1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Sci Immunol. Author manuscript; available in PMC 2022 December 24.

-, HHS Public Access
«

Published in final edited form as:
Sci Immunol. 2022 June 24; 7(72): eabe0584. doi:10.1126/sciimmunol.abe0584.

Activation of CD81+ skin ILC2s by cold-sensing TRPM8* neuron-
derived signals maintains cutaneous thermal homeostasis

Ming Xul2, Chao Li%3, Jie Yangl#, Amy Yel2, Liping Yan2, Beng San Yeoh?, Lai Shi®>T, Yu
Shin Kim®8, Joonsoo Kang’, Matam Vijay-Kumar?, Na Xiong2:8"*

1Department of Veterinary and Biomedical Sciences, Centre for Molecular Imnmunology and
Infectious Disease, The Pennsylvania State University, University Park, PA 16802, USA

2Department of Microbiology, Immunology and Molecular Genetics, University of Texas Health
Science Center San Antonio, San Antonio, TX 78229, USA

3Division of Pneumoconiosis, School of Public Health, China Medical University, Shenyang
110122, China.

4Department of Physiology & Pharmacology, University of Toledo College of Medicine & Life
Sciences, Toledo, OH 43614, USA

SDepartment of Biochemistry and Molecular Biology, The Pennsylvania State University,
University Park, PA 16802, USA

5Department of Oral & Maxillofacial surgery, University of Texas Health Science Center at San
Antonio, 7703 Floyd Curl Drive, San Antonio, TX 78229

"Department of Pathology, University of Massachusetts Medical School, Albert Sherman Center
Worcester, MA 01605

8Department of Medicine-Division of Dermatology and Cutaneous Surgery University of Texas
Health Science Center San Antonio, San Antonio, TX 78229, USA

Abstract

As the outermost barrier tissue of the body, the skin harbors a large number of innate lymphoid
cells (ILCs) that help maintain local homeostasis in the face of changing environments. How skin-
resident ILCs are regulated and function in local homeostatic maintenance is poorly understood.
We herein report discovery of a cold-sensing neuron-initiated pathway that activates skin group
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2 ILCs (ILC2s) to help maintain thermal homeostasis. In stearoyl-CoA desaturase 1 (SCD1)
knockout mice whose skin is defective in heat maintenance, chronic cold stress induced excessive
activation of CCR10"CD81*ST2* skin ILC2s and associated inflammation. Mechanistically,
stimulation of the cold-sensing receptor TRPM8 expressed in sensory neurons of the skin led

to increased production of IL-18, which in turn activated skin ILC2s to promote thermogenesis.
Our findings reveal a neuroimmune link that regulates activation of skin ILC2s to support thermal
homeostasis and promotes skin inflammation following hyperactivation.

One Sentence Summary:

Skin-resident ILC2s are activated by signals from cold-sensing neurons to aid in regulation of
thermal homeostasis in skin.

INTRODUCTION

Innate lymphoid cells (ILCs) are a family of innate lymphocytes (1-4). Some members

of this family, such as natural killer (NK) cells, have been known for a long time, while

the others were discovered in recent years. All ILCs originate from lymphoid-primed
multipotent progenitors (LMPPs) or common lymphoid progenitors (CLP) (1, 2, 5). Under
direction of transcription factors and extrinsic environmental signals, the progenitor cells
give rise to various subsets of ILCs (6, 7). Based on their developmental pathways and
functional potentials, ILCs are commonly divided into three groups of helper ILCs (ILC1-
3) in addition to NK cells and lymphoid tissue inducer (LTi) cells (1, 2). ILC1s depend

on transcription factors such as T-bet for their development and function and produce

type 1 cytokines such as interferon -y (IFNvy) when activated (5, 8, 9). ILC2s express the
transcription factors GATA3 and RORa for their development and are able to produce type
2 cytokines such as IL-4, IL-5 and IL-13 (10-17). ILC3s depend on the transcription factor
ROR-yt for their development and produce IL-17 and IL-22 (18-21).

ILCs preferentially localize into barrier tissues such as the skin, intestine and lung where
they help protect local tissue homeostasis while their dysregulation can lead to inflammatory
diseases, defective tissue development and function, and other disorders (1-4, 22-27).
Depending on their functional potentials, different groups of ILCs have different functions
in tissue protection and homeostatic regulation. In general, ILC1s and NK cells function in
immunity against viral and bacterial infection and tumor surveillance. ILC2s are primarily
involved in immunity against parasite infection as well as in metabolic homeostatic
regulation and wound healing. ILC3s mainly function in early immune responses against
local infection and are also implicated in tissue repair following inflammation or damage.
The composition and humber of ILCs in different tissues vary, likely as an adaptation to
tissue-specific requirements for their optimal protection and homeostatic maintenance.

Skin is the outermost barrier tissue of the body. The integrity and proper function of the
skin is crucial in maintaining thermal homeostasis and the body’s water and electrolyte
balance in the face of changing environments. Among different barrier tissues, skin is
enriched with one of the highest percentages of ILCs, which constitute more than 10%
of resident lymphocytes in mice (27-33). Under homeostatic conditions, skin-homing
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ILCs are continuously generated in skin-draining lymph nodes (sLNs) and migrate into

the skin where they contribute to the pool of skin ILCs (29). The chemokine receptor
CCR10, through interaction with its skin-specific ligand CCL27, plays an important role in
migration and homeostatic establishment of skin ILCs (29). While various groups of ILCs,
including NK1.1* NK cells and ILC1s, can be found in the healthy skin, ILC2s account

for the majority of skin ILCs in adult wild-type (WT) mice (28, 29, 34-37). Skin-specific
CCR10* ILCs under homeostatic conditions express the ILC2-associated transcription factor
GATAS3 but not the ILC1 and ILC3-associated transcription factors T-bet and RORyt (29).
However, when stimulated with phorbol myristate acetate (PMA) and ionomycin, significant
percentages of skin CCR10* ILCs can produce both IL-5 and IL-17A although few produce
IFN-y (29), suggesting that they are not fully committed ILC2s. On the other hand, a
significant fraction of skin CCR10* ILCs express high levels of MHCII and play an
important role in maintenance of skin T cell homeostasis in the skin (29). Skin ILC2s

can also interact with mast cells to suppress their IgE-dependent cytokine release (28).
Therefore, skin ILC2s likely represent a unique population of ILCs with regulatory functions
under homeostatic conditions and plasticity for further differentiation into active effector
cells in response to local environmental stimulation, which would allow them to optimally
help maintain the skin homeostasis and function.

Various pathophysiological changes are associated with skin ILC2 activation. In wounded
skin, the number of IL-5 and IL-13-producing ILC2s increases, suggesting that they are
activated to help wound healing (38). On the other hand, over-activation of skin ILC2s
contributes to cutaneous inflammation. In mouse models of atopic dermatitis, skin ILC2s

are activated by thymic stromal lymphopoietin (TSLP) and IL-33 produced by skin
keratinocytes and produce IL-5 and IL-13 that promote disease development (39-41).
Prostaglandin D2, acting through its receptor CRTH2 expressed on skin ILC2s, induces
migration and cytokine production of skin ILC2s in human atopic dermatitis (42). Consistent
with the notion that local environments provide cues to regulate ILCs for their tissue-specific
functions, ILC2s in the healthy skin respond differently to molecular regulators than ILC2s
of mucosal tissues. For example, few ILC2s in the healthy skin express the IL-33 receptor
ST2, which is upregulated only after their activation (39-41). On the other hand, skin ILC2s
constitutively express 1L-18 receptor and IL-18 was reported as an important cytokine for
skin ILC2 activation (30). We reported that under various inflammatory or dysregulated
conditions, CCR10*MHCII* skin ILCs could differentiate into CCR10"MHCII™ ILCs,
suggesting their activation (29). However, how skin ILC2s are activated in response to
changes in the ambient environment to help maintain homeostatic regulation is unknown.

Herein, we report that skin ILC2s are highly activated in mice with a defective skin lipid
barrier, suggesting their involvement in thermal homeostatic regulation. We also found that
a neuron-derived TRPM8 cold-sensing pathway activates skin ILC2s in an IL-18-dependent
manner to help thermal homeostatic regulation. Our findings reveal that skin ILC2s are

an integral component of the skin thermoregulation machinery that responds to ambient
temperature changes to help maintain its physiological functions, while their dysregulation
could lead to disorders of the skin and body.
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Preferential upregulation of CD81 on activated CCR10™ skin ILC2s

We previously found that while CCR10* ILCs are dominant in healthy skin, they could
differentiate into activated CCR10™ ILCs in the skin of T and B cell-deficient Ragl™~ mice
(29). To gain clues about the functional mechanism and regulation of ILC activation in the
skin, we compared the gene expression profiles of CCR10* trunk skin ILCs from WT mice
versus CCR10~ or CCR10!°W skin ILCs from WT and Rag1~~ mice by microarray analysis
(Fig. S1A). Principal component analysis (PCA) revealed that the gene expression pattern
of CCR10* skin ILCs of WT mice was significantly different from that of CCR10'°V- skin
ILCs of WT or Rag1™/~ mice (Fig. S1B). Relative to CCR10* ILCs of WT mice, CCR10™
or CCR10!%W |LCs, particularly of Ragl™~ mice, had significantly reduced expression

of multiple MHCII genes (Fig. S1C), consistent with our previous report (29). Notably,
relative to CCR10* ILCs of WT mice, CCR10~1oW |L.Cs of WT and Rag1~'~ mice had
increased expression of multiple cytokine receptors known to be involved in activation

of ILC1s, ILC2s and ILC3s, including receptors for IL-2, IL-12, IL-15, 1L-33, PGD2,
TLSP, and IL-1B, IL-6, IL-23 (Fig. 1A). In addition, expression of several chemokines
(CXCL2, XCL1, CCL1 and CX3CL1) involved in recruitment of inflammatory immune
cells was enhanced in CCR10~/1oW |_Cs relative to CCR10* ILCs (Fig. 1B). Expression

of cytokine/effector molecules typically associated with different ILC groups was not
significantly increased except for granzyme C (Gzmc), an effector molecule specifically
expressed in activated ILC1s (Fig. 1C) (9, 35, 43, 44). CD8L, a tetraspanin molecule
involved in signal transduction of various immune activation receptors (45, 46), was one of
the most upregulated genes in CCR10~/1oW |LCs relative to CCR10* ILCs while Clec12a,
an immunoreceptor tyrosine-based inhibitory motif (IT1M)-containing immune inhibitory
receptor (47), was one of the most downregulated genes (Fig. 1D).

We then used flow cytometry to assess expression of Clec12a, CD81 and other molecules
in association with specific groups of CCR10* and CCR10~ ILCs. Consistent with the
microarray result, Clec12a was expressed predominantly on a fraction of CCR10* ILCs of
WT mice, while CD81 was expressed preferentially on a fraction of CCR10™ ILCs, which
were expanded in the skin of Ragl™~ mice (Fig. 1E). CD81 was also more preferentially
expressed on MHCII™ ILCs than on MHCII* ILCs (Fig. S1D), consistent with the notion
that MHCII was mostly expressed by CCR107 skin ILCs (29). These results suggest that
upregulation of CD8L1 is associated with activated CCR10"MHCII™ skin ILC2s. There was
also increased expression of Gzmc in a small population of CCR10~ ILCs of Rag1 ™'~ mice
(Fig. 1F). However, Gzmc was not expressed by CD81* skin ILCs (Fig. 1F). Instead, it was
highly expressed by activated NK1.1* CCR10~ skin ILC1s of Rag1™~ mice (Fig. 1G)(35).
In contrast, CD81 was not expressed by NK1.1*CCR10~ skin ILC1s (Fig. 1H), consistent
with the notion that CD81 was preferentially associated with activated skin ILC2s. Further
supporting this notion, CCR10~CD81* skin ILCs expressed more IL-5 than CD81 skin
ILCs (Fig. 11). In addition, skin ILCs (excluding NK1.1* ILC1s) of Rag1l™~ and WT mice
expressed GATA3 and CD127 but no Roryt (Fig. S1E) (29, 48). A small fraction of WT
skin ILCs expressed low level of T-bet (Fig. SIE-F). However, the T-bet expression was
not associated with CD81 or Clec12a (Fig. S1F). Together, these results indicate that the
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CD8L1 upregulation, in combination with CCR10 downregulation, preferentially identifies
differentiated skin ILC2s. However, very few skin ILCs of Ragl™~ mice expressed ST2
(Fig. S1G), suggesting that they might not be terminally differentiated ILC2s.

Predominance of CD81*ST2" activated ILC2s in the skin of SCD1 knockout mice with
defective skin barrier for heat maintenance

Considering a major function of ILC2s in regulation of metabolic and thermal homeostasis
(49-52), we tested whether a skin defect in prevention of heat loss would result in increased
activation of ILC2s using mice deficient of stearoyl-CoA desaturase-1 (SCD1). SCD1 is

an enzyme that catalyzes generation of monounsaturated fatty acids (MUFAS) such as
oleate and palmitoleate, which are major components for formation of lipid layers of the
skin (53, 54). SCD1 knockout (SCD1 KO) mice have defective skin integrity, impaired
maintenance of thermal homeostasis and severe skin inflammation (54-56). Skin-specific
SCD1 KO mice exhibit the same phenotypes in the skin integrity, maintenance of thermal
homeostasis and skin inflammation as global SCD1 KO mice, indicating that impaired skin
integrity is primarily responsible for the dysregulation of thermal homeostasis and skin
inflammation (57). We tested whether skin ILC2s were activated in SCD1 KO mice based
on the expression of CD81 and related activation markers. Compared to WT littermates,
there were significantly higher percentages of ILCs in the skin of SCD1 KO (SCD17")
mice (Fig. 2A). Furthermore, in contrast to skin ILCs of WT mice, nearly all skin ILCs of
SCD17/~ mice had highly upregulated CD81 and downregulated MHCII (Fig. 2B). Notably,
a significant fraction of skin ILCs of SCD1~/~ mice expressed ST2 (Fig. 2C). In addition,
compared to WT mice, the number of IL-5-expressing skin ILCs in SCD1~~ mice was
increased (Fig. 2D).

We also assessed other ILC groups and T cells in the skin and sLNs of SCD1~/~ mice.
Compared to WT controls, there was a higher percentage of CD3"NK1.1* cells and T-
bet*NK1.1* ILC1s in the skin of SCD1~/~ mice (Fig. S2A-B), although they accounted for
a minor population of skin ILCs (2-4%). The percentage of IFNy* skin ILCs was lower
while the percentage of IL-17A* skin ILCs was higher in SCD1~/~ mice than WT controls
(Fig. S2C). These results indicate that in contrast to the high activation of ILC2s, there was
a relatively limited or no increase in ILC1, NK and ILC3 cells in the skin of SCD1~/~ mice.
Within the T cell compartment, there were increased percentages of CD4* T and Treg cells
in the skin of SCD1~~ mice compared to WT controls (Fig. S2D). Unlike in the skin, there
were similar percentages of CD81* and ST2* ILCs in the SLNs of WT and SCD1~/~ mice
(Fig. S2E), suggesting that the altered skin environment causes the ILC2 activation in the
skin of SCD1~/~ mice.

To further confirm that the activation of skin ILC2s in SCD1~/~ mice was due to the
altered skin environment but not intrinsic SCD1 deficiency in ILCs, we transferred bone
marrow (BM) cells of WT mice (CD45.1*CD45.2*) to SCD1~/~ or WT recipient mice
(CD45.2*CD45.17) (Fig. 2E). Six to eight weeks after the transfer, ILCs of the WT
donor origin in the recipients were analyzed. In striking contrast to high expression of
CCR10 by donor-derived ILCs in the skin of WT recipients, few donor-derived ILCs

in the skin of SCD17/~ recipients expressed CCR10 (Fig. 2F). There were significantly
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fewer CCR10*MHCII* and CCR10*Clec12a* donor-derived ILCs in the skin of SCD17/~
compared to WT recipients (Fig. 2F, 2G, 2H). In contrast, there were substantially more
CCR10~CD81* donor-derived ILCs in the skin of SCD1~/~ recipients compared to WT
recipients (Fig. 2F, 21). About half of donor-derived ILCs in the skin of SCD17/~ recipients
expressed ST2 while very few of WT recipients expressed ST2 (Fig. 2F, 2J). These

results revealed that there were excessively activated CCR10"CD81*ST2" ILC2s in the
skin of SCD17/~ mice, likely due to the defective skin barrier resulting from impaired lipid
synthesis.

High-fat diet feeding reduced activation of CD81*ST2* ILC2s in the skin of SCD1 knockout

mice

To demonstrate that the impaired fatty acid synthesis and associated defective skin barrier
were responsible for increased skin ILC2 activation in SCD17~ mice, we tested whether the
skin ILC2 activation could be reduced by feeding them on a high-fat diet (HFD) containing
high levels of unsaturated fatty acids. SCD1~/~ mice fed with HFD for 3 weeks had a

more normal fur appearance and reduced skin inflammation compared to those fed with a
standard chow diet (Fig. S3A), consistent with the notion that that HFD rescues the defective
skin barrier of SCD17/~ mice (54, 57). Associated with this, HFD-fed SCD1~/~ mice had a
significantly reduced ILCs in the skin compared to chow-fed SCD17~/~ littermates (Fig. 3A).
Although the majority of skin ILCs of HFD-fed SCD1~/~ mice were still CD81* and did
not express MHCII (Fig. 3B), they had significantly reduced expression of ST2 compared
to chow-fed SCD1~/~ controls (Fig. 3C). HFD-fed SCD1~/~ mice also had reduced IL-5*
skin ILCs compared to chow-fed SCD1~/~ mice (Fig. 3D). These results demonstrate that
HFD-feeding reduced activation of CD81*ST2* ILC2s in the skin of SCD17/~ mice.

As controls, we also analyzed skin ILCs of HFD-fed WT mice. Compared to chow-fed
WT mice, HFD-fed WT mice had reduced CCR10*Clec12a* and MHCII* and increased
CCR107CD81* ILCs in the skin (Fig. S3B-D). These results suggest that in contrast

to those of SCD1~/~ mice, skin ILCs of WT mice had increased activation phenotypes

in response to the HFD feeding, consistent with the previous reports that the HFD

feeding induced the skin inflammation (58). However, the HFD feeding did not increase
differentiation of ST2* ILCs in the skin of WT mice (Fig. S3C). The opposite effects of
HFD on the skin ILC2 activation and inflammation of WT and SCD1~/~ mice are consistent
with the notion that skin homeostasis is impaired in SCD1~/~ mice and the HFD feeding
improves their skin barrier function, while WT mice have balanced metabolic homeostasis
and the HFD feeding causes metabolic dysregulation (54, 57, 58).

Housing SCD1 knockout mice at a thermoneutral temperature reduced activation of
CD81*ST2* ILC2s in the skin

SCD1~/~ mice had impaired maintenance of thermal homeostasis, increased water loss,

and potentially dysregulated microbiota resulting from defective monounsaturated fatty acid
synthesis (54, 56, 57, 59). To dissect cause(s) of the preferential skin ILC2 activation,

we treated skin ILC2s of SCD1™/~ mice with oleic acid, a monounsaturated fatty acid
reduced in the skin of SCD1~~ mice. However, oleic acid treatment had a little effect on
the CD81 and ST2 expression on skin ILC2s (Fig. S3E). To test whether microbiota were
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involved, we treated SCD1~/~ mice topically with Neosporin antibiotic cream. Since the
topical application of Neosporin cream could also improve the skin lipid barrier, treatment
with inert Vaseline cream was included as a control. There was no difference in skin ILCs
of Neosporin- and Vaseline-treated SCD1~/~ mice (Fig. 3E-H). However, both Neosporin-
and Vaseline-treated SCD1~/~ mice had lower CD81*, ST2* and IL-5* and higher Clec12a*
skin ILCs compared to untreated SCD1~~ mice (Fig. 3E—H). These results suggest that
microbiota are not involved in skin ILC2 activation. Instead, the impaired skin lipid barrier
itself is a major cause for the increased skin ILC2 activation.

SCD1~/~ mice have impaired maintenance of thermal homeostasis due to the inability of
their defective skin barrier to prevent heat loss at standard mouse room temperatures in the
range of 22-26°C (54, 56, 57). To assess whether activation of CD81*ST2* skin ILC2s

in SCD17~ mice might be affected by room temperatures, we housed SCD17/~ mice at

the thermoneutral 30°C room temperature for 3 weeks after weaning while some of their
SCD17/~ littermates were kept at 22°C. SCD1~/~ mice housed at 30°C and 22°C had similar
numbers of ILCs in the skin (Fig. 31). However, compared to SCD1~/~ mice housed at 22°C,
SCD17/~ mice housed at 30°C had reduced percentages of ST2* skin ILC2s (Fig. 3J-K).
The percentage of IL-5* skin ILCs was also significantly lower in SCD1~~ mice housed at
30°C than those at 22°C (Fig. 3L). These results indicate that the impaired maintenance of
thermal homeostasis in SCD1~/~ mice resulting from the defective skin lipid barrier causes
skin ILC2 activation.

Stimulation of the cold-sensing receptor TRPM8 activates skin ILC2s in wild-type mice

Unlike SCD17~ mice, WT mice raised at the 24°C room temperature did not have
significant skin ILC2 activation, correlating with their intact skin barrier in maintenance

of thermal homeostasis. However, after being placed at a colder room temperature (4°C) for
2 weeks, WT mice had increased CD81* but decreased Clec12a* ILCs in the skin compared
to WT mice kept at 24°C, indicating their increased activation (Fig. S4A). The extent of the
skin ILC activation in WT mice was not as strong as that of SCD1™~/~ mice, consistent with
the notion that SCD1~/~ mice have a severe defect in maintenance of thermal homeostasis
while WT mice can better adapt to environmental changes.

The activation of skin ILC2s by cold stress suggests a role of the cold-sensing machinery
in this process. To test this, we topically applied WT mice with menthol, a stimulating
ligand (agonist) for transient receptor potential cation channel subfamily M member 8
(TRPMS8), a major cold-sensing receptor expressed at nerve terminals of sensory neurons
and by keratinocytes in the skin (60-64). After daily treatment for two weeks, the
percentage and number of total ILCs in the skin treated with menthol (10% in ethanol)
were highly increased compared to those in the vehicle control (ethanol)-treated skin
(Fig. 4A). Percentages and/or numbers of CCR10* ILCs, particularly MHCII*CCR10* and
Clec12a*CCR10* ILCs, were lower in the menthol-treated skin than the control-treated
skin (Fig. 4B-C). Reciprocally, there were significantly increased CCR10"CD81" and
CCR107ST2* ILCs in the menthol-treated skin compared to the control-treated skin (Fig.
4D-E). The percentage and number of IL-5* ILCs were also significantly higher in the
menthol-treated skin than in the control-treated skin (Fig. 4F).
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In the skin, CCR10* resident ILCs were located close to sensory neuron fibers under the
epidermis or around hair follicle areas (Fig. S4B), supporting their possible interaction. To
confirm that stimulation of TRPM8 led to activation of skin ILC2s, we topically applied
menthol to a strain of TRPM8 KO (TRPM8~/~) mice in which TRPM8 was deleted from
sensory neurons while an alternatively spliced form of TRPM8 was still functional in
keratinocytes (62, 65). There was no significant difference in the percentage and number of
CCR10* and CCR10™ ILCs or MHCII™ and MHCII~ ILCs and their expression of Clec12a,
CD81 and ST2 in the untreated skin of TRPM8~/~ and WT mice (Fig. S4C-E). There were
also similar percentages of IL-5% and IL-17A* ILCs in the untreated skin of TRPM8~/~
and WT mice (Fig. S4F). However, menthol-treated TRPM8~/~ mice had more CCR10*
but fewer CD81* ILCs in the skin than menthol-treated WT mice (Fig. 4G). In addition,
menthol-treated TRPM8~/~ mice also had lower percentages and numbers of ST2* skin ILCs
than menthol-treated WT mice (Fig. 4H). These results indicate that stimulation of TRPM8
expressed on sensory neurons leads to the skin ILC2 activation.

Stimulation of TRPM8 induces production of IL-18 for activation of skin ILC2s

We searched for candidate molecules that potentially mediated the function of TRPM8-
activated sensory neurons in the ILC2 activation. Based on the microarray analysis, CCR10*
skin ILCs expressed receptors for several neurotransmitters and cytokines involved in
immune regulation, including calcitonin gene-related peptide (CGRP) and 1L-18 (30, 66).
However, treatment of skin ILCs with CGRP /n vitro did not significantly increase their
expression of the type 2 cytokine IL-13 compared to the untreated control (Fig. S5A).
Neuromedin U (NMU), another neurotransmitter capable of activating ILC2s of the lung and
intestine (67, 68), also did not induce expression of IL-13 by skin ILCs (Fig. S5A). On the
other hand, I1L-18 stimulated skin ILCs to produce I1L-13 (Fig. S5A), suggesting that it could
be involved in the cold stress-induced skin ILC2 activation. Consistent with this notion, it
was reported that the skin of SCD1~/~ mice had significantly higher IL-18 expression than
WT mice (69). The skin of WT mice raised at 4°C also had higher IL-18 expression than
mice maintained at 22°C (Fig. S5B—C). Menthol-treated skin of WT mice had increased
expression of IL-18 transcripts and proteins compared to control (ethanol)-treated skin,
indicating that IL-18 was induced by stimulation of TRPM8 and could be important in
mediating ILC2 activation (Fig. 5A-C). Correlating with this, nearly all skin ILCs of WT
and SCD17/~ mice expressed IL-18 receptor (Fig. S5D).

To directly assess whether 1L-18 was important in mediating skin ILC2 activation induced
by TRPMS8 stimulation, we injected IL-18-neutralizing antibodies into menthol-treated WT
mice. Menthol-treated WT mice injected with anti-1L-18 antibodies had higher percentages
of CCR10* and CCR10*Clec12a* ILCs and lower percentages of CD81* ILCs in the skin
than menthol-treated mice injected with isotype-matched control antibodies, indicating that
neutralization of 1L-18 reduced the skin ILC2 activation (Fig. 5D-E). Consistent with the
neutralizing anti-1L-18 antibody results, menthol-treated skin of IL-18 KO (IL-187/~) mice
also had higher percentages of MHCII™ ILCs but lower percentages of CD81" and ST2*
ILCs than menthol-treated skin of WT mice (Fig. 5F-G). The percentage of IL-5-producing
skin ILC2s was also lower in menthol-treated 1L-187/~ mice compared to menthol-treated
WT mice (Fig. 5G). These results suggest that IL-18 is induced by menthol stimulation of
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TRPMS for activation of skin ILC2s. Further supporting this notion, menthol treatment did
not affect or only slightly increased levels of 1L-18 in the skin of TRPM8~/~ mice (Fig. 5H-
I) compared to WT mice. Together, these results demonstrate that stimulation of TRPM8
leads to increased expression of I1L-18, which in turn promotes activation of skin ILC2s.

TRPMB8-induced activation of skin ILC2s is critical in promoting UCP1 expression in the

skin

Activation of TRPM8 was reported to promote thermogenesis (70, 71). The activation of
skin ILC2s by stimulation of TRPMS8 suggests its involvement in regulation of thermal
homeostasis. To address this, we assayed the menthol-treated skin for expression of
uncoupling protein 1 (UCP1), a molecule whose major function is promoting thermogenesis
(70, 72). Compared to control (ethanol)-treated skin, menthol-treated skin of WT mice had
increased levels of UCPL1 transcripts and protein (Fig. 6A-B). The menthol-treated skin

also had increased thickness of the epidermal and dermal layers compared to the control-
treated skin (Fig. 6C). Consistent with this, SCD1-KO mice raised at 30°C had reduced
UCP1 expression and skin thickness compared to SCD1-KO mice raised at 22°C (Fig.
S6A-B). In contrast, menthol treatment did not significantly upregulate UCP1 in the skin of
TRPM8~/~ and IL-187/~ mice (Fig. 6D-E, Fig. S6C-D). Interestingly, menthol-treated skin
of TRPM8~/~ but not IL-187/~ mice still had highly increased epidermal thickness compared
to vehicle control-treated skin (Fig. 6F-G, Fig. S6E-F), correlating with the fact that the
epidermis of TRPM8~/~ mice still expressed functional TRPMS (62, 65).

To further determine whether activation of ILC2s was involved in promoting the UCP1
upregulation and skin thickness increase, we analyzed the menthol vs. vehicle control skin
of Rag1~/~ and Rag2~~yc~/~mice. Rag1™~ mice lack T and B cells while Rag2~/~yc ™/~
mice lack T and B cells as well as ILCs. As in WT mice, menthol treatment increased

the thickness of the epidermal and dermal layers of Rag1 ™~ mice (Fig. 6H, Fig. S6G).

In addition, there were higher anti-UCP1 staining intensities in the menthol-treated skin
compared to the vehicle control-treated skin of Rag1™~ mice (Fig. 61, Fig. S6H). Menthol-
treated skin of Rag1™~ mice had more CCR10~ST2* and CCR10~CD81* ILCs than control-
treated skin of Ragl~~ mice (Fig. 6J-K), suggesting that stimulation of TRPMS led to the
increased skin ILC2 activation in Rag1l™~ mice. In contrast to WT or Ragl™~ mice, the
menthol-treated skin of Rag2~~yc™~ mice did not have increased thickness of epidermal
and dermal layers or an increase in UCP1 expression (Fig. 6L—M, Fig. S61-J). Together,
these results suggest that activation of ILC2s by stimulation of TRPM8 is important in
regulation of thermal homeostasis in the skin.

To confirm that lack of ILCs was responsible for the reduced inflammatory responses and
UCP1 expression in the skin of Rag2~~yc™~ mice in response to TRPMS stimulation,
we transferred WT or IL-57/~ ILCs into Rag2~~yc™/~ mice and then treated them

with menthol. Both WT and I1L-57~ donor ILCs were activated in menthol-treated skin
of Rag2~/~yc ™/~ recipients, as indicated by their increased CD81 and reduced CCR10
expression in comparison to those of control-treated skin of the Rag2~~yc™/~ recipients
(Fig. STA-B). Menthol-treated skin of Rag2~/~yc™~ mice receiving WT or IL-57/~ donor
ILCs had increased IL-18 expression compared to their vehicle control-treated skin (Fig.
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6N). However, menthol treatment significantly increased the UCP1 expression in the skin
of Rag2~/~yc ™~ mice receiving WT but not IL-57/= donor ILCs (Fig. 60, Fig. S7C).
Associated with this, menthol treatment significantly increased the epidermal and dermal
thickness of the skin of Rag2~/~yc™'~ mice receiving WT but not IL-5~/~ donor ILCs

(Fig. 6P, Fig. S7D). These results indicate that activated ILC2s are important in induction
of UCP1 expression in response to the TRPM8 stimulation by producing IL-5. Further
supporting this, injection of rlL-5 into the skin of I1L-187/~ mice could also increase UCP1
expression and epidermal thickness of the skin (Fig. 6Q-R, Fig. STE-F).

DISCUSSION

As the external barrier tissue, the skin functions in maintaining thermal homeostasis and
the body’s water and electrolyte balance. A high number of ILCs reside in the skin. How
skin ILCs are regulated to help functions of the skin is not well understood. In this report,
we found that stimulation of the TRPMS8 cold-sensing pathway promotes activation of skin
ILC2s for thermo-homeostatic regulation, revealing that skin-resident ILC2s are an integral
component of thermo-homeostatic regulatory machinery (illustrated in Fig. 7).

It was well established that the cold-sensing receptor TRPMS is involved in thermal
regulation (73)(60, 62-64, 74). Activation of TRPM8 induces a series of cold

defenses such as brown adipose tissue thermogenesis, shivering thermogenesis and
cutaneous vasoconstriction, while disruption of TRPMB8, through either gene knockout or
pharmaceutical inhibition, leads to impaired cold tolerance (60, 61, 75, 76). However,

the effector molecules and cells mediating the TRPMB8-initiated thermogenesis process are
not well defined. We found that IL-18 is a key molecular mediator induced by TRPM8
activation, which in turn activates skin ILC2s for production of type 2 cytokines to promote
thermogenesis. Our findings fill a critical gap in the regulation of thermal homeostasis

by demonstrating how sensory neurons and immune effector cells cooperate to support
local tissue thermal homeostasis, which is important in maintaining biological functions
from adequate blood supply to immune responses against infection (77-79). Considering
that local metabolic conditions of the skin have a significant effect on the whole-body
physiology (57, 77, 80), TRPM8-regulated activation of skin ILC2s might also contribute to
systemic metabolic homeostatic regulation. Previous studies have found that impairment of
either the TRPM8 or IL-18 pathways could lead to obesity and other metabolic symptoms
(71, 81). It will be interesting to test whether skin ILC2s are involved in these processes.

Our findings also have significant clinical implications. The excessive activation of ILC2s in
SCD1 KO mice suggests that the ambient temperature plays a role in inflammatory diseases
of skin. This is consistent with clinical observations that various skin diseases, such as atopic
dermatitis and allergic urticaria, display cold temperature sensitivities and seasonal changes
of severity (82, 83). Inflammatory skin diseases, such as atopic dermatitis, are associated
with a defective skin barrier (84, 85). In light of our findings, it will be interesting to

test whether skin ILC2s are activated by cold-sensing neuron-derived signals as part of the
pathogenesis of these diseases. In some patients with allergic urticaria, physical pressure

is a major cause of the disease onset (86). Signals from activated touch neurons could be
involved in their pathogenesis (87, 88). On the other hand, since metabolic conditions of the
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skin have an important role in systemic metabolic homeostasis, skin ILC2 activation could
potentially be manipulated to treat metabolic diseases.

The detailed molecular mechanisms underlying TRPM8-promoted skin ILC2 activation need
further investigation. Our study found that TRPM8 expressed on sensory neurons is only
partially responsible for the skin ILC2 activation. TRPM8 expressed in keratinocytes could
also be involved in sensing environmental temperature to promote the local ILC2 activation
(65). How stimulation of TRPM8 induces IL-18 expression and cellular sources of 1L-18
contributing to skin ILC2 activation remain to be dissected. In this regard, it was recently
reported that neuron-derived IL-18 in the gut plays an important role in immunity against
Salmonella infection (89).

SCD1 is crucial in maintaining thermal homeostasis and its impairment leads to

increased energy expenditure (54, 57). SCD1 KO mice have severe skin inflammation
although the immune basis of the skin inflammation has not been identified (54, 57).

Our findings suggest that enhanced ILC2 activation might be a major cause of skin
inflammation symptoms in these mice. However, ILC2-mediated skin inflammation is likely
a secondary consequence since the primary goal of the skin ILC2 activation is to increase
thermogenesis to compensate for increased heat loss in these mice. Consistent with this
notion, other strains of mice with a defective skin permeability barrier, such as mice
deficient in the cholesterol esterification enzyme acyl-CoA:cholesterol acyltransferase-1,
have similar skin inflammatory symptoms as SCD1 KO mice (90). It is likely a general
paradigm that cold-sensing receptor-derived signals activate skin ILC2s to promote energy
expenditure but also cause skin inflammatory symptoms. Further supporting this notion,
nicotine-induced activation of TRPAL, another cold-sensing receptor, has been implicated
in skin inflammation in some smokers who used nicotine replacement patches (91).
Understanding how different neuron-derived sensing receptors are involved in homeostatic
and inflammatory regulation of the skin is worth further study.

Consistent with the notion that local environments control functions of tissue-resident
ILCs, regulation of localization and function of ILCs in the skin are significantly different
from those of mucosal barrier tissues such as the lung and intestine. We have found that
under homeostatic conditions, skin-homing CCR10™ ILCs are imprinted in sLNs for their
preferential migration into skin (29). ILC2s of the healthy skin play an important role

in homeostatic regulation of T cells and mast cells (28, 29). However, upon different
stimulations, CCR10* skin ILC2s differentiate into active effector cells to participate in
specific functions (29). These findings suggest that CCR10* ILC2s of the healthy skin are
plastic, which might be important for their functions in helping to maintain local tissue
homeostasis in response to changing ambient environments. Further supporting this notion,
a recent report of single-cell RNA-sequencing profiles of skin ILCs of mice found that they
are at a naive and effector ILC2 state under homeostatic conditions but could transit into
an active ILC3-like state upon treatment with 1L-23 or imiquimod to induce psoriasis-like
inflammation (92).

Unlike homeostatic ILC2s in the healthy skin, activated skin ILC2s have increased CD81
and reduced Clec12a expression. CD8L1 is likely involved in enhancing ILC2 function
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since it can form a partnership with various receptors to help signal transduction and cell
activation (45, 46). On the other hand, Clec12a was reported to transduce immune inhibitory
signals (47), and its reduction in activated skin ILC2s might allow them to more effectively
produce effector molecules. However, exact roles and importance of these molecules in skin
ILC2 activation and homeostasis are yet to be determined.

MATERIALS AND METHODS

Study Design

Mice

Reagents

The goal of this study was to dissect the mechanisms underlying activation of skin-resident
ILCs by the cold-sensing receptor TRPM8 and the participation of ILCs in regulation of
cutaneous thermal homeostasis in mice. Multiple strains of mice with defined mutations
were used. Individual experiments used mice of the same sex and age with different
genotypes. Both female and male mice were used.

CCR10-knockout/EGFP-knockin mice were previously described (93). Ragl™~ (002216),
IL-187/~ (004130), TRPM8~/~ (008198), SCD1~/~ (006201) and C57BL/6 mice were
purchased from the Jackson Laboratory (Bar Harbor, ME). Rag2~/~yc™/~ mice (4111)
were purchased from Taconic Biosciences. Ragl™~, TRPM8~/~ and 1L-18~/~ mice were
crossed with CCR10-knockout/EGFP-knockin mice to introduce one CCR10-knockout/
EGFP-knockin allele (CCR10*/EGFP) for purpose of reporting CCR10 expression with
EGFP. All mice were on the C57BL/6 (CD45.2) background and raised in specific pathogen-
free conditions unless indicated otherwise. Comparison was made between different
knockout mice and their WT littermates when possible. All animal experiments were
approved by Institutional Animal Care and Use Committees of the Pennsylvania State
University and University of Texas Health Science Center at San Antonio.

Anti-mouse CD90.2 (53-2.1), anti-mouse MHCII (M5-114.15.2), anti-mouse IL-17A
(TC11-18H10.1), anti-mouse CD45.1 (A20), anti-mouse CD45.2 (104), anti-mouse CD3e
(145-2C11 or 17A2)), anti-mouse CD81(Eat-2), anti-mouse IL-5 (TRFKS5), anti-mouse
ST2 (DIH9), anti-mouse Clec12a (5D3/CLEC12A),Purified anti-NF-H(Poly28226) and
anti-mouse granzyme C (SFC1D8) were purchased from BioLegend (San Diego, CA).
Anti-mouse NK1.1 (PK136), anti-mouse a4p7 (DATK32) and PE-CF594-Streptavidin
were purchased from BD Biosciences (San Jose, CA). Anti-mouse IL-13(eBiol3A), anti-
mouse IFNy (XMG1.2), was purchased from eBioscience (San Diego, CA). A cocktail of
antibodies against the lineage (Lin) markers [CD5, CD45R (B220), CD11b, Gr-1 (Ly-6G/C),
7-4, and Ter-119 antibodies] were purchased from Miltenyi Biotec (San Diego, CA).

IL-18 neutralization antibody for depletion (YIGIF74-1G7) and rat 1gG2a isotype control
(2A3) were purchased from Bio x Cell (West Lebanon, NH). Mouse IL-18 ELISA Kit

was purchased from Invitrogen (Carlsbad, CA). Pierce BCA Protein Assay Kit and Halt
Protease Inhibitor Cocktail were purchased from Thermo Fisher Scientific (Waltham, MA).
Anti-mouse IL-18 antibody (12E7.1) for IF staining was purchased from EMD Millipore
Corp (Burlington, MA). Mouse 1gM isotype control, rat anti-mouse IgM antibody and
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goat anti-chicken 1gY were purchased from Invitrogen (Carlsbad, CA). InmPRESS Excel
Amplified Polymer Kit was purchased from Vector Laboratories Inc (Burlingame, CA).
TRIzol Reagent was purchased from Invitrogen (Carlsbad, CA). PrimeScript RT reagent kit
with gDNA Eraser was purchased from TaKaRa (San Jose, CA). PowerUp SYBR Green
Master Mix was purchased from Thermo Fisher Scientific (Waltham, MA). Oleic acid was
purchased from Sigma-Aldrich Inc, (St. Louis, MO).

Cell isolation, staining, flow cytometric analysis

Isolation of immune cells from the skin was performed as previously described (94)(29).
Briefly, mouse skin was excised, trimmed of subcutaneous fat, minced, and digested with a
cocktail of collagenases type | and 1V (Worthington, Lakewood, NJ) and hyaluronidase type
| (Sigma-Aldrich, St. Louis, MO) to generate a single cell suspension. Mononuclear cells
were enriched from the cell preparations using a Percoll gradient (40%/80%) centrifugation
and used for cell analysis. For surface molecule staining, cells were incubated with
fluorescently labeled antibodies in a staining buffer for 25 min at 4°C and, if necessary, with
secondary antibodies for 15 min at 4°C. For intracellular molecular staining of cytokines
and granzyme C, cells were stimulated with PMA (1 pg/mL) and ionomycin (2 pg/mL)
(Millipore Sigma) for 3 hours in presence of brefeldin A (1 pg/mL) and then stained first for
extracellular proteins. The cells were then fixed with 4% paraformaldehyde, permeabilized
with a permeabilization buffer (eBioscience), and stained with antibodies to the intracellular
proteins. Flow cytometric analyses were performed on FC500 (Beckman Coulter) or BD
Fortessa LSRII (BD Biosciences). Data were analyzed with FlowJo software (FlowJo LLC.,
Ashland, OR).

Microarray analysis

Microarray analysis was performed similarly as previously described (95). Skin cells
enriched in mononuclear cells were stained and sorted using a gating strategy as

shown in Fig. S1A with a BD Cytopeia Influx cytometer (BD Biosciences) to yield
populations of CCR10(EGFP)* and CCR10(EGFP)~ ILCs (from CCR10*/EGFP mice)

and CCR10(EGFP)!W and CCR10(EGFP)~ ILCs (from Ragl/~CCR10*/EGFP mice). The
different populations of ILCs were sorted directly into TRIzol (Invitrogen). The yield was
about 0.5-2 x 104 cells per mouse with ~95% purity. Independent duplicates or triplicates
were sorted. RNA processing and microarray analysis with the Affymetrix MoGene 1.0
ST array was done at the ImmGen processing center (http://www.immgen.org/Protocols/
ImmGen Cell prep). Raw data were normalized by the robust multi-array average method
with quantile normalization and background correction (Expression File Creator module of
Gene Pattern). PCA analysis was performed by Python. Average gene expression levels of
CCR10(EGFP)~ or CCR10'%% skin ILCs from CCR10*/EGFP or Ragl~~CCR10*/EGFP mice
were normalized to the levels of CCR10(EGFP)* skin ILCs from CCR10*/EGFP mice and
presented as heat maps generated by Excel.

In vivo antibody neutralization of IL-18

The experiment was performed similarly as previously reported (96). Mice were injected
retro-orbitally with anti-1L-18 or isotype-matched control antibodies (15mg/kg).

Sci Immunol. Author manuscript; available in PMC 2022 December 24.


http://www.immgen.org/Protocols/ImmGen
http://www.immgen.org/Protocols/ImmGen

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Xu et al. Page 14

Topical menthol treatment of mice

600 ul L-menthol (10% w/v in ethanol) were applied to the dorsal skin of mice once a
day. Ten days - 2 weeks after starting the treatment, mice were euthanized for analysis.
L-menthol was purchased from Sigma-Aldrich (St. Louis, MO).

Immunofluorescence staining of skin sections

Skin samples were fixed with 4% paraformaldehyde overnight, embedded in O.C.T
compound and frozen. Six um-thick sections were cut of the frozen skin on a cryostat. Skin
sections were blocked for 2 hours in 10% goat serum in PBT (0.3% TritonX-100 in PBS)

at room temperature (RT) and then incubated in 200ul anti-IL-18 or anti-NEFH antibody
solution at 4°C in a humid chamber overnight. Next day, the skin sections were washed

with PBT and then incubated in 300ul solution of fluorescently labeled goat anti-mouse IgM
antibody or goat anti-chicken IgY for 2 hours at RT in a dark humid chamber. The stained
skin sections were washed with PBT, stained with DAPI for one minute, applied with 2-3
drops of Mount, covered with coverslips and then let dry for 1 hour. Nail polish was applied
to seal edges of coverslips. Stained skin sections were imaged under a Keyence microscope.

Bone marrow transplant

Bone marrow transplant experiment was performed similarly as previously reported (29).
Bone marrow cells from CD45.1/2* CCR10*/EGFP mice were transferred into irradiated
CD45.2/2* SCD1*"* and SCD1 7/~ mice. Six-eight weeks after the transfer, mice were
euthanized for analysis of donor-derived immune cells in the skin.

ILC transfer experiment

Skin CD37Lin™ ILCs sorted from wild-type mice and IL-5/~ mice were transferred into
Rag2~/~yc™/~ mice. Two weeks after the transfer, mice were treated with 600 pl L-menthol
(10% wiv in ethanol) or vesicle control (ethanol) once a day for additional 2 weeks.

Hematoxylin and eosin staining of skin sections

The skin samples were fixed in 4% paraformaldehyde and embedded in paraffin. Samples
were sectioned and stained with hematoxylin and eosin (H&E) by the animal diagnostic
laboratory in Penn State University and the pathology laboratory in University of Texas
Health Science Center at San Antonio.

Immunohistochemistry staining and imaging analysis of skin sections for UCP1

Immunohistochemistry (IHC) was performed using a standard protocol provided by the
manufacturer (ImmPRESS Excel Amplified Polymer Kit, \ector Laboratories Inc). Briefly,
5 um skin sections were deparaffinized and rehydrated. The antigen was recovered by
microwave heating in Tris-EDTA buffer (pH=9.0). Endogenous peroxidase activity was
blocked, and then the tissues were incubated with rabbit anti-UCP1 (IgG, Abcam) or
isotype-matched control antibody at 4°C overnight. Next day, the sections were incubated
with horseradish peroxidase (HRP)-conjugated anti-rabbit IgG polymer antibodies, followed
by the DAB staining (Vector Laboratories Inc). Stained sections were imaged under a
Keyence microscope equipped with BZ-X800 Viewer and BZ-X800 Analyzer. At least
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3 different fields were selected from a skin section and 4-5 sections per animal were
evaluated to obtain a mean value. The IHC score was calculated based on the histogram
profile generated for each image using Image J with a IHC Profiler plugin to evaluate
staining intensities for UCP1 in skin sections, performed as reported (97, 98). The score was
presented in a semiquantitative way (high positive, positive, low positive and negative, from
3-0).

Skin samples were homogenized in ice-cold PBS containing a protease-inhibitor cocktail.
The homogenates were centrifuged for 20 minutes at 10,0009 to remove debris and insoluble
materials. Aliquots of the supernatants were assayed for total protein contents by the BCA
method and assayed for IL-18 by an ELISA kit according to the manufacturer’s instruction
(EMD Millipore).

Skin samples were homogenized in ice-cold TRIzol (Invitrogen) and

RNA was extracted following manufacturer’s protocol. Residual genomic

DNA was removed and the reverse transcription reaction was performed

using the PrimeScript RT reagent kit with gDNA Eraser (TaKaRa

Bio). UCP1 primers (sense, 5’-CGACTCAGTCCAAGAGTACTTCTCTTC-3’;
antisense, 5’-GCCGGCTGAGATCTTGTTTC-3"), IL-18 primers (sense, 5’-
GCCTCAAACCTTCCAAATCA-3’; antisense, 5’-TGGATCCATTTCCTCAAAGG-3’)
and B-actin primers (sense, 5’-AGGCCCAGAGCAAGAGAGG-3’; antisense, 5’-
TACATGGCTGGGGTGTTGAA-3’) were used for RT-PCR. The RT-PCR was performed
using Power SYBR Green Master Mix and protocol from Thermo Fisher Scientific.

Cold (4°C) and thermoneutral (30°C) treatment

Mice were housed in a Memmert constant climate chamber HPP for 2 weeks. The
temperature was controlled as indicated. The humidity was 50% and daylight/dark cycle
was 12h/12h.

Statistical analyses

Paired or unpaired two-tailed Student’s T tests were used for statistical analysis. For
comparison of cell numbers in the skin, the ratio paired T test was used except for the
experiments in which the sample numbers of the compared groups were different. < 0.05
was considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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expression in skin ILCs of WT or Ragl™~ mice. (G) FC analysis of granzyme C expression
on indicated subsets of skin ILCs of Ragl™~ mice. (H) FC analysis of the CCR10 versus
CD81 expression in NK1.1* skin 1LC1s of Ragl™~ mice. (1) Comparison of IL-5 expression
of CD81* and CD81~ skin ILCs of Ragl™'~ mice. The dot plot shows average percentages
of CD81* and CD81~ skin ILCs that express IL-5. One dot represents one mouse. *P<0.05.
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**P<0.01. Statistical significance was determined by paired T test for panel E and unpaired
T test for panel I.
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Figure 2.

Predominance of CCR10"CD81*ST2" activated ILC2s in the skin of SCD1 knockout
mice. (A) Comparison of the percentage and number of Lin™ ILCs in the skin of WT

and SCD17/~ mice. (B-D) Comparison of the percentage and number of MHCI1"CD81*
(B), MHCII=ST2* (C) and IL-5% (D) ILCs in the skin of WT and SCD1~/~ mice. (E)
Scheme of reconstitution of WT and SCD1~/~ mice with BM cells of WT mice. (F) FC
analysis of expression of CCR10 versus indicated markers in donor-derived ILCs in the
skin of WT (top row) or SCD17~/~ recipient mice (bottom) 6-8 weeks after the BM transfer.
(G-J) Comparison of the percentage and number of donor-derived CCR10*MHCII* (G),
CCR10*Clec12a* (H), CCR10~CD81" (1) and CCR107ST2* (J) ILCs in the skin of WT
versus SCD17/~ recipient mice, based on analysis of the panel F. Donor BM cells in panels
F through J carry a CCR10-knockout/EGFP-knockin (CCR10*/EGFP) allele for purpose of
identifying CCR10* cells with EGFP reporter. One dot represents one mouse. *P<0.05.
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**p<0.01. ***P<0.001. Statistical significance was determined by unpaired T test for panels
A-B and paired T test for panels C-D and G-J.
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Figure 3.
High-fat diet feeding or housing at the thermo-neutral ambient temperature reduces

activation of skin ILC2s in SCD1™/~ mice. (A) Comparison of the percentage and number
of Lin™ ILCs in the skin of SCD17~ mice fed with chow diet versus HFD for 3 weeks.
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(B-D) Comparison of the percentage and number of MHCII"CD81" (B), MHCII"ST2* (C)
and IL-5% (D) ILCs in the skin of SCD1~/~ mice fed with chow diet versus HFD for 3
weeks. (E-H) Comparison of the percentage of CD81* (E), ST2*(F), IL-5*/IL-13* (G) and
Clec12a* (H) skin ILCs in SCD1™~ mice treated with/without Vaseline or Neosporin for 10
days. (1) Comparison of the percentage and number of Lin™ ILCs in the skin of SCD17/~
mice raised at 22°C versus 30°C for 3 weeks. (J-L) Comparison of the percentage and
number of MHCII=CD81* (J), MHCII~ST2" (K) and IL-5* (L) ILCs in the skin of SCD17/~
mice raised at 22°C versus 30°C for 3 weeks. One dot represents one sample. *P<0.05,
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**P<0.01, NS: no significant difference. Statistical significance was determined by unpaired
T test for panels A-H and L, paired T test for panels I-K.
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Figure 4.
Stimulation of the cold-sensing receptor TRPMS8 activates skin ILC2s. (A) Percentages

and numbers of Lin™ ILCs in the menthol versus control (ethanol)-treated skin of WT
mice. (B-E) Comparison of the percentage and number of CCR10*MHCII* ILCs (B),
CCR10*Clec12a* ILCs (C), CCR107CD81* (D) and CCR107ST2* (E) ILCs in the menthol
versus control (ethanol)-treated skin of WT mice. (F) Analysis of IL-5 expression by ILCs
of the menthol versus control (ethanol)-treated skin of WT mice. (G) Analysis of CCR10
and CD81 expression on skin ILCs in WT mice versus TRPM8~/~ mice treated with
menthol daily for 2 weeks. (H) Analysis of CCR10 and ST2 expression on ILCs of the
menthol-treated skin of WT versus TRPM8~/~ mice. Both WT and TRPM8~/~ mice carry a
CCR10-knockout/EGFP-knockin (CCR10*/EGFP) allele for purpose of identifying CCR10*
cells with EGFP. One dot is one sample. *P<0.05, **P<0.01. ***P<0.001, ***P<0.0001,
NS: no significant difference. Statistical significance was determined by unpaired T test for
the panel F, paired T test for panels A-E, G-H.
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Figureb.
Stimulation of TRPM8 induces production of IL-18 that promotes activation of skin ILC2s.

(A) Immunofluorescent microscopic imaging of anti-1L-18 antibody staining of menthol
and control(ethanol)-treated skin sections of WT mice. (B) ELISA analysis of IL-18

in the menthol and control-treated skin of WT mice. (C) qRT-PCR analysis of IL-18
expression in the menthol and control-treated skin of WT mice. N =3 each. (D-E) CCR10
vs. CD81 (D) and Clec12a (E) expression in ILCs of the menthol-treated skin of WT

mice injected with anti-1L-18 or isotype control antibodies. Mice carry a CCR10-knockout/
EGFP-knockin (CCR10*/EGFP) allele. (F-G) MHCII and ST2 (F) and CD81 and IL-5 (G)
expression in ILCs of the menthol and control-treated skin of WT or IL-187/~ mice. (H)
Immunofluorescent microscopic images of anti-1L-18 antibody staining of menthol and
control-treated skin sections of TRPM8~/~ mice. (1) ELISA analysis of IL-18 in the menthol
and control-treated skin of TRPM8~/~ mice. One dot is of one sample. *P<0.05, **P<0.01,
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NS: no significant difference. Statistical significance was determined by unpaired T test for
panels B, G and | (IL-5), paired T test for panels D-G (CD81).
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Figure 6.

TRPMB8-induced activation of skin ILC2s is critical in promoting thermogenesis in the skin.
(A) IHC staining for the UCP1 expression in the menthol and control(ethanol)-treated skin
of WT mice. (B) qRT-PCR analysis of UCP1 expression in the menthol and control-treated
skin of WT mice. Normalized on B-actin. N=3. (C) H&E staining of the menthol and
control-treated skin of WT mice and their epidermal and dermal thickness. (D-E) qRT-PCR
analysis of UCP1 expression in the menthol and control-treated skin of TRPM8~/~ (D) and
IL-187/~ (E) mice. N=3 each. (F-G) The epidermal and dermal thickness of the menthol
and control-treated skin of TRPM8~/~ (F) and IL-18~/~ (G) mice. (H) The epidermal and

dermal thickness of the menthol and control-treated skin of Ragl™~ mice. (1) Levels of
UCP1 staining intensities in the menthol and control (ethanol)-treated skin of Ragl™~
mice. (J-K) FC analysis of ST2 (J) or CD81 (K) vs. CCR10 expression in ILCs of the

menthol and control-treated skin of Ragl~~ mice. (L) Epidermal and dermal thickness of
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the menthol and control-treated skin of Rag2~/~yc™~ mice. (M) Levels of the UCP1 staining
intensities in the menthol and control-treated skin of Rag2~/~yc ™~ mice. (N-O) qRT-PCR
analysis of IL-18 (N) and UCP1 (O) expression in the menthol and control-treated skin

of Rag2~/~yc ™~ mice transferred with WT or IL-57/~ donor ILCs. N=4 for WT and 3 for
IL-57/~ each. (P) The epidermal and dermal thickness of the menthol and control-treated
skin of Rag2~~yc™/~ mice transferred with WT or IL-57/~ donor ILCs. (Q) Levels of UCP1
staining intensities (Q) and epidermal and dermal thickness (R) of rIL-5 (1ug for 4 days)
and control (PBS,0.1% BSA)-treated skin of IL-187/~ mice. One dot is of one mouse.
*P<0.05, **P<0.01. ***P<0.001, NS: no significant difference. Statistical significance was
determined by unpaired T test for the panels A, I, M and Q, paired T test for the panels
B-H,J-L, N-P, and R.
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Figure 7.

Schematic illustration of a neuroimmune axis that links TRPM8 sensing of environmental
cold stress and activation of skin-resident ILC2s to the regulation of cutaneous thermal
homeostasis. In response to an environmental cold stimulus, signals from activated TRPM8*
neurons induce increased production of I1L-18, which in turn activates skin ILC2s. Effector
cytokines produced by activated ILC2s (such as IL-5) promote UCP1 expression in
adipocytes of the hypodermis and dermal cells (potentially fibroblasts).
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