, Neosporin treatment was applied to dry skin. This treatment was
repeated for 7 consecutive days. For neonatal skin microbiota ablation, Neosporin was
applied to the entire skin once daily to neonatal mice at P1, the skin of the mice was

assessed at P14.

6. Antibody treatment in vivo

Adult SPF mice were intraperitoneally administered with 300 pg of anti-CD4 (Bio X
cell, Lebanon, NH, U.S.) or Rat IgG2b (Bio X cell) for consecutive 2 days before treatment
with MC903. SPF Rag-null mice were intraperitoneally administered 8 pg/g anti-CD25
(Bio X cell) or Rat IgG1 (Bio X cell) for 4 days at P4, P5, P8, and P11. Both groups were
treated with MC903 to establish the AD-like skin inflammation model in adults (P56). SPF

7



neonatal mice were intraperitoneally administered 8 pg/g anti-IL-7Ra (Bio X cell), anti-
IL-7 (Bio X cell), anti-TSLP (R&D systems, Minneapolis, MN, U.S.), and anti-IL-18Ra
(R&D systems) or corresponding isotype antibodies, including Rat IgG2a (Bio X cell),
Mouse IgG2b (Bio X cell), and Rat I[gG2a (R&D systems), for 4 days at P4, P5, P8, and

P11, then skin was harvested at P14 for further analysis.

7. Measurement of skin microbe

To measure the abundance of skin microbiota, skin, which was not shaved and not
applied any hair removal cream, was obtained from the ears of mice, and homogenized in
2 mL of PBS. The ear skin suspension was then filtered through 40-um strainers and spread
on tryptic soy agar plates with 5% sheep blood (Kisan bio, Seoul, Korea). Colonies were
counted after overnight incubation in a 37 °C bacterial oven. In addition, mouse whole body
skin, which was not shaved hair and not applied any hair removal cream, were rubbed with
sterile swabs saturated with lysis buffer (20 mM Tris, pH 8.0, 2 mM EDTA, 1.2% Triton
X-100 and lysozyme [20 mg/mL]).*! Bacterial DNA was extracted from the swabs using
PureLink™ RNA Mini Kit (Invitrogen™, Waltham, Massachusetts, U.S.) following the
manufacturer’s instructions. For quantification of total skin bacteria and S. lentus,
quantitative PCR was conducted on QuantStudio 3 Real-Time PCR (Life technologies)
using KAPA SYBR® FAST ABI Prism® (Kapa biosystems, Station Cl, UK).
Quantification of total skin bacteria and S. lentus was determined by the comparative 24T
method. Total skin bacteria were determined using PCR primer 16S 27F 5°-
AGAGTTTGATCCTGGCTCAG-3’ and 16S_534R 5’- ATTACCGCGGCTGCTGG-3".

8. Topical IAld treatment in mice

Neonate mice were topically treated with 0.5 mM IAld (Sigma) or ethanol (vehicle) over
the entire skin surface. Treatment was repeated every other day for a total of four times at

PS5, P7, P9, and P11, then skin was harvested at P14 or P56. In some experiments, GF mice



were exposed to IAld a total of four times at P28, P30, P32, and P34. For the consecutive
association of S. lentus following topical TAld treatment, neonate mice were treated with
0.5 mM IAld or ethanol (vehicle) over the entire skin surface for a total of four times at P5,
P7, P9, and P11, and 3 mL of S. lentus culture suspension was applied over the entire skin
surface using a sterile swab for a total of four times at P28, P30, P32, and 34. Subsequently,

P56 mice were treated with MC903 to assess AD-like skin inflammation.

9. Skin cell preparation
A.ILCs and T cells

Skin cell suspensions were prepared from mouse whole body skin. Hair was shaved with
electric clippers and removed with hair removal cream (Church & Dwight Co., Inc.,Ewing,
New Jersey, U.S.). Large pieces of subcutaneous fat were mechanically removed with
forceps. To quantify total ILCs, IL-5" ILC2s, and IL-17A" ILC3s, skin tissues were minced
into small pieces and digested with 1.7 mg/mL Collagenase A (Roche, Basel, Switzerland)
in RPMI-1640 (Lonza, Basel, Switzerland) for 120 min at 37 °C with shaking every 20 min.
Subsequently, digested skin samples were passed through 70-um strainers to obtain single-
cell suspensions. To analyze CD25" ILCs, T-bet” ILC1s, GATA3" ILC2s, RORyt" ILC3s,
and T cells, skin tissues were minced and digested with 0.25 mg/mL Liberase T-flex (Roche)
in RPMI-1640 (Lonza) for 120 min at 37 °C with shaking every 20 min. Subsequently,
digested skin samples were dissociated through 70-um strainers to obtain single-cell
suspensions. To determine cytokine production potential, the single-cell suspensions were
stimulated ex vivo for 3 h at 37 °C and 5% CO, with 1:500 dilution of PMA/ionomycin/
Brefeldin A cocktail (Biolegend, San Diego, California, U.S.) in 12-well plates and 2 mL
of RPMI (RPMI-1640 with 10% FBS (Gibco, Waltham, Massachusetts, U.S.), 1%
antibiotics [100 U/mL penicillin/streptomycin (Gibco)] and 0.05 mM B-mercaptoethanol

[Gibco]). The cells were then analyzed via flow cytometry.

B. Keratinocytes



Skin cell suspensions were prepared from mouse whole body skin. Hair was shaved with
electric clippers and removed with hair removal cream. Subcutaneous tissues were
mechanically removed with forceps. Skin tissues were floated in 2 mg/mL dispase II
(Roche) and incubated at 37 °C for 40 min—1 h. The epidermis was then scraped off with
forceps, minced and incubated with trypsin-EDTA (0.25%; Gibco) at 37 °C for 10 min. The
epidermal cell suspension was mechanically dissociated with a 3-mL syringe (KOVAX,
Seoul, Korea) and 19-gauge needle (KOVAX), then filtered through a 70-um strainer.

Single cells were analyzed via flow cytometry for cell sorting.

10. Flow cytometry analysis

A. ILCs

ILCs were stained with anti-mouse CD45 (1:500, 103134, BioLegend), Thy1.2 (1:500,
140309, BioLegend), CD25(1:100, BioLegend), CD218 (1:100, [eBioscience, Waltham,
MA, U.S.])) and lineage marker (1:100, BioLegend) antibodies for 30 min at 4 °C. For
intracellular cytokine staining, cells were fixed and permeabilized with BD
Cytofix/Cytoperm and washed with BD Perm Wash buffer (BD Biosciences). They were
then stained with anti-mouse IL-5 (1:100, 61-7133-82, eBioscience) and IL-17A antibodies
(1:100, 506908, BioLegend) for 30 min at 4 °C. For transcription factor staining, cells were
fixed and permeabilized with the Foxp3/Transcription Factor Staining Buffer Set
(eBioscience) and stained with anti-mouse GATA3 (1:100, 61-9966-42, eBioscience),
RORyt (1:100, 17-6981-82, eBioscience), and T-bet (1:100, 644817, Biolegend) antibodies
for 30 min at 4 °C. Single cells were used for analysis and CD45" cells were gated as
hematopoietic cells. Lineage markers (BioLegend) were used to distinguish ILCs from
other immune cells and included CD2 (100116), CD3¢ (100328), CD5 (100624), CD19
(115534),CD11c (117328), CD11b (101228), FceRlIa (134320), TCRys (118118), TCRaf
(109228), NKI1.1(108728) and B220 (103236). IL-5" ILC2s were gated as
CD45'Lin Thy1.2"IL-5%; IL-17A" ILC3s were gated as CD45'Lin Thyl.2'TL-17A";
CD25" ILCs were gated as CD45'Lin Thyl.2'CD25"; IL-18R0/CD218" primed ILC2s
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were gated as CD45'Lin Thyl.2'TL-5'CD218"; T-bet” ILCls were gated as CD45"
Lin Thyl.2"CD3¢ T-bet’; GATA3" ILC2s were gated as CD45'Lin Thyl.2'CD3g"
GATA3"; RORyt" ILC3s were gated as CD45'Lin Thyl.2"CD3¢ RORyt". ILCs were
sorted as CD45"Lin Thyl.2" for single-cell RNA sequencing and adoptive transfer by
Arialll (BD Biosciences). The data was gained by LSR Fortessa (BD Biosciences) and
analyzed using FlowJo software (FlowJo, LLC).
B. T cells

Th2 and Treg cells were stained with CD45, Thy1.2, lineage markers, and CD3e (1:100,
100355, BioLegend) antibodies for 30 min at 4 °C. For transcription factor staining, cells
were fixed and permeabilized with the Foxp3/Transcription Factor Staining Buffer Set and
stained with anti-mouse GATA3 and Foxp3 (1:100, 25-5773-82, eBioscience) antibodies
for 30 min at 4 °C. For intracellular cytokine staining, cells were fixed and permeabilized
with BD Cytofix/Cytoperm and washed with BD Perm Wash buffer. Then cells were
stained with anti-mouse IL-5, [L-4(1:100, 12-7041-41, eBioscience) and IL-13 (1:100, 12-
7133-41, eBioscience) for 30 min at 4 °C. Single cells were used for analysis and CD45"
cells were gated as hematopoietic cells. Lineage markers were used to distinguish T cell
from other immune cells and comprised CD19, CD11c, CD11b, FceRla, TCRy6, NK1.1,
and B220. Th2 cells were gated as CD45'Lin~ Thy1.2"CD3¢"GATA3" or CD45Lin"
Thy1.2°CD3¢'IL-4"IL-5"TL-13" while Tregs were gated as CD45'Lin Thyl.2"CD3¢"
Foxp3". The data was gained by LSR Fortessa and analyzed using FlowJo software.

C. Keratinocytes

Epidermal single cells were stained with anti-mouse CD45.2 antibody (BioLegend) and
PI (propidium iodide [BioVision, Waltham, MA, U.S.]) for 30 min at 4 °C. KCs were sorted
as PI'CD45.2" by Arialll (BD Biosciences).

11. ILC adoptive transfer

Cells were isolated from neonatal skin of SPF WT, GF, SPF Ts/p "~ mice. Toal skin ILCs
(CD45'Lin Thy1.2") were sorted by Arialll (BD Biosciences) after enrichment of
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lymphocytes using mouse CD45 micro beads (Miltenyi Biotec, Bergisch Gladbach,
Germany). Adult GF mice were intradermally injected with 5,000—7,000 (9,000-10,000 for
normalized GF ILCs) sorted ILCs in the bilateral ear skin. One day after ILC transfer, ear
skin was harvested for flow cytometric analysis of CD45.2" host ILC2s and Th2 cells. In
addition, ILC-transplanted mice were treated with MC903 to induce AD-like skin

inflammation and further analysis.

12. Two-photon microscopy

Skin single cells were isolated from neonatal skin of SPF mice. Cells were labeled with
10 uM of CellTracker Red CMTPX Dye for 30 min at room temperature. Subsequently,
ILCs (CD45'Lin Thy1.2") were sorted by Arialll (BD Biosciences) after enrichment of
lymphocytes using mouse CD45 micro beads (Miltenyi Biotec). Adult GF mice were
intradermally injected with 9,000—15,000 sorted ILCs in the ear skin. 24 h after ILC transfer,
the ear was spread on the silicone bed and covered with a slide glass in the imaging chamber.
Two-photon microscopy was performed using FVMPE-RS laser scanning microscope
(Olympus) equipped with a X25 NA 1.05 water immersion objective lens. For two-photon
excitation, the InSight DeepSee pulsed IR laser systems were adjusted to 880 nm to
visualize second harmonic generation (SHG), green, and red channels. Images were
acquired at a resolution of 512 x 512 pixels, capturing z-stack and time series data using a
galvanometer scanner. The video was edited using Volocity software v6.3.1 (PerkinElmer,
Waltham, Massachusetts, U.S.) and was converted using the Movavi video editor program

(Movavi).

13. Single cell RNA sequencing and analysis

ILCs were sorted from mouse whole body skin as CD45Lin Thy1.2" (Lin: CD2, CD3e,
CD5, CD19, CDllc¢, CD11b, FceRIa, TCRgd, TCRab, NK1.1, CD2, and B220). Samples

were pooled, encapsulated into droplets using the Chromium Single Cell Controller (10X
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Genomics, Pleasanton, California, U.S.), and libraries were prepared using the Chromium
Next GEM Single Cell 3p RNA library v3.1 (10X Genomics) per the manufacturer’s
protocol. Barcoded libraries were sequenced with the Hi-Seq XTen platform and raw data
were processed using the standard Cell Ranger pipeline (ver.3.1.0, 10X Genomics).
Analysis of the raw gene expression matrices was performed using Seurat package
(ver.4.1.0) according to the standard workflow. Briefly, we included cells that met the
filtration criteria, (1) number of genes between > 200 and < 6000, and (2) < 20% of
mitochondrial gene expression. We then performed normalization, integration, and scaling.
Cells were clustered by PCA followed by Seurat FindCluster function with a resolution of
0.4. Cellular annotation was performed by unbiased approaches based on the profiling of
differentially expressed genes (DEGs) for each cluster using the Seurat FindMarkers
function, which presented several cell type-specific genes to define cell identity. After
removing doublets, ILC cluster analysis was performed according to the standard pipeline
applied to the whole cells. The final cell numbers were 1471 for P1 ILCs and 3775 for P14
ILCs, respectively. Trajectory analysis was performed using the Monocle 2 package
according to the standard workflow. KEGG pathway analysis of upregulated genes in
primed ILC2 compared to other ILC subsets (log2 fold change > 0.3 and g-value < 0.05)
was performed using a web based g:Profiler functional enrichment tool (https://biit.cs.ut.ee/
gprofiler/gost). Raw data for scRNA-seq were deposited in the Gene Expression Omnibus
(GEO) database under accession number GSE214848.

14. RNA seq and analysis

Total skins were isolated from the ear skin of SPF and GF mice treated with ethanol or
MC903 for 5 days. RNA was prepared using the RNeasy® Fibrous Tissue Mini Kit (Qiagen,
Hilden, Germany) following the manufacturer’s instructions. RNA libraries were generated
using TruSeq mRNA Sample Prep Kit v2 (Illumina, San Diego, California, U.S.), and the
samples were sequenced on a HiSeq 4000 platform (Illumina). Keratinocytes (CD45.2° PI')
were isolated from the whole skin of C57BL/6J mice on P1, 7, and 14. RNA was isolated
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using the RNeasy® Mini Kit (Qiagen) following the manufacturer’s instructions. RNA
libraries were generated using the TruSeq Stranded mRNA LT Sample Prep Kit (Illumina),
and samples were sequenced on a NovaSeq 6000 System User Guide Document
#1000000019358 v02 (Illumina) with the NovaSeq 6000 S4 Reagent Kit (Illumina). The
raw reads from the sequencer were preprocessed to remove low-quality, and adapter
sequences before analysis and the processed reads were aligned to the Mus musculus
(mm10) using HISAT v2.1.0.** HISAT utilizes two types of indexes for alignment (a global,
whole-genome index and tens of thousands of small local indexes). These two types of
indexes are constructed using the same BWT (Burrows—Wheeler transform) graph FM
index (GFM) as Bowtie2. Due to its use of these efficient data structures and algorithms,
HISAT generates spliced alignments several times faster than Bowtie or BWA. The
reference genome sequence of Mus musculus (mmli() and annotation data were
downloaded from the UCSC table browser (http://genome.uscs.edu). Transcript assembly
and abundance estimation was completed with StringTie.* ** After alignment, StringTie
v1.3.4d was used to assemble aligned reads into transcripts and to estimate their abundance,
thereby providing the relative abundance estimates as Read Count values of transcripts and
genes expressed in each sample. DEGs between two groups were analyzed by using
DESeq?2 package for R software. KEGG pathway analysis of upregulated genes in P14 KCs
compared to P1 KCs (log2 fold change > 2 and g-value < 0.05) was performed using a web
based g:Profiler functional enrichment tool (https://biit.cs.ut.ee/gprofiler/gost). Gene set
enrichment analysis of differentially expressed genes (log2 fold change > 1.5 or < —1.5)
between MC903-treated SPF and GF mouse skins using gene sets for Gene ontology:
Biological pathway (m5.go.bp.v2023.1.Mm.symbols.gmt) was performed using GSEA
software from the BROAD Institute (https://www.gsea-msigdb.org). Gene set variation
analysis of differentially expressed genes (log2 fold change > 1.5 or < —1.5) between
MC903-treated SPF and GF mouse skins using indicated gene sets was performed using
GSVA package for R software. Gene sets used in GSVA analysis were retrieved from

MSigDB (https://www.gsea-msigdb.org). Raw data for bulk mRNA-seq were deposited in
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the Gene Expression Omnibus (GEO) database under accession number GSE214993 and
GSE214994.

15. DNA extraction from skin microbiota

Five mice were randomly selected from separate cages (2-3 cages) at indicated time
points (P7, P14, P21, P28, and P56) without longitudinal sampling from the same mouse.
SPF mouse whole body skin, which was not shaved hair and not applied hair removal cream,
was rubbed with sterile swabs saturated in lysis buffer (20 mM Tris, pH 8.0, 2 mM EDTA,
1.2% Triton X-100 and lysozyme [20 mg/mL])*'. Each swab sample was stored at -70 °C.
Negative controls were prepared with sterile swab saturated in lysis buffer without skin
scrubbing. Positive controls were prepared with skin microbiome whole cell mix (ATCC,
Manassas, Virginia, U.S.) according to the manufacturer's instructions. Bacterial DNA was
extracted using Purelink Genomic DNA Kit (Thermo Fisher Scientific, Waltham,
Massachusetts, U.S.) according to the manufacturer's instructions. The extracted DNA was

quantified using Quant-IT PicoGreen (Invitrogen).

16. Library construction and Sequencing

The sequencing libraries were prepared according to the PacBio amplicon Template
Preparation and Sequencing protocols to amplify the 27F and 1492R region. The input
gDNA 2ng was PCR amplified with 10x LA PCR Buffer II (Mg** free), 2.5 mM of dNTP
mix, 2.5 mM MgCl,, 500 nM each of the F/R PCR primer, and 5 U of TaKaRa LA Taq
(Takara, Kusatsu, Japan). The cycle condition for PCR was 5 min at 94 °C for heat
activation, and 25 cycles of 30 sec at 94°C, 30 sec at 53 °C and 90 sec at 72 °C, followed
by a 5-min final extension at 72 °C. The primer pairs with asymmetric barcoded adapters
for the amplifications were as follows: 27-F: 5°- AGRGTTYGATYMTGGCTCAG -3,
1492-R: 5’- RGYTACCTTGTTACGACTT -3’. The PCR product was purified with SMRT
bell cleanup beads. The purified product is then quantified using Quant-IT PicoGreen
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(Invitrogen) and qualified using the TapeStation D5000 Screen Tape (Agilent Technologies,
Waldbronn, Germany). For PacBio Sequel Ile sequencing, 500 ng of pooled amplicon DNA
was used for library preparation. Total 10 uL library was prepared using PacBio SMRTbell
prep kit 3.0. SMRTbell templates were annealed Sequel Il Bind Kit 3.1 and Int Ctrl 3.1.
The Sequel II Sequencing Kit 2.0 and SMRT cells 8M Tray was used for sequencing. SMRT
cells (Pacific Biosciences, Menlo Park, California, U.S.) using 10hr movies were captured
for each SMRT cell using the PacBio Sequel Ile (Pacific Biosciences) sequencing platform
by Macrogen (Seoul, Korea). The subsequent steps are based on the PacBio Sample Net-
Shared Protocol, which is available at https://www.pacb.com/.

17. Analysis of 16S rRNA gene sequencing

The bacteria composition of each sample was estimated from the full length16S rRNA
amplicon sequencing data. For quality control, the reads with minimum accuracy of > 0.99
were used. Raw data from 16S rRNA gene sequencing were deposited in the European
Nucleotide Archive (ENA) database under accession number PRJEB65310. Taxonomy
classification for each 16S rRNA gene sequence was performed by Kraken2* and bacteria
composition was estimated by Bracken2.*® The full-length 16S sequences were extracted
from 32,846 bacterial complete genomes in the NCBI RefSeq database (downloaded in
2023.03.01) to build a database of Kraken2 and Bracken2. For principal coordinates
analysis (PCoA), the bray-Curtis distance matrix was calculated based on the estimated
bacteria composition. Calculating distance matrix and performing PCoA was performed

using scikit-bio python package.

18. Whole genome sequencing of S. lentus

Genomic DNA of S. lentus was extracted by Maxwell® 16 Cell DNA Purification Kit
(AS1020, Promega, Madison, Wisconsin, U.S.) following the manufacturer’s instruction

for both [llumina and PacBio sequencing.
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A. Sequel library construction

Total 10 uL library was prepared using PacBio SMRTbell Experss Template Perp Kit 2.0.
SMRTbell templates were annealed using Sequel Binding and Internal Ctrl Kit 3.0. The
Sequel Sequencing Kit 3.0 and SMRT cells 1M v3 Tray was used for sequencing. SMRT
cells (Pacific Biosciences) using 600 min movies were captured for each SMRT cell using
the PacBio Sequel (Pacific Biosciences) sequencing platform by Macrogen (Seoul, Korea).
The subsequent steps are based on the PacBio Sample Net-Shared protocol, which is
available at http://pacificbiosciences.com/. The sequencing data were converted into raw

data for the analysis.
B. Truseq DNA Nano (350) Library construction

The sequencing libraries were prepared according to the manufacturer’s instructions of
TruSeq Nano DNA High Throughput Library Prep Kit (Illumina). Briefly, 100 ng of
genomic DNA was sheared using adaptive focused acoustic technology (Covaris, Woburn,
Massachusetts, U.S.) and the fragmented DNA is end-repaired to create 5’-phosphorylated,
blunt-ended dsDNA molecules. Following end-repair, DNA was size selected with bead-
based method. These DNA fragments go through the addition of a single ‘A’ base and
ligation of the TruSeq DNA UD Indexing adapters. The products are then purified and
enriched with PCR to create the final DNA library. The libraries were quantified using
gqPCR according to the qPCR Quantification Protocol Guide (KAPA Library Quantification
kits for Illumina Sequencing platforms) and qualified using the Agilent Technologies 4200
TapeStationD1000 screen tape (Agilent technologies). Then sequencing was performed
using HiSeqXten (Illumina) by Macrogen (Seoul, Korea). The sequencing data were

converted into raw data for the analysis.

19. Analysis of bacterial whole genome sequencing

Raw DNA reads with low quality (Phred score < 20) and short length (< 90 bp) were

filtered by sickle. Sequences including ambiguous nucleotides (N) were removed.
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Remaining paired-end reads were assembled using MEGAHIT.*” Only the assembled
contigs with a length > 500 bp were used to predict open reading frames (ORFs) by
FragGeneScan.*® ORFs were annotated using DIAMOND® against KEGG™ v98 genus
prokaryotes with e-value 1e-10, similarity 40%, query coverage 40%, and subject coverage
70%. The predicted ORFs from the sequenced genome, and the genes from the NCBI
complete genomes of Staphylococcus genus, were clustered by CD-HIT-EST®! with a 70%
similarity threshold. From the clustering data, the proportion of shared genes was calculated
among the species of Staphylococcus and 331 core genes were obtained. Multiple sequence
alignment (MSA) was conducted for the core genes through Muscle.”> MEGA 11 was used
to construct a phylogenetic tree from the MSA results. Amino acid metabolic pathways
were collected from KEGG module data. For the species detected in the composition
analysis, the complete genomes in NCBI were downloaded and annotated using KEGG KO
enzymes. Based on the number of genomes used and the enzyme annotation, the probability
of the existence of each gene and each species were calculated. The pathway abundance
for each species was represented using the minimum probability of essential genes in the
pathway. Raw data for bacterial whole genome sequencing were deposited in the European

Nucleotide Archive (ENA) database under accession number PRJEB56306.

20. Mono-association with bacteria in mice

Neonate GF mice were colonized by applying up to 1 mL of bacterial suspensions (.
lentus, S. xylosus, S. epidermidis, E. coli, S. aureus WT, and S. aureus AArAT) across the
entire skin surface using a sterile swab. 4 weeks of GF mice were colonized by applying
up to 3 mL of bacterial suspensions across the entire skin surface using a sterile swab.
Bacterial suspensions were applied a total of four times on alternate days to mouse skin at

P5, P7, P9, and P11 (early association) or P28, P30, P32 and P34 (late association).
21. Preparation of S. lentus for in vitro treatment

S. lentus was cultured for 18 h in TSB media at 37 °C. §. lentus culture was centrifuged

18



at 3200 xg for 30 min. Supernatant was then filtered through a 0.22-um filter (Millipore,
Burlington, MA, U.S.). For heat-killing of bacteria, 10'° CFUs of S. lentus were incubated
in 10mL of PBS at 85 °C for 10 min.

22. Tape stripping of mouse skin

Back skin of P1 mice and shaved back skin of P14 mice were stripped with tape (D-

squame 3.8 cm?; CuDerm, Dallas, Texas, U.S.) once. The tapes were stored at -80 °C.

23. Quantification of tryptophan metabolites

Quantification of tryptophan metabolites analysis was performed using UPLC (Waters
UPLC system; Acquity) coupled with triple quadrupole mass spectrometry (TQ-MS; Xevo
TQ-XS). Skin samples from tape stripping were extracted using 900 pL of methanol-water
(1:9, v/v) and dried. The two samples were pooled and reconstituted using 1 mL of
methanol-water (1:1, v/v) containing 5 nM tryptophan-dS. Separation was performed on a
Scherzo SM-C18 column (1.7 um x 2.1 x 100 mm). Mobile phases A and B were comprised
of 0.2% formic acid in water and 0.2% formic acid in acetonitrile, respectively. Samples
were eluted at 400 uL/min for 10 min. The linear gradient elution was as follows: 0.0-2.0
min, 95% B; 4.0-6.0 min, 95%—-65% B; 6.0-8.0 min, 100% B; 8.0-8.5 min, 100-95% B;
8.5-10.0 min, 95% B. MS/MS experiments were conducted in positive ion mode with the
following parameters: capillary voltage of 2.0 kV, cone 13.0 V, source temperature 15 K,
desolvation temperature 650 K, cone gas flow 150 L/h, collision gas flow 0.15 mL/min,
nebulizer gas flow 7 bar. Quantification was performed in multiple reaction monitoring
(MRM) mode and MRM transitions used in quantification of tryptophan metabolites.
Individual tryptophan metabolite standards were used to optimize the condition of each

metabolite, and a series of calibration solutions was prepared to generate calibration curves.
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24. HaCaT cell culture

The human keratinocyte cell line HaCaT (RRID: CVCL_0038) was maintained in
Dulbecco’s modified eagle medium (DMEM, [Lonza]) with 10% fetal bovine serum
(Gibco, Waltham, MA, U.S.) (FBS) and 1% antibiotics (10,000 pg/mL streptomycin and
10,000 U/mL penicillin [Gibco]) at 37 °C with 5% CO,. Medium was replaced every other
day with fresh medium. HaCaT cells were seeded in 12-well plates and cultured until they
reached 80-90% confluence. After further cultivation for 24 h, cells were incubated with
sterilely-filtered bacterial supernatants diluted in DMEM to 30% of the total volume at 37 °C
in 5% CO; for another 2 h and 16 h. Cell were incubated for 2 h and 16 h with or without
heat-killed S. lentus (bacteria:HaCaT cell ratio, 250:1). Cells were incubated with the same
percentage of corresponding bacterial media (TSB) as the control. For treatment with
tryptophan metabolite, cells were treated with different doses (0.3 mM-0.5 mM) of
tryptophan metabolites (indole acetic acid; IAA and indole-3-aldehyde; IAld; Sigma-
Aldrich) at 37 °C in 5% CO, and incubated for another 16 h. Cells were harvested for RNA
collection. RNA from HaCaT cells was prepared using the RNeasy®Mini Kit (Qiagen)
following the manufacturer’s instructions. RNA was quantified by a NANODROP 1000
spectrophotometer; RNA (500 ng) was reverse transcribed using PrimeScript™ RT Master
Mix according to the manufacturer’s instructions. qPCR was conducted using QuantStudio
3 Real-Time PCR using KAPA SYBR® FAST ABI Prism®. We assessed the expression of
GAPDH (NM_002046.7) and TSLP (NM_033035.5). Quantification of gene expression

2—AACT

was determined by the comparative method. The relative expression levels were

determined by normalizing expression to GADPH.

25. RNA isolation and quantitative polymer chain reaction

Total skin RNA from the MC903 model was prepared using RNeasy® Fibrous Tissue
Mini Kit (Qiagen) following the manufacturer’s instructions. RNA from KCs was prepared

using RNeasy® Mini Kit (Qiagen) following the manufacturer’s instructions. RNA was
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quantified by NANODROP 1000 spectrophotometer (Thermo Fisher Scientific), and 500
ng was reverse transcribed using PrimeScript™ RT Master Mix (Takara, Kusatsu, Japan)
according to the manufacturer’s instructions. PCR was conducted on QuantStudio 3 Real-
Time PCR using KAPA SYBR® FAST ABI Prism®. We assessed gene expression: Tslp
(NM_021367.2), 1133 (NM_133775.3), Hprt (NM_013556.2), 1/7 (NM_008371.5), Ccl20
(NM_016960.2, NM_001159738.1) and //18 (NM_001357221.1). Quantification of gene

expression was determined by the comparative 27447

method. The relative expression
levels were determined by normalizing expression to Hypoxanthine-guanine phosphor-

ribosyltransferase (Hprt).

26. Quantification and statistical analysis

The data were analyzed by GraphPad Prism 8.0 software and are presented as means +
SEM or SD as indicated. Two-tailed unpaired Student’s ¢-tests were performed to determine

statistical significance. P < 0.05 was considered significant.
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III. RESULTS
1. AD-like skin inflammation is attenuated by constitutive deficiency of commensal

microbiota

Previous studies have shown that topical application of MC903, a low-calcemic analog
of vitamin D3 (calcipotriol) to mouse skin induces an AD-like dermatitis model
recapitulated with features of inflammation, itch, and barrier dysfunction.**>**® To explore
the role of commensal microbiota in shaping AD-like inflammation, we first examined the
degree of MC903-induced inflammation in GF mice compared with mice housed in specific
pathogen-free (SPF) barrier conditions. GF mice showed significantly reduced ear swelling
and histological inflammation as measured by total epidermal thickness and dermal
inflammatory cell infiltration compared to SPF mice (Figure. 1A-C). Moreover, local gene
expression of Ts/p and /133, typical markers for type 2 inflammation in MC903 model,***"-
%% was decreased over day 5 and 7 in GF compared to SPF mice (Figure 1D). To understand
the unbiased molecular differences in MC903-induced inflammation between SPF and GF
conditions, RNA-sequencing was performed. AD-like inflammation in GF mice exhibited
significantly different gene expression patterns compared to SPF mice (Figure 1E and F).
Gene set enrichment analysis (GSEA) showed that the neuron developmental pathway
associated with itch symptom in the AD-like MC903 model®® was significantly enriched in
SPF compared to GF conditions (Figure 2A). However, the keratinization pathway
involved in the integrity of skin barrier function was significantly enriched in GF compared
to SPF conditions (Figure 2A). To understand the global enrichment of type 2 immune
responses, we performed gene set variation analysis (GSVA) using the representative type
2 immune signature gene sets. GSVA results demonstrated that, although type 2 immune
signatures were largely increased in MC903-treated SPF mouse skins, MC903-treated GF
mouse skins showed a generally decreased enrichment (Figure 1G). Previous studies have
demonstrated that topical application of MC903 induces overexpression of TSLP from KCs,

which promotes local ILC2 activation.*” ** ¢ To further understand the differential
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involvement of skin ILC subsets in AD-like inflammation between SPF and GF conditions,
we performed GSEA using the signature gene sets for skin ILCs (GSE180885).%
Interestingly, MC903-treated SPF mice showed a significantly increased enrichment of
skin ILC2 signature compared to GF mice, however, no significant differences were found
in ILC1 and ILC3 signatures (Figure 1H), suggesting that ILC2-mediated immunity is
potentially reduced in AD-like inflammation of GF mice. To examine whether transient
depletion of local microbiota affects AD-like inflammation, MC903 model was induced in
SPF mice treated with topical or oral antibiotics (ABX) to disrupt the skin or gut microbiota,
respectively. Notably, the severity and 7s/p expression of AD-like inflammation were not
reduced by transient disruption of the local microbiota (Figure 1I-O and 2B-E).
Furthermore, conventionalization of GF mice to SPF conditions from birth rescued AD-
like inflammation (Figure 2F-I). Collectively, these data indicate that the constitutive

absence of commensal microbiome is associated with reduced AD-like inflammation.
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Figure 1. Commensal microbiota is responsible for pathophysiology in MC903-

induced AD-like allergic skin inflammation. (A and B) Ear swelling (A) and H&E

staining of ear skin (B) from daily ethanol (EtOH)- or MC903-treated SPF and GF mice

(scale bars = 100 um). (C) Epidermis thickness (left) and accumulated leukocyte number

(right). (D) Gene expression in ear skin at indicated time points. (E and F) Principal

component (PC) analysis (E) and heatmap (F) of whole skin gene expression. (G) Heatmap

of gene set variation analysis using representative type 2 immune signature gene sets. (H)

Gene set enrichment analysis of differentially expressed genes between MC903-treated
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SPF and GF mouse skin. (I) Bacterial colonies from the skin homogenates of topical
antibiotics (ABX)-treated (right) and untreated (left) SPF mice. (J and K) Colony-forming
units (CFUs) of skin homogenates (J) and relative expression of 16S subunit in skin swab
samples (K). (L and M) Ear swelling (L) and H&E staining of ear skin (M) from daily
EtOH- or MC903-treated SPF mice with or without topical ABX treatment (scale bars =
100 pum). (N) Epidermis thickness (left) and accumulated leukocyte number (right). (O)
Gene expression in ear skin of each group of mice. (A-D, 1-O) Data are from one
experiment representative of at least three independent experiments and displayed as mean
+ SEM; n = 3-5 mice per group and time point. *P <0.05, **P <0.01, and ****P <(.0001,

and ns, not significant.
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Figure 2. AD-like skin inflammation is attenuated by constitutive deficiency of
commensal microbiota. (A) Gene set enrichment analysis of differentially expressed

genes (log2 fold change = 1.5 or < —1.5) between MC903-treated SPF and GF mouse

skins using gene sets for Gene ontology: Biological pathway (mS5.go.bp.v2023.1.Mm.sym
-bols. gmt). (B) Ear swelling response in daily MC903-treated SPF mice with or without
oral antibiotics (p.o. ABX) treatment. (C) H&E staining of ear skin from daily EtOH- or
MC903-treated SPF mice with or without ABX treatment (scale bars = 100 pm). (D)
Epidermal thickness (left) and accumulated leukocyte number (right) from each group of
mice. (E) Tslp gene expression in ear skin from each group of mice. (F) Ear swelling

response in daily MC903-treated SPF, GF, and conventionalized GF (GF — SPF) mice.
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(G) H&E staining of ear skins from daily EtOH- or MC903-treated SPF, GF, and GF —
SPF mice (scale bars = 100 um). (H) Epidermal thickness (left) and accumulated leukocyte
number (right) from each group of mice. (I) 75/p gene expression in ear skin from each
group of mice. (B-I) Data are from one experiment representative of at least three
independent experiments and displayed as mean + SEM; n = 4—12 mice per group and time
point. ABX, antibiotics; EtOH, ethanol; GF, germ free; ns, not significant; p.o., per os; SPF,
specific pathogen free. *P < 0.05 and **P < 0.01.
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2. Microbiota colonization during specific neonatal window induces cutaneous

ILC2 priming

Mounting evidence has revealed that the immune system undergoes dynamic maturation
and imprinting during the postnatal life under the influence of microbiome.'” ®* % Since
our data showed reduced severity of the MC903 model in conjunction with decreased ILC2
signatures in GF mice, but not transient microbial depletion in adults, we hypothesized that
microbial exposure at distinct neonatal stages contributes to the threshold of AD-like
inflammation by modulating early ILC priming as in the lung and intestine.®®® To
understand the unbiased developmental dynamics of postnatal skin ILCs, we performed
single-cell RNA-sequencing (scRNA-seq) of total ILCs in mouse skin at postnatal day 1
(P1) and P14. Overall, ILC clusters were largely distinct between P1 and P14 skin (Figure
3A-D). Tcf7'Pdcdl” progenitor, Mki67" proliferating, and Calca’ ILC populations in P1
skin were rapidly substituted by more committed ILC subsets by P14, including //18r1"
NK/ILCls, II2ra‘'Pdcdl” 1LC2s, Rorc'Ccr6" ILC3s, and relatively undefined ILCs
(indeterminate ILCs). In particular, we identified a distinct population of ILC2s confined
to P14 skin that strongly expressed 115, Gata3, Areg, Il1rll, Kirgl, and I/2ra (Figure 3A-
E), indicating their unique identity of fully mature ILC2s (primed ILC2s). Pseudotime
trajectory analysis revealed a continuous developmental pathway in which primed ILC2s
arose through other ILC subsets, including ILC2s (Figure 3F). These results indicate that a
highly dynamic transition of cutaneous ILCs into more committed subsets occurs during

early postnatal window.

To assess the early neonatal development of primed ILCs fully competent to produce
effector cytokines, we analyzed the kinetics of cytokine production by ILCs in SPF mouse
skin following stimulation with phorbol myristate acetate (PMA) and ionomycin. A marked
accumulation of ILCs was observed in neonatal skin as early as P3—P7, which was
maintained through adulthood (Figure 3G and H). The frequency of IL-5" ILC2s and IL-
17A" ILC3s was increased between P7-P14 and retained through P56 (Figure 3G and H).
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To examine whether ILC expansion and/or priming during neonatal period was regulated
by early commensal microbiota exposure, we compared the frequencies of ILCs between
SPF and GF mouse skin at P14 and P56. Although the early expansion of ILCs was
comparable between SPF and GF mice, the proportion of IL-5" ILC2s was significantly
reduced in GF mice both at P14 and P56, while that of IL-17A" ILC3s did not differ (Figure
3I-L). The frequencies of CD25" ILCs, T-bet" ILC1s, GATA3" ILC2s, and RORyt" ILC3s,
as well as Foxp3" Tregs and GATA3" Th2 cells, were largely comparable between SPF and
GF mouse skin at both postnatal and adult stages, in part similar to previous studies (Figure
4A and B)."*:® Moreover, transient depletion of the skin commensal microbiota by topical
ABX treatment before P14, but not P56, significantly reduced the proportion of primed
ILC2s (Figure 4C and D), further supporting the role of early microbial exposure in

cutaneous ILC2 priming.

We further assessed the importance of early ILC2 priming in determining the extent of
AD-like inflammation in adults. The severity of the MC903 model was not reduced in SPF
Ragl™™ mice (Figure 4E-H) and SPF wild-type (WT) mice treated with CD4-depleting
antibodies (Figure 4I-L), indicating a redundant role for T cells as previously reported.*’
To test the functional role of postnatally primed ILC2s, we used an anti-CD25 monoclonal
antibody to deplete ILC2s in P14 SPF Rag/™ mice*™" and induced the MC903 model in
adults (Figure 4M). Notably, mice depleted with postnatal ILC2s showed a significantly
attenuated AD-like inflammation in adulthood (Figure 4N-Q). In addition, Th2 cell immune
responses of MC903-induced inflammation, potentially boosted by ILC2 activity,”'”* were
similar between SPF and GF mice (Figure 4R), supporting that the reduced AD-like
inflammation observed in GF mice potentially results from inefficient postnatal ILC2
priming. Collectively, these data suggest that cutaneous ILC2 priming occurs during a

specific neonatal period in response to commensal microbial exposure and persists into

adulthood to participate in AD-like inflammation.
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Figure 3. Microbiota colonization during specific neonatal window induces cutaneous
ILC2 priming. (A-F) Single-cell RNA sequencing of total ILCs (CD45 Lin Thy1.2")
sorted from mouse skin at postnatal day 1 (P1) and P14. (A and B) UMAP plot (A) and
proportional plot (B) of ILC clusters. (C) Heatmap of selected genes to specify ILC subsets.
(D) Correlation matrix for global gene expression. (E) UMAP plots for co-expression of
115 and indicated genes. (F) Pseudo-time trajectory analysis for early postnatal ILC clusters.

(G and H) Representative flow cytometry plots (G) and bar graphs (H) for PMA/ionomycin
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-stimulated ILCs in SPF mouse skin at indicated time points. (I-L) Representative flow
cytometry plots (I and K) and bar graphs (J and L) for ILCs at P14 (I and J) and P56 (K
and L) skin under SPF and GF conditions. (G-L) Data are from one experiment
representative of at least three independent experiments and displayed as mean = SEM; n
= 5-11 mice per group. **P < 0.01, ***P < 0.001, and ****P < 0.0001, and ns, not

significant.
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Figure 4. Cutaneous ILC2 priming during specific neonatal window is responsible for

pathophysiology in MC903-induced AD-like allergic skin inflammation. (A and B)
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CD25, T-bet, GATA3, and RORyt expression in innate lymphoid cells (ILCs;
CD45'Lin Thy1.2"), and FoxP3 and GATA3 expression in T cells (CD45'Lin Thyl.2"
CD3¢"; Lin excepting CD3¢) from postnatal day14 (P14) (A) and P56 (B) skin under SPF
and GF conditions. (C and D) Proportion of total ILCs, IL-5" ILC2s, and IL-17A" ILC3s
from P14 (C) and P56 (D) SPF mouse skin with or without topical antibiotic (ABX)

1" or Ragl™"™ mice.

treatment. (E) Ear swelling response in daily MC903-treated SPF Rag
(F) H&E staining of ear skins from daily EtOH- or MC903-treated SPF Rag!""" or Ragl™~
mice (scale bars = 100 um). (G) Epidermal thickness (left) and accumulated leukocyte
number (right) from each group of mice. (H) 7s/p gene expression in ear skin from each
group of mice. (I) Ear swelling response in daily MC903-treated SPF mice with anti-CD4
or isotype antibody treatment. (J) H&E staining of ear skins from daily EtOH- or MC903-
treated SPF mice with anti-CD4 or isotype antibody treatment (scale bars = 50 um). (K)
Epidermal thickness (left) and accumulated leukocyte number (right) from each group of
mice. (L) 75/p gene expression in ear skin from each group of mice. (M) Experimental
protocol for neonatal anti-CD25 antibody treatment and subsequent MC903-induced atopic
dermatitis (AD)-like inflammation model in P56 SPF Ragl” mice. (N) Ear swelling
response in daily MC903-treated SPF Rag/ ™ mice after treatment with neonatal anti-CD25
or isotype antibodies. (O) H&E staining of ear skins from daily EtOH- or MC903-treated
SPF Ragl™" mice after treatment with neonatal anti-CD25 or isotype antibodies (scale bars
=100 pm). (P) Epidermal thickness (left) and accumulated leukocyte number (right) from
each group of mice. (Q) 7s/p gene expression in ear skin from each group of mice. (R)
Expression of GATA3 and cytokines (IL-4, IL-5, IL-13) in T cells from P56 SPF and GF
mouse skin with or without MC903 treatment for 5 days. (A-R) Data are from one
experiment representative of at least three independent experiments and displayed as mean
+ SEM; n = 3-10 mice per group. ABX, antibiotics; EtOH, ethanol; GF, germ free; ILCs,
innate lymphoid cells; ns, not significant; P, postnatal day; SPF, specific pathogen free; Th2,
T helper 2 cells; Treg, regulatory T cells. *P < 0.05 and **P < 0.01.
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3. Microbiota-induced TSLP production in Kkeratinocytes is responsible for

postnatal ILC2 priming

To investigate the underlying cues involved in postnatal ILC2 priming in association
with microbiota, we first performed KEGG pathway analysis for genes upregulated in
primed ILC2s compared to other ILC subsets obtained from scRNA-seq. We found that the
JAK-STAT signaling pathway, which is mainly activated by cytokine-cytokine receptor
interactions, was one of the highly enriched pathways in primed ILC2s (Figure 5A), and
Jak2 was highly expressed in this subset (Figure 5B). At the forefront of bacteria-skin
interface, KCs interact closely with commensal microbiota to maintain functional barrier
homeostasis.'” ™ To understand the KC-derived factors that may affect postnatal ILC2
priming (Figure 5C), we investigated gene expression profiles of early postnatal KCs and
performed KEGG pathway analysis for genes upregulated in P14 compared to P1 KCs.
KCs demonstrated dynamic changes in gene expression during the first two weeks of
postnatal period (Figure 5D and E). We found that the cytokine-cytokine receptor
interaction pathway consisting of several cytokines, such as IL-7, BMP4, BMP3, IL-33,
and TSLP, was the most enriched pathway in P14 KCs (Figure 5F). Among the upregulated
cytokines in KCs throughout P1-P14 (Figure 5G and 6A), IL-7 and TSLP are known to
activate the downstream JAK-STAT signaling pathway, > "® suggesting that IL-7 and TSLP
could be potentially involved in JAK-STAT signal activation in postnatal primed ILC2s.
We next assessed whether the expression levels of these cytokines are influenced by
commensal microbiota. Notably, the expression of 7%lp, but not //7, was significantly
decreased in GF compared to SPF KCs at P14 and P56 (Figure 5SH and I). Moreover,
transient depletion of the skin commensal microbiota by topical ABX treatment before P14
also significantly reduced the expression levels of Ts/p, but not //7 (Figure 6B), suggesting
that colonization of the skin microbiota actively induces early postnatal 7s/p expression in

KCs, which is maintained into adulthood.
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To investigate whether TSLP mediates ILC2 priming in early neonates, we examined the
proportion of ILC subsets in the skin of P14 SPF mice treated with receptor-blocking or
cytokine-neutralizing antibodies. Similar to previous reports,®’ development of cutaneous
ILCs was significantly disrupted by blockade of IL-7Ra, a shared receptor subunit of TSLP
and IL-7 (Figure 6C and D), and neutralization of IL-7 also significantly reduced ILC
frequency without affecting priming of ILC2s and ILC3s (Figure 5J and K). However,
neutralization of TSLP significantly reduced the proportion of IL-5" ILC2s, but not total
ILCs or IL-17A" ILC3s (Figure 5L and M). Similarly, the frequency of IL-5" ILC2s was
also diminished in 7slp-deficient mice at P14 compared with WT littermates (Figure SN
and O, 6E), suggesting that skin microbiota-dependent TSLP induction is responsible for
postnatal ILC2 priming. Previous studies have demonstrated that ILC2s in the skin express
IL-18Ra, and IL-18 signaling is required for IL-5 production.®” Although ///8 expression
was induced throughout P1-P14 in postnatal SPF KCs (Figure 6F), its expression level did
not differ between SPF vs GF P14 KCs (Figure 6G). In addition, either SPF or GF P14
ILC2s expressed similar levels of IL-18Ra (Figure 6H and I) and early postnatal ILC2
priming was limited by blockade of IL-18Ra signaling (Figure 6J).

Previous studies have shown that postnatal colonization of the gut commensal bacteria
upregulates epithelial expression of CCL20, which activates CCR6" lymphoid tissue
inducer cells, one of the intestinal ILC3 subsets.”” Although the level of Ccl20 was
increased in KCs from P1 to P14 (Figure 5E and G, 6A), its expression between SPF and
GF KCs was similar at P14 (Figure 5H), and topical ABX treatment before P14 was
insufficient to reduce the expression of Cc/20 in KCs (Figure 6B). However, P56 GF KCs
showed reduced expression of Cc/20 compared to SPF KCs (Figure 5I), suggesting that
Ccl20 expression in adult skin, but not postnatal skin, is likely influenced by skin
microbiota. Moreover, FACS analyses showed that, although overall frequency of ILC3s
between SPF and GF mouse skin was comparable (Figure 31-L), P14 ILC3s was decreased
in Ccr6™~ compared with WT mice (Figure 6K and L).

Taken together, these data suggest that TSLP in KCs is responsible for postnatal ILC2
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maturation and priming in a skin microbiota-dependent manner, whereas IL-18 and
CCL20/CCR6 induce ILC2 and ILC3 priming, respectively, in a skin microbiota-

independent manner.
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Figure 5. Microbiota-induced TSLP production in Keratinocytes is responsible for
postnatal ILC2 priming. (A) KEGG pathway analysis of genes upregulated in primed
ILC2s. (B) UMAP plot for Jak2 expression in ILC subsets. (C) Schematic illustration of
microbiota-dependent keratinocyte (KC)-derived factors affecting ILC2 priming. (D-E)
Principal component (PC) analysis (D) and heatmap (E) of gene expression in sorted KCs
from postnatal day 1 (P1), P7, and P14 SPF mice. (F) KEGG pathway analysis of genes
upregulated in P14 vs P1 KCs. (G) Expression levels of indicated genes from sorted KCs
from SPF mice. (H and I) Gene expression of sorted KCs between SPF and GF mice at P14
(H) and P56 (I). (J-M) Representative flow cytometry plots and bar graphs of P14 skin
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ILCs after treatment with anti-IL-7 (J and K) and anti-TSLP (L and M) antibodies. (N and
O) Representative flow cytometry plots (N) and bar graphs (O) of P14 skin ILCs between
SPF Tslp*"* and Tslp”" mice. (D and E) Each RNA-sequencing sample comprised pooled
KCs from 2-3 mice. (G—O) Data are from one experiment representative of at least three
independent experiments and displayed as mean £ SEM; n = 5-10 mice per group. *P <

0.05, **P < 0.01, ***P < (.001, and ****P < (0.0001, and ns, not significant.
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Figure 6. TSLP in KCs is responsible for postnatal ILC2 maturation and priming
in a skin microbiota-dependent manner, whereas 1L-18 and CCL20/CCR6 induce
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ILC2 and ILC3 priming in a skin microbiota-independent manner. (A) FPKM of
indicated genes from sorted keratinocytes (KCs) from postnatal day 1 (P1), P7, and P14
SPF mouse skin. (B) Expression levels of indicated genes from sorted KCs from P14 SPF
mice with or without topical antibiotics (ABX) treatment. (C and D) Representative flow
cytometry plots (C) and bar graphs (D) of P14 skin total ILCs (CD45Lin Thyl.2") after

" and Tslp™ mice.

treatment with anti-IL-7Ra or isotype antibodies. (E) Genotyping of Ts/p
Primers amplified ~0.5 Kb fragments of the wild-type allele and ~0.4 Kb fragments of the
knockout allele. (F) 1118 expression of sorted KCs from P1, P7 and P14 in SPF mouse skin.
(G) 1118 expression of sorted KCs from P14 skin under SPF and GF conditions. (H and I)
Histogram (H) and graph for the mean fluorescence intensity (MFI) (I) of IL-18Ra from
P14 skin IL-5" ILC2s under SPF and GF conditions. (J) Proportion of total ILCs, IL-5"
ILC2s, and IL-17A" ILC3s P14 SPF mouse skin treated with anti-IL-18Ra or isotype
antibodies. (K and L) Representative flow cytometry plots (K) and bar graphs (L) of total
ILCs, IL-5" ILC2s, and IL-17A" ILC3s from P14 SPF Ccr6™" or Ccr6” mouse skin. (A)
Each RNA-seq KC sample was pooled from 2-3 mice. (B, F, G) Sorted KC samples were
pooled from 2-3 individual mice. (C-E, H-L) Data are from one experiment representative
of at least three independent experiments and displayed as mean + SEM; n = 5-10 mice per
group. ABX, antibiotics; GF, germ free; ILCs, innate lymphoid cells; KCs, keratinocytes;
ns, not significant; P, postnatal day; SPF, specific pathogen free. *P < 0.05, **P < 0.01,
*¥**P < (.001, and ****P < 0.0001.
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4. The early postnatal skin commensal microbe Staphylococcus lentus sufficiently

induces TSLP production and ILC2 priming

To investigate the skin commensal microbes responsible for TSLP induction, we
analyzed the skin microflora of SPF mice from early life to adulthood through full-length
16S rRNA-sequencing of skin swabs. Full-length 16S rRNA-sequencing revealed higher
coverage of taxa assignment in comparison to partial fragments sequencing (Figure 8A).
Comparison of microbial composition between whole-body and ear skin showed similar
profiles, suggesting that the whole-body skin microbiome could represent the microbial
community profile of ear skin (Figure 8B). Furthermore, sequencing of mock communities
and negative control samples revealed reliable and accurate 16S rRNA-sequencing data
obtained in our hands (Figure 8C-E). Throughout the postnatal period, skin showed highly
dynamic colonization with commensal microbial communities (Figure 7A). Interestingly,
principal coordinates analysis (PCoA) revealed rather similar compositions of skin
commensal bacteria between P7, P14, and P21, which are distinct from the P28 and P56
stages (Figure 7B), suggesting the importance of weaning as reported in the gut immune
system’ or physiological changes of the skin’ in regulating skin commensalism. Previous
studies have shown that distinct species of Staphylococcus actively regulate skin immune
responses by modulating IL-17A*CD8" T cells or ILC3s in adults,"* % but their potential
contribution to early postnatal ILC priming has not been determined. Considering that
Staphylococcus was one of the dominant skin commensal bacteria during P7-P14 when
ILC2 priming occurs (Figure 7A), we analyzed the kinetics of compositional changes of
Staphylococcus at the species level. In the early postnatal period (P7, P14, and P21), we
found that a distinct Staphylococcal species, Staphylococcus lentus (S. lentus), was the
major Staphylococcal species, which was replaced by Staphylococcus xylosus (S. xylosus)
in adulthood, a known skin commensal of adult laboratory mice (Figure 7C)."*®' The
existence of S. lentus was confirmed by culturing skin microbiota of SPF mice, and

performing phylogenetic analysis of its genome, along with other Staphylococcus species
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(Figure 8F). The S. lentus isolate was tightly bound to the representative S. lentus strain
(bootstrapping value = 1). Moreover, multiple sequence alignment focusing on the V3-V4
region of the full-length 16S rRNA gene demonstrated a clear separation of S. lentus from
other Staphylococcal species with an identity range of 96.6-96.8% (Figure 8G and H),
suggesting the distinct identity of S. lentus. To investigate whether S. /lentus directly induces
Tslp expression in postnatal skin, GF mice were mono-associated with S. lentus isolates by
consecutive topical application from P5 and gene expression was measured at P14. The
expression level of 7s/p in KCs increased after S. lentus exposure, whereas gene expression
of 1/33 and [I7 was not affected (Figure 7D). In line with 7s/p induction, exposure to S.
lentus significantly enhanced the proportion of IL-5" ILC2s, but not overall ILCs or IL-
17A" ILC3s (Figure 7E). Furthermore, 1118 expression in KCs was not induced by early
exposure to S. lentus in GF mice (Figure 81), further supporting the microbial independent
role of IL-18 in early ILC2 priming. Thus, these data suggest that early postnatal

colonization of S. /entus sufficiently induces local T3lp expression and ILC2 priming.
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Figure 7. Early postnatal skin commensal microbe Staphylococcus lentus sufficiently
induces TSLP production and ILC2 priming. (A) Relative abundance of major taxa
based on 16S rRNA sequencing of postnatal day 7 (P7), P14, P21, P28, and P56 SPF mouse
skin. (B) Principal coordinates analysis (PCoA) of 16S rRNA sequencing of skin swab
samples. (C) Relative abundance of Staphylococcus species. (D and E) Gene expression of
sorted keratinocytes (D) and proportion of total ILCs, IL-5" ILC2s, and IL-17A" ILC3s (E)
from P14 GF mouse skin with or without topical association with Staphylococcus lentus.
The GF control sample in (E) is identical to the GF control sample in Figure 9K because
the experiment was performed simultaneously with the same control group. (A-C)
Representative data from two independent experiments. (D and E) Data are from one
experiment representative of at least three independent experiments and displayed as mean

+ SEM; n = 4—11 mice per group. *P < 0.05, **P < 0.01, and ns, not significant.
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Figure 8. Clearly distinct skin commensal microbe Staphylococcus lentus induces
TSLP production and ILC2 priming during specific neonatal window. (A) Comparison
of 16S rRNA sequencing among different regions (V1-V3, V3-V4, and 16S full-length)
from skin swab samples of postnatal day 56 (P56) SPF mouse skin. (B) Comparison of 16S
rRNA sequencing from swab samples between whole body and ear skin of P56 SPF mice.
(C) Quantity of extracted microbiota DNA from skin mock community, negative controls,
and P7, P14, P21, P28 and P56 SPF mouse skin. (D) Relative abundance of bacterial
species from negative controls based on 16S rRNA sequencing. (E) Relative abundance of
bacterial species from skin mock community based on 16S rRNA sequencing. (F) Relative

abundance of major taxa based on 16S rRNA sequencing of postnatal day 7 (P7), P14, P21,
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P28, and P56 SPF mouse skin. (G) Phylogenic tree of Staphylococcus species including S.
lentus isolates in this study. (H) Multiple sequence alignment (MSA) between
Staphylococcus aureus (S. aureus), Staphylococcus epidermidis (S. epidermidis),
Staphylococcus xylosus (S. xylosus), and Staphylococcus lentus (S. lentus). (1) Percentage
of identity between S. aureus, S. epidermidis, S. xylosus, and S. lentus. (J) 1118 expression
of sorted keratinocytes from P14 GF mouse skin with or without topical association with
S. lentus four times prior to analysis. (A) Data are from one experiment. n = 2—5 mice per
group. (B) Data are from one experiment. n = 2 mice per group. (C-F) Data are from one
experiment representative of at least two independent experiments. n = 5 mice per group.
(J) Sorted keratinocyte samples were pooled from 2—3 mice. Data are from one experiment
representative of at least three independent experiments and displayed as mean £ SEM; n
= 4-11 mice per group, pooled from two independent experiments. GF, germ free; NC,

negative control; ns, not significant; P, postnatal day; SPF, Specific pathogen free.
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5. Tryptophan metabolite IAld-producing Staphylococcal species induce postnatal
TSLP production and ILC2 priming

We asked how S. lentus colonization promotes postnatal TSLP induction and ILC2
priming. Expression of 7SLP in HaCaT cells, an immortalized human keratinocyte cell line,
was increased by treatment with S. /entus culture supernatant, but not with heat-killed S.
lentus, suggesting that S. lentus-derived soluble factors (e.g., metabolites) are responsible
for inducing TSLP in KCs (Figure 9A). Given the ability of microbial metabolites,
especially Trp derivatives, to shape multiple immune cell development and function,*
we hypothesized that S. lentus-derived metabolites are responsible for inducing neonatal
TSLP expression and ILC2 priming. Genomic and metagenomic analyses revealed that the
entire set of enzymes involved in Trp metabolism to produce indole acetic acid (IAA) were
predicted to be produced by Staphylococcus species abundant in postnatal P7-P14 skin
(Figure 10A). Therefore, we further analyzed the specific metabolic pathway-related genes
required to catalyze Trp-derived metabolites (Figure 9B). We found that genes involved in
the major [Ald-generating Trp metabolic pathway (i.e., indole propionic acid (IPyA) route
encompassing Trp — IPyA — [AA — IAld), including aromatic amino acid
aminotransferase (ArAT) (K00841), K04103, and K00128 (Figure 9B), were only observed
in Staphylococcus species compared to other bacterial species that predominated in P7-P14
skin (Figure 9C). Furthermore, IAld-generating Trp metabolic pathway genes were highly
conserved across multiple Staphylococcus species including S. lentus isolates (Figure 9D),
suggesting that Staphylococcal species share a unique Trp metabolic pathway for 1Ald
production. We next analyzed Trp metabolites of SPF mouse skin at P1 and P14 using
LC/MS/MS analysis. Concentration of [Ald, the end-product of the 1Ald-generating IPyA
pathway, was significantly higher in P14 than in P1 skin (Figure 9E). To examine whether
the Trp metabolites, IAA or IAld, are required for TSLP induction, we treated HaCaT cells
with each metabolite and measured 7SLP expression. [Ald, but not IAA, significantly

induced TSLP expression in a dose-dependent manner (Figure 9F). Indeed, consecutive
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topical application of IAld from P5 GF mouse skin significantly induced local Tslp
expression at P14 (Figure 9G). Importantly, exposure to IAld during the early postnatal
period was sufficient to promote the emergence of IL-5" ILC2s, but not total ILCs or IL-
17A" ILC3s (Figure 9H and I). As IAld-producing Trp metabolic pathway is conserved
across Staphylococcal species (Figure 9D), we next explored whether other Staphylococcus
species are also able to induce 75/p and early ILC2 priming. The expression of 7s/p in P14
GF mouse KCs was significantly augmented by exposure to S. xylosus or S. epidermidis,
which was accompanied by an increased proportion of IL-5" ILC2s (Figure 9J and K). To
directly examine the importance of IAld-producing Trp metabolic pathway in
Staphylococcus for early ILC2 priming, we generated mutant strain for S. aureus deficient
in ArAT (S. aureus AArAT) (Figure 10B and C), a key enzyme for the major [Ald-producing
Trp metabolic pathway involving IPyA route. Notably, we found that GF mice with early
postnatal exposure to WT S. aureus strain showed increased 75lp expression and ILC2
priming, but these effects were greatly reduced in GF mice exposed to the mutant S. aureus
AArAT strain (Figure 9L and M). Collectively, these data suggest that early postnatal
colonization with specific IAld-producing Staphylococcal species including S. lentus

actively promotes TSLP induction and ILC2 priming in vivo.
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Figure 9. Tryptophan metabolite IAld-producing Staphylococcal species induce
postnatal TSLP production and ILC2 priming, (A) 7SLP expression in HaCaT
keratinocytes (KCs) treated with culture supernatant of Staphylococcus lentus (S. lentus)
and heat-killed S. lentus. (B) The indole acetic acid (IAA) metabolic pathway (Trp,
tryptophan; IPyA, indole-3-pyruvic acid; TrA, tryptamine; IAM, indole-3-acetamide;
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IAAId, indole-3-acetaldehyde; IAA, indole-3-acetic acid; [Ald, indole-3-aldehyde). (C)
Presence of IAA metabolic pathway-related genes in bacteria species. (D) Presence of [AA
pathway-related genes in Staphylococcus species. (E) LC/MS/MS of Trp and Trp
metabolites in skin tape strips from postnatal day 1 (P1) and P14 SPF mice. (F) TSLP
expression in HaCaT KCs treated with Trp metabolites. (G) Ts/p expression of sorted KCs
from P14 GF mice with or without topical IAld treatment. (H and I) Representative flow
cytometry plots (H) and bar graphs (I) for total ILCs, IL-5" ILC2s, and IL-17A" ILC3s
from P14 GF mouse skin treated with ethanol (EtOH) or IAId. (J and K) Ts/p expression of
sorted KCs (J) and proportion of indicated ILC subsets (K) from P14 GF mouse skin with
or without topical association with Staphylococcus xylosus (S. xylosus) or Staphylococcus
epidermidis (S. epidermidis). (L and M) Tslp expression of sorted KCs (L) and proportion
of indicated ILC subsets (M) from P14 GF mouse skin mono-associated with wild-type
(WT) Staphylococcus aureus (S. aureus WT) or S. aureus AArAT mutant. (A and F) Data
are from one experiment representative of at least three independent experiments and
displayed as mean + SD. (E) Data are from one experiment representative of two
independent experiments; n = 6—8 mice per group. (G—K) Data are from one experiment
representative of at least three independent experiments; n = 4—15 mice per group. (L and
M) Data are pooled from two independent experiments and displayed as mean = SEM; n =
4-16 mice per group. *P < 0.05, **P < 0.01, ***P <0.001, and ****P<0.0001, and ns, not

significant.
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Figure 10. Amino acid metabolism-related genes in Staphylococcal species and mutant
strain for S. aureus deficient in ArAT. (A) Presence of amino acid metabolism-related
genes in representative Staphylococcus species found in postnatal day 7 (P7)-P14 SPF
mouse skin. (B) Gene-targeting strategy for Staphylococcus aureus (S. aureus) AArAT
strain. (C) Genotyping of S. aureus wild type and 44rAT mutant strain. ArAT mutant
primers amplified ~2 Kb fragments from the wild-type and ~3 Kb fragments from the
mutant. ArAT, aromatic amino acid aminotransferase; mut, mutant; SPF, Specific pathogen

free; WT, wild type.
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6. Early postnatal S. lentus-TSLP-ILC2 priming axis is co-opted in AD-like

inflammation in adults

We next investigated whether the timing of postnatal exposure to commensal
Staphylococcus is responsible for promoting AD-like inflammation in adulthood. We
exposed GF mice with S. lentus during early (P5-P11) or late (P28-P34) postnatal life and
assessed the severity of MC903-induced model in P56 (Figure 11A). We found that early,
but not late, exposure to S. lentus resulted in persistent induction of 7s/p expression in KCs
and increased frequency of primed ILC2s in adult P56 gnotobiotic mice (Figure 11B and
C), consistent with the insufficient effect of transient depletion of commensal bacteria by
topical ABX treatment in reducing primed ILC2s in adult mice (Figure 4D), despite
efficient reduction of S. lentus in the skin (Figure 12A). In line with this, the severity of
MC903-induced inflammation was correspondingly exacerbated in early exposed GF mice
compared to the late exposed group (Figure 11D-G). Since early exposure to IAld induced
postnatal 7slp expression and ILC2 priming at P14 (Figure 9G-I), we next examined
whether early exposure to IAld is sufficient to facilitate AD-like inflammation in adults
(Figure 12B). Surprisingly, GF mice early exposed to IAld did not show increased 7s/p
expression in KCs and frequency of primed ILC2s at P56 skin (Figure 12C and D).
Furthermore, AD-like inflammation in adulthood was not exacerbated by early application
of 1Ald (Figure 12E-G), indicating that IAld itself is not sufficient to maintain 7s/p
expression and primed ILC2s in adults. These results prompted us to test whether
subsequent colonization with S. /entus is required to maintain the postnatal priming effect
of ILC2s induced by early IAld exposure (Figure 11H). Notably, early 1Ald exposure
followed by colonization of S. lentus in GF mice significantly promoted MC903-induced
inflammation (Figure 11I-L), suggesting that sustained colonization of the commensal
Staphylococcus after the early postnatal ILC2 priming period is required to maintain the
priming effect of ILC2s. To directly examine the importance of IAld production in

Staphylococcus in promoting AD-like inflammation later in life, GF mice were early
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colonized with WT or 44rAT mutant S. aureus and the severity of MC903 model was
assessed in adulthood (Figure 11M). GF mice with early exposure to S. aureus AArAT strain
showed significantly lesser degrees of AD-like inflammation than mice colonized with WT
S. aureus (Figure 11N-Q). Previous studies have shown that Escherichia coli (E. coli)
catalyzes Trp to indole via tryptophanase, a pathway different from the [Ald-generating
IPyA route.”® ® Through genome comparison, we found that E. coli was devoid of a set of
enzymes required for [Ald catabolism compared to the representative Staphylococcus
species, S. xylosus (Figure 12H). Interestingly, GF mice mono-associated with S. xylosus
exhibited increased MC903-induced inflammation in adulthood, but this effect was not
observed in GF mice early exposed to E. coli (Figure 121-K), further supporting bacterial

unicity for [Ald-producing potential leading to predisposition to AD-like inflammation.

Finally, we asked whether skin microbiota-dependent early TSLP-ILC2 priming axis
directly contributes to the AD-like inflammation in adults. ILCs isolated from P14 neonatal
skin of GF WT, SPF WT, and SPF Ts/p "~ mice were adoptively transferred into recipient
P56 GF mice via intradermal injection, and subsequently the severity of MC903-induced
inflammation was assessed (Figure 13A). Intravital imaging showed that the transferred
ILCs located around hair follicles and interfollicular areas, indicating successful
engraftment (Figure 14A and B). GF mice transferred with P14 ILCs from SPF WT mice
showed exacerbated MC903-induced inflammation compared to the GF WT ILC transplant
group (Figure 13B-E). However, transfer of P14 ILCs from SPF Tslp” mice did not
promote AD-like inflammation (Figure 13B-E), suggesting that TSLP-dependent ILC2
priming in early postnatal period contributes to AD-like inflammation in adult recipients.
In addition, frequencies of endogenous ILC2s and Th2 cells in recipient mice were not
affected by transfer of P14 ILCs from SPF WT mice, regardless of MC903 treatment
(Figure 14C and D), indicating that the predisposing effect on AD-like inflammation is
mainly mediated by the activity of transferred ILCs. Furthermore, GF mice transferred with
normalized numbers of primed ILC2s from GF donors relative to SPF donors exhibited

similar degrees of AD-like inflammation compared to GF mice receiving SPF skin ILCs
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(Figure 14E-H), supporting that different extent of postnatal ILC2 priming between SPF
and GF skin leads to different severity of AD-like inflammation. Taken together, these data
suggest that the early postnatal skin microbiota-TSLP-ILC2 priming axis promotes

predisposition to AD-like inflammation later in life (Figure 15).

53



Early S.fentus
Pt
P5 P7 P9 P11

GF 9%
or-4i

P56
Tslp & ILC
Analysis

Late S.lentus
——
P28 P30 P32 P34

Gnotobiosis  EtOH or MC903
D1 D2

. 4

D3 D4 D5

P56
Gnotobiosis

S
-
-

Relative expression

D
© SPF
©GF
-© GF + Early S.lentus
© GF +Late S.lentus
€
2
>
£
2 -
s $
e g
& 3
w W
= 697
z
&
i
+
3
€
3
%6
© o
kG
3
* __|
H
Early S.lentus
Sy
PE P7 P9 P11
GF g9~ —— Late S lentus
P g
P28 P30 P32 P34
GF —_—
Early IAId Late S lentus
— ——
P5 P7 P9 P11 P28 P30 P32 P34
GF Fo-——— iy ———
-©- GF + Early S.lentus J EtOH
-© GF + Late Slentus 2
£
-O GF + Early IAld+ Late S.lentus e
© >
100 5
i
£
2 2
3 50 %6
H ]
@ 3
&
w )
< .-
ol 28
e
012345 oFe
Days after treatment 7
K
O GF + Early S./entus
O GF + Late S.lentus
O GF + Early IAId+ Late S./entus
£ 250 ns 100 =
H G o
2 200 & g 80 o
g s
3 g
g 150 g 60
= 2
g 100 = 40
H ¢
2 50 20 ﬁ
w
EtOH MCo03 EtOH MC903

B oGk Coocr
O GF + Early Slentus

O GF + Late S.lentus

O GF + Early S./entus
O GF + Late S./entus

pse Tslp PS6 e ILc2 iLc3
25 ns 15. 20 ns 25
a6 . = ns PrapTTT ne
nalysis .
y: 820 o » &5 3 20
s s
31 5 ° b4 £ £15 o
8 Q £10 &
2 1.0 5 . = S0
5 = 5 5
g0s . 2 (gl |° =5
) o
00 0 0
F G
O SPF O GF +Early Slentus O SPF O GF +Early Slentus
O GF O GF + Late S./entus O GF O GF + Late S.lentus
ns
| P08 Tslp
_ 150 + 0 150 1500
g o o <
2 ) 2
€100 2 %1000
3 £ g
£ 8 3 °
= 2 9
£ 5 2
£ 50 w T 500
3 * ©
k= ['4
o 8
0 . 0
— EtOH MC903
M
Early S.aureus WT Gnotobiosis
EtOH or MC903 —— EtOH or MC903
D1 D2 D3 D4 D5 £ A7 9 A1 W Dt D2 D3 D4 D5
GF A LS. TN
Early S.aureus AAAT
D6 P5 P7 P9 P11 p D6
Analysis GFg— Analysis
N o
MC903 O GF EtOH MC903
© GF + S.aureus WT
© GF + S.aureus AATAT w
100 ©
g .
? E - %
£ ]
3 50 ns %8
H 3
2 K
5
w =
< g
0 %
]
012345 ©g
Days after treatment a
- = ? i |
P Q
O GF + Early S./lentus O GF O GF

®
3
3

2 o
s 3
8 8

I
S
8

O GF + Late S.lentus
O GF + Early IAld+ Late S./entus

Tslp

EtOH

MC903

O GF + S.aureus WT
O GF + S.aureus AATAT

O GF + S.aureus WT
O GF + S.aureus AArAT

Tslp

Relative expression

=200 — 120
€ = i
2 150 @ 2 8
g 280 o
] Q £
£ 100 3 s
] ® 3 o
E 40
g 50 S
2
u ©
0 T o T T
EOH MCa03 EtOH MCo03

Figure 11. Early postnatal S. lentus-TSLP-ILC2 priming axis is co-opted in AD-like

inflammation

in adults.

(A) Experimental

scheme for mono-association of

Staphylococcus lentus (S. lentus) and subsequent MC903-induced model. (B and C) Tslp
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expression of sorted keratinocytes (KCs) (B) and proportion of total ILCs, IL-5" ILC2s,
and IL-17A" ILC3s (C) from postnatal day 56 (P56) GF mouse skin with early or late
mono-association with S. lentus. (D-G) Ear swelling (D) and H&E staining of ear skin (E)
from each group of mice (scale bars = 100 um). Epidermis thickness (left) and accumulated
leukocyte number (right) (F). 7s/p expression in ear skin (G). (H) Experimental scheme for
topical IAld treatment and mono-association with S. lentus and subsequent MC903-induced
model. (I-L) Ear swelling (I) and H&E staining of ear skin (J) from each group of mice
(scale bars = 100 um). Epidermis thickness (left) and accumulated leukocyte number (right)
(K). Tslp expression in ear skin (L). (M) Experimental scheme for mono-association of
wild-type (WT) Staphylococcus aureus (S. aureus WT) or S. aureus AArAT mutant and
subsequent MC903-induced model. (N-Q) Ear swelling (N) and H&E staining of ear skin
(O) from each group of mice (scale bars = 50 um). Epidermis thickness (left) and
accumulated leukocyte number (right) (P). 7slp expression in ear skin (Q). The GF control
sample in (C) is identical to the GF control sample in Figure 12D because the experiment
was performed simultaneously with the same control group. (B and C) Data are pooled
from two independent experiments. (D-Q) Data are from one experiment representative of
at least three independent experiments and displayed as mean + SEM; n = 4-15 mice per

group. *P <0.05, **P <0.01, and ****P < 0.0001, and ns, not significant.
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Figure 12. Bacterial unicity for IAld-producing potential leading to predisposition to
AD-like inflammation. (A) Relative expression of Staphylococcus lentus (S. lentus) from
skin swab samples of SPF mice with or without topical antibiotics (ABX) treatment. (B)

Experimental protocol for topical IAld treatment for indicated time points and subsequent
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MC903-induced atopic dermatitis (AD)-like inflammation model in postnatal day 56 (P56)
GF mice. (C and D) Tslp expression of sorted keratinocytes (C) and proportion of total
innate lymphoid cells (ILCs; CD45 Lin Thy1.2"), IL-5" ILC2s, and IL-17A" ILC3s (D)
from P56 GF mouse skin with early or late topical [Ald treatment. (E) Ear swelling response
of SPF, GF, GF + Early [Ald, and GF + Late IAld mouse group treated with daily MC903.
(F) H&E staining of ear skin from each group of mice (scale bars = 100 pm). (G) Epidermal
thickness (left) and accumulated leukocyte number (right) from each group of mice. (H)
Presence of indole acetic acid pathway-related genes in E. coli and S. xylosus. (I) Ear
swelling response of MC903 treatment in GF mice with mono-association of S. xylosus or
E. coli. (J) H&E staining of ear skin from each group of mice (scale bars = 100 pm). (K)
Epidermal thickness (left) and accumulated leukocyte number (right) from each group of
mice. (D) The GF control sample is identical to the GF control sample in Figure 11C
because the experiment was performed simultaneously with the same control group. (n=8-
10 per group, pooled from two independent experiments.) Data are from one experiment
representative of at least two independent experiments and displayed as mean + SEM; n =
4-10 mice per group. ABX, antibiotics; GF, germ free; IAld, indole-3-aldehyde; ILCs,
innate lymphoid cells; ns, not significant; P, postnatal day; SPF, Specific pathogen free. *P
<0.05 and **P < 0.01.
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Figure 13. Neonatal skin microbe-TSLP-ILC2 priming axis contributes to AD-like
inflammation in adulthood. (A) Experimental scheme for adoptive transfer of neonatal
ILCs sorted from the indicated mice to recipient GF adult mice by intradermal injection
and subsequent MC903-induced model. (B and C) Ear swelling (B) and H&E staining of
ear skin (C) from each group of mice (scale bars = 100 pm). (D) Epidermis thickness (left)
and accumulated leukocyte number (right). (E) 73/p expression of ear skin. Data are from
one experiment representative of at least three independent experiments and displayed as
mean = SEM; n = 4-5 mice per group. *P < 0.05, **P <0.01, ***P < 0.001, and ****P <
0.0001, and ns, not significant.
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Figure 14. Different extent of postnatal ILC2 priming between SPF and GF skin leads
to different severity of AD-like inflammation. (A) Two-photon microscopy images of
transferred innate lymphoid cells (ILCs; CD45'Lin Thy1.2"; shown in red) in the ear skin
of recipient GF mice. Arrowheads (white) indicate transferred ILCs. (B) Summarized graph
for number of transferred ILCs per field of view. (C and D) Frequency of host ILC2s
(CD45.2"Lin Thy1.2'IL-5") and Th2 cells (CD45.2"Lin Thy1.2'*CD3¢'IL-4"TL-5"1L-13";
Lin excepting CD3¢) in recipient GF mice transferred with donor ILCs before (C) and after
(D) MC903 treatment. (E) Ear swelling response of GF mice transferred with indicated
ILCs 1 day prior to daily MC903 treatment. (F) H&E staining of ear skin from each group

of mice (scale bars = 50 um). (G) Epidermal thickness (left) and accumulated leukocyte
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number (right) from each group of mice. (H) 7s/p expression of ear skin from each group
of mice. (A-D) Data are from one experiment representative of at least two independent
experiments and displayed as mean = SEM; n = 3-5 mice per group. (E-H) Data are from
one experiment representative of at least two independent experiments and displayed as
mean = SEM; n = 4-8 mice per group. GF, germ free; ILCs, innate lymphoid cells; ns, not
significant; P, postnatal day; SPF, Specific pathogen free; Th2 cells, T helper 2 cells. *P <
0.05, and **P < 0.01.
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Table 1. Primers used in this study

PRIMER NAME SEQUENCE

ArAT 900 For 5’-ACCGGCATTGTTAGAGGATTTGAATGG-3’

ArAT 780 Rev 5’-GGAGAGGAATATAACTCGGTAG-3’

ArAT(N177) Erm For 5’-GCTGTCTTGTTAAATTATCCGACTACCTTAGA
AGCAAACTTAAGAGTG-3’

ArAT(N177) Erm Rev 5’-CACTCTTAAGTTTGCTTCTAAGGTAGTCGGA
TAATTTAACAAGACAGC-3’

Erm ArAT(N177) For 5’-CTAAAGGGAATGGAGACCGGGATCCAACTG
GCGTAGTTTTAAAAAGAAA-3

Erm ArAT(N177) Rev 5S>-TTTCTTTTTAAAACTACGCCAGTTGGATCCC

GGTCTCCATTCCCTTTAG-3’

ArAT mut 100 For 5’-ATCGCAATGACTGCGTTTCT-3’

ArAT mut 486 Rev 5’-TGCTGCTGGAGAACTCACAA-3’

mHprt For 5’-TCAGTCAACGGGGGACATAAA-3’
mHprt Rev 5’-GGGGCTGTACTGCTTAACCAG-3’
m73lp For 5’-TCGAGGACTGTGAGAGCAAGCCAG-3’
m7slp Rev 5’-CTGGAGATTGCATGAAGGAATACCA-3’
m//33 For 5'-ACCAGGTGCTACTACGCTAC-3

m//33 Rev 5-TCACCATCAGCTTCTTCCCA-3'

m//7 For 5’-TGCAGTCCCAGTCATCATGA-3’

m//7 Rev 5’-GGCAGCAGAACAAGGATCAG-3’
mCcl20 For 5’-TTGCTTTGGCATGGGTACTG-3’

mCcl/20 Rev 5’-TCGTAGTTGCTTGCTGCTTCTG-3’
m//18 For 5’- ACTTTGGCCGACTTCACTGT -3’

m//18 Rev 5’- GGGTTCACTGGCACTTTGAT-3’

hTSLP For 5’-GGCCACATTGCCTTACTGAA-¥

hTSLP Rev 5’-TGGGCACCAGATAGCTAAGG-3’
hGAPDH For 5'-CTGGGCTACACTGAGCACC-3’
hGAPDH Rev 5'-AAGTGGTCGTTGAGGGCAATG-3’
S.lentus 239 For: 5'-TGACTGATGAAGCACGCACA-3'

S.lentus 531 Rev:

5'-TCTTGCTTCTTCTTCGCTCCA-3'

16S 27 For

5’- AGAGTTTGATCCTGGCTCAG-3'

16S 534 Rev

5’- ATTACCGCGGCTGCTGG-3’
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IV. DISCUSSION

Although previous studies have revealed the role of skin commensal microbes in shaping
the quality of immunological and physiological responses following exposure in
adulthood,* " #% it remains largely unclear whether postnatal exposure to microbiota
induces the long-lasting immune imprinting and consequently influences the extent of skin
inflammation later in life. Here, we uncover a previously unappreciated role of early
colonization of [Ald-producing skin commensal Staphylococcus species in the regulation
of TSLP-dependent postnatal ILC2 priming, which contributes to AD-like inflammation in
adults.

ILCs arise from both prenatal and postnatal progenitors that seed peripheral tissues and
actively differentiate into specific ILC subsets.**™ ILC2s are largely tissue-resident cells
that promote local type 2 immune responses through in situ expansion and release of type
2 cytokines upon stimulation with a set of epithelial-driven factors, including IL-25, IL-33,
and TSLP.*"#-2 Recent works have shown that ILC2s undergo postnatal maturation and

65-89-93 and the gene expression

priming to produce maximal amounts of effector cytokines,
program of intestinal ILC2 signature is significantly reduced in the absence of microbiota,*®
suggesting a potential role for commensal microbes in regulating ILC2 priming. In line
with previous studies, we found that ILC2 development in the skin is highly dynamic
during the first 2 weeks of life and that postnatal priming of ILC2s occurs following early
exposure to commensal microbiota. Notably, microbe-dependent expression of TSLP in
postnatal KCs critically induces ILC2 priming. Since ILC2s in different tissues exhibit
distinct responsiveness to activating cytokines, such as TSLP in the skin and IL-33 in the

63.86.92 we speculate that tissue-specific imprinting signals for postnatal ILC2s priming

lung,
may preemptively establish different ILC2 responses in each tissue. Previous studies have
shown that IL-5 expression in skin ILC2s is comparable between SPF and GF conditions
in neonatal and adult mice.®*® Discrepancies compared to the results reported herein may
reflect the different methods used to measure IL-5 expression. We evaluated fully

competent ILC2s capable of producing IL-5 protein after stimulation with PMA and
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ionomycin by flow cytometry, while other studies analyzed IL-5 transcript levels in ILC2s
by reporter mice or quantitative PCR. Therefore, further integrative approaches to measure
both transcript and protein levels of representative lineage markers will provide more
reliable interpretation of ILC2 biology. In addition, unlike ILC2s, regulatory mechanisms
of ILC3 expansion and activation in neonatal stages remain largely unexplored in the skin.
Our results demonstrate a critical involvement of the CCL20/CCR6 chemokine system in
the postnatal priming of skin ILC3s as seen in gut ILC3s.”” However, the dispensable role
of skin commensals in postnatal Cc/20 expression and ILC3 priming implies unrecognized

intrinsic cues in establishing ILC3 activity early in life, thus warranting further study.

Commensal bacteria-derived metabolites actively modulate local immune homeostasis
by licensing the functional properties of immune cells.'® ?**!-**% Qur data revealed that
colonization with S. lentus, the dominant Staphylococcus species in early postnatal skin,
sufficiently induces ILC2 priming by promoting 75/p expression in KCs. Based on
comparative whole-genome sequencing analysis involving S. /entus isolates in our study,
pathway-related genes for 1Ald-generating Trp-indole metabolism were highly conserved
across Staphylococcus species and were functionally relevant to TSLP-dependent ILC2
priming in vivo. Previous studies reported that TAld levels are reduced in human AD
lesional skin and that topical application of 1Ald inhibits TSLP expression in adult KCs
under MC903-induced inflammation in an aryl hydrocarbon receptor (AhR)-dependent
manner.*> However, compared to the relatively well-known anti-inflammatory effects of
Trp metabolites, their fundamental role in steady-state skin, especially in the regulation of
postnatal imprinting of the skin immune system, is poorly understood yet. In the current
study, we found that skin commensal Staphylococcus-derived 1Ald contributes to a
previously unrecognized ILC2 priming axis by inducing TSLP from KCs. Currently, how
IAld differentially regulates TSLP expression between inflammatory and steady-state skin
conditions remains largely unknown. Previous reports have shown that activation of AhR
negatively regulates TSLP expression in KCs upon inflammatory stimuli by inhibiting

acetylation-dependent DNA-binding of NF-kB to the TSLP promoter.”” As the TSLP
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promoter contains multiple AhR-binding elements,*® it would be worthwhile to explore
whether TAld-mediated AhR activation directly or indirectly regulates homeostatic

expression of TSLP in KCs and subsequent ILC2 priming.

Host-microbe interactions during specific time window of early life can result in
persistent immune imprinting, thereby affecting the quality of immune responses in
adulthood.®* ** % Our results demonstrate that early postnatal exposure to commensal
microbiota, but not later exposure, induces ILC2 priming that predisposes the host to AD-
like inflammation. It has been recognized that different types of immune cells have distinct
window periods for functional priming.'” %' Previous studies, together with the dynamic
development of skin ILC2s reported herein, suggest that priming of ILC2s occurs as early
as 2 weeks of postnatal life, providing a unique window period to potentially modify their
activity.®> ¥ However, our data also demonstrate that susceptibility to AD-like
inflammation in adulthood requires constitutive colonization with commensal
Staphylococci after initial ILC2 priming. Therefore, further investigation is needed to
determine whether commensal bacteria directly regulate the cellular identity or homeostatic
maintenance of early primed ILC2s through sustained induction of local TSLP, as shown

by reduced ILC2s in Ts/p-deficient mouse skin.®'

In conclusion, early exposure to commensal microbes establishes an important arsenal
for type 2 innate immunity in the skin through mutual crosstalk with the developing
epithelial barrier. Co-optation of the skin microbiota-dependent ILC2 priming axis in
allergic inflammation suggests the possibility for proactive regulation of early symbiotic
microbes to modify the extent of type 2 immunity later in life. Therefore, it would be
noteworthy to investigate whether postnatal dysbiosis driven by genetic predisposition to
AD alters the magnitude of ILC2 priming and subsequently contributes to the future
development of AD in humans.** > ! Further mechanistic exploration of the skin
microbiota-ILC2 priming axis will lead to the development of potential disease-modifying

strategies to enable early intervention in allergic skin diseases.
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V. CONCLUSION
We demonstrated that early postnatal colonization with IAld-producing Staphylococcus
species induces TSLP-mediated early ILC2 priming. In addition, ILC2 priming early in

life is co-opted in allergic skin inflammation in adulthood.
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