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IL-17A—Producing Innate Lymphoid Cells
Promote Skin Inflammation by Inducing
IL-33—Driven Type 2 Immune Responses

Min Ho Kim"'°, Seon-Pil Jin**'?, Sunhyae Jang", Ji-Yeob Choi’, Doo Hyun Chung®’,
Dong Hun Lee™”®, Kyu Han Kim”*® and Hye Young Kim'"”

Atopic dermatitis (AD) is a chronic, pruritic, inflammatory skin disease characterized by type 2 cytokines
secreted by T helper type 2 cells and group 2 innate lymphoid cells. Despite a high degree of heterogeneity, AD
is still explained by type 2 immunity, and the role of IL-17A, which is increased in acute, pediatric, or Asian
patients with AD, remains poorly understood. Here, we aimed to investigate the role of IL-177A—producing
group 3 innate lymphoid cells (ILC3s), which are unexplored immune cells, in the pathogenesis of AD. We
found that the numbers of ILC3s in the skin of AD-induced mice were increased, and that neutralizing IL-17A
delayed development of AD. Moreover, adoptive transfer of ILC3s accelerated the symptoms of AD.
Mechanically, ILC3s induced IL-33 production by nonimmune skin cells, keratinocytes, and fibroblasts, which
promoted type 2 immune responses. Because AD has a complex pathophysiology and a broad spectrum of
clinical phenotypes, the presence of ILC3s in the skin and their interaction with nonimmune skin cells could

explain the pathogenesis of cutaneous AD.

Journal of Investigative Dermatology (2020) 140, 827—837; doi:10.1016/}.jid.2019.08.447

INTRODUCTION

Atopic dermatitis (AD) is an allergic disorder characterized by
chronic dermatitis (itching, redness, and cracked skin). The
prevalence of AD in developed countries is 10—20%
(Weidinger and Novak, 2016); however, the pathogenesis of
AD is not well defined because of the diverse phenotypes and
endotypes of disease (Bieber et al., 2017). Although impaired
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skin barrier integrity is a critical defect in AD, patients with
AD also show aberrant immune activation characterized by
increased expression of epithelial cell—derived cytokines
such as IL-33, IL-25, and thymic stromal lymphopoietin in the
skin (Kimetal., 2013; Salimi etal., 2013; Savinko etal., 2012;
Tatsuno et al., 2015); these cytokines trigger production of
type 2 cytokines (such as IL-4 and IL-13), which are major
drivers of AD. Dupilumab, a monoclonal antibody (Ab) tar-
geting the IL-4 receptor and blocking the IL-4 and IL-13
signaling pathways, has been used to treat AD. However,
the therapeutic effect (75% of symptom relief) of dupilumab is
incomplete because of the heterogeneity of AD (Simpson
et al., 2016). Therefore, other factors might play essential
roles in AD. From this perspective, recent studies suggested
that IL-17A contributes to the pathogenesis of AD (Esaki et al.,
2016; He et al., 2007; Koga et al., 2008; Nakajima et al.,
2014; Noda et al., 2015; Oyoshi et al., 2009; Suarez-Farifias
et al., 2013; Toda et al., 2003). Nevertheless, the role of IL-
17A in the pathogenesis of AD remains unclear.

Innate lymphoid cells (ILCs) are immune cells that lack
lineage markers associated with T cells, B cells, dendritic
cells, macrophages, and granulocytes, but express CD90
(THY1 antigen), CD25 (IL-2 receptor a), and CD127 (IL-7
receptor @) (Wojno and Artis, 2012). Although ILCs lack
antigen-specific receptors, they produce effector cytokines in
response to environmental stimuli. The ILC family can be
subdivided into three groups based on expression of tran-
scription factors and production of effector cytokines: group 1
ILCs, which include classical natural killer cells and
T-bet—dependent IFN-y—producing cells; group 2 ILCs
(ILC2s), RORa- and GATA3-dependent, IL-5— and IL-13—-
producing cells; and group 3 ILCs (ILC3s), RORyt-dependent,
IL-17A— and/or IL-22—producing cells (Vivier et al., 2018;
Woo et al., 2014).
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All subsets of ILCs are present in both the epidermis and
dermis of healthy human skin (Briiggen et al., 2016; Dyring-
Andersen et al., 2014). Dermal ILC2s are essential cells for
AD as they produce IL-5 and IL-13 (Kim et al., 2013;
Roediger et al., 2013). However, in situ mapping of human
ILCs reveals that substantial numbers of aryl hydrocarbon
receptor—expressing ILC3s reside in the skin of patients with
AD (Briiggen et al., 2016). In addition, the T helper type
17—related immune axis is active both in some murine
models of AD (He et al., 2007; Nakajima et al., 2014; Oyoshi
et al., 2009) and in the skin and peripheral blood mono-
nuclear cells (PBMCs) from patients with AD (Esaki et al.,
2016; Koga et al., 2008; Noda et al., 2015; Suarez-Farifias
et al., 2013; Toda et al., 2003). Although the role of ILC3s
and IL-17A in AD remains poorly understood, these results
suggest that ILC3s, as well as ILC2s, have the potential to
contribute to the pathogenesis of AD.

Here, we analyzed the ILC populations in human PBMCs
and a murine model of AD to evaluate the immune and
epidermal factors that contribute to the development of AD.
Increased numbers of IL-17A—producing ILC3s were found in
the lesional skin from house dust mite (HDM)-treated mice,
oxazolone-treated mice, and in PBMCs from patients with
AD. Furthermore, we demonstrated that blockade of IL-17A
attenuated disease progress and adoptive transfer of ILC3s
accelerated disease development. Also, ILC3s increased IL-
33 production from keratinocytes and fibroblasts via IL-17A
production. Taken together, these results suggest that not
only type 2 immune cells but also IL-17A—secreting ILC3s
play a pathogenic role in the development of AD.

RESULTS

Increased type 2 and type 3 immune responses in various
models of AD

First, we used an HDM-induced NC/Nga murine AD model,
which has a similar phenotype to human AD (Vestergaard
et al., 2000), to evaluate the immune responses involved in
development of AD. Mice treated with an ointment con-
taining HDM (Dermatophagoides farinae) antigens showed
prominent eczematous lesions in the dorsal skin, and AD
symptom scores increased (Supplementary Figure STa—c).
Also, epidermal thickness and the number of infiltrating eo-
sinophils and mast cells were greater in HDM-treated mice
than in control mice (Figure 1a and Supplementary
Figure S1d). Because type 2 cytokines are essential for
development of AD, we measured production of several cy-
tokines by cells in skin-draining lymph nodes by flow
cytometry. As expected, HDM treatment increased the
number of IL-13—producing lymphocytes, however, it also
increased the number of IL-17A—producing lymphocytes
(Supplementary Figure S1e). Moreover, expression of I/17a
and /73 mRNA increased markedly in the dorsal skin of
HDM-induced AD mice (Figure 1b). HDM-derived cysteine
proteases disrupt the epithelial barrier, resulting in produc-
tion of innate cytokines from epithelial cells (Nakamura
et al., 2006). The expression level of innate cytokines such
as 1133 and Tslp, which induce type 2 immune responses, was
higher in AD skin than in control skin; in addition, expression
of IITb and 1123 increased, as did the number of IL-
17A—producing cells (Figure 1c).
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The marked increase in the amount of //7b and I/17a in the
skin of HDM-treated mice led us to focus on ILC3s because
these cells produce IL-17A rapidly in response to IL-1 (Kim
et al., 2014). Flow cytometry analysis revealed greater
numbers of IL-17A—producing ILC3s and IL-13—producing
ILC2s in the skin of HDM-treated mice than in that of control
mice (Figure 1d and e). However, secretion of IL-22 from skin
ILC3s was not observed. Among IL-17A—producing cells in
the skin, IL-17A secretion by ILC3s increased to the greatest
extent after exposure to HDM, although the percentage of T
cells was greater than that of ILC3s (Figure 1f and g).

To ascertain whether the increase in ILC3s is a strain or
allergen-specific, we induced AD with HDM, MC903, and
oxazolone in syngenic C57BL/6 mice and Rag ™'~ mice,
which do not contain mature B and T lymphocytes.
(Supplementary Figures S2 and S3 and Figure 2). Topical
application of vitamin D3 analog MC903 induces skin
inflammation resembling immune perturbations observed in
acute lesions of patients with AD (Moosbrugger-Martinz
et al.,, 2017), and multiple challenges with a synthetic
hapten, oxazolone, causes skin inflammation involving a
shift from a typical T helper type 1—dominated delayed-type
hypersensitivity response to a chronic T helper type
2—dominated inflammatory response such as that observed
in human AD (Kim et al., 2019). Similar to previous results,
we found an increase in the percentage of ILC2s and ILC3s in
HDM-induced C57BL/6 mice (Supplementary Figure S2).
However, the number of ILCs in MC903-treated C57BL/6
mice did not increase (Figure 2¢); in addition, they showed a
predominantly type 2 response (Supplementary Figure S3a
and b). In the case of mice with oxazolone-induced AD, we
noted an increase in the ILC population and an increase in
the production of all cytokines (including IL-17A) secreted by
ILCs (Figure 2). Therefore, these data suggest that not only
ILC2s but also ILC3s may be associated with the pathogenesis
of AD.

Neutrophils are the major cells producing IL-18 among
immune cells in the AD environment

Next, we tried to identify the cells that produce IL-1B, which
is important for inducing IL-17A production by ILC3s (Kim
et al.,, 2014). Intracellular cytokine staining revealed that
both CD45" cells and CD45~ cells were a source of IL-1f in
the skin of HDM-treated mice; however, IL-1f expression in
CD45™" cells was higher (Supplementary Figure S4a). It is well
known that IL-1P has to be cleaved by cytoplasmic caspase 1
to attain biological activity (Franchi et al., 2009). Western
blot analysis confirmed increased expression of mature IL-1
in the dorsal skin of HDM-treated mice (Supplementary
Figure S4b). Among IL-1B—producing CD45" cells, neutro-
phils expressed the highest levels of IL-1B in lesional skin
(Supplementary Figure S4c and d). Therefore, increased IL-1
levels in an atopic environment may contribute to the het-
erogeneity of disease by inducing type 3 cytokines in addition
to type 2 cytokines.

ILC3s are involved in the development of AD-like skin
inflammation

Because the previous results suggest that ILC2s and ILC3s
produce mixed effects, we needed to confirm the effect of
ILC3s alone under atopic conditions. To test this, we sorted
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Figure 1. ILC3s as well as ILC2s are present at high numbers in the dorsal skin of an HDM-induced AD model. (a) Representative H&E- and toluidine
blue—stained biopsy specimen from dorsal skins. Bar = 100 pm. (b) mRNA expression of //13 and //717a in the dorsal skin (n = 7—9 per group). (c) mRNA
expression of innate cytokines in the dorsal skin. Data are obtained from two to three independent experiments (n = 4=5 per group). (d) Gating strategy of
cytokine production from ILCs (CD45" Lympho™ Lin~ CD90.2™). (e) Absolute numbers of IL-13* ILCs and IL-17A* ILCs in the skin. Data are representative of
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ILC3s from mice with HDM-induced AD and injected them
intradermally into recipient mice during induction of AD
(Figure 3a). Although the percentage of ILCs producing IL-
17A was higher in the skin than in skin-draining lymph
nodes and the spleen, we sorted ILC3s from skin-draining
lymph nodes and the spleen to reduce the isolation time
and to obtain a sufficient number of cells (Supplementary
Figure S5a and b). The purity of sorted ILC3s, along with
cytokine production, was confirmed by intracellular cytokine
staining (Supplementary Figure S5c¢). Administration of ILC3s
to recipient mice accelerated development of AD and
increased epidermal thickness and infiltration by inflamma-
tory granulocytes such as mast cells, eosinophils, and neu-
trophils (Figure 3b—e). Moreover, transfer of ILC3s increased
the number of IL-4—, IL-13—, and IL-17A—producing cells in
the skin-draining lymph nodes as well as inflammatory cy-
tokines in the dorsal skin (Figure 3f and Supplementary
Figure S5d). These results suggest that ILC3s themselves are
sufficient to exacerbate the symptoms of AD.

Blockade of IL-17A attenuates development of

HDM-induced AD-like skin inflammation in NC/Nga mice
Because the genetic background of NC/Nga mice is not fully
understood, IL-17A—neutralizing Ab secreted by ILC3s
(Figure 4a). The efficacy of anti—IL-17A Ab was validated by
downregulation of Cxcll1 and //6 mRNA, the representative
chemokines induced by IL-17A (Datta et al.,, 2010)
(Supplementary Figure S6). Both ear and epidermal thickness
of AD-induced mice treated with the anti—IL-17A Ab was
less than that of isotype control mice (Figure 4b—d). In
addition, skin inflammation in mice treated with an IL-
17A—blocking Ab was less severe than that in mice treated
with an isotype control Ab (Figure 4c). Absence of IL-17A
signaling resulted in reduced infiltration of eosinophils,
mast cells, and neutrophils (Figure 4c—e). Blocking IL-17A in
mice with oxazolone-induced AD led to a reduction in
infiltration by inflammatory cells (Figure 4g and h).

We also analyzed the expression of several innate cyto-
kines to address the effects of IL-17A blockade on HDM-
induced skin inflammation. Notably, expression of 1/33, an
alarmin cytokine that plays crucial roles in atopic inflam-
mation, was reduced by IL-17A blockade, but that of Tslp
was not in mice with both HDM-induced and oxazolone-
induced AD (Figure 4f and i). These results indicate that
there may be an unknown pathway for IL-17A—mediated IL-
33 modulation of skin inflammation.

ILC3s induce IL-33 secretion by human keratinocytes and
fibroblasts

Because blockade of IL-17A reduced expression of //33 and
infiltration by immune cells (Figure 4e and f), we hypothe-
sized that IL-17A regulates secretion of innate cytokines by
skin cells such as keratinocytes and fibroblasts, thereby
increasing type 2 immune responses. To address this
hypothesis, we added recombinant human (rh) IL-17A

<

protein (rhIL-17A) directly to the culture medium of human
primary keratinocytes or fibroblasts, which express IL-17 re-
ceptor A constitutively. Expression of CXCLT mRNA, which is
induced by IL-17A signaling, increased. Moreover, treatment
with rhIL-17A led to marked induction of /L33 in both human
primary keratinocytes and fibroblasts, which represent skin
cells (Figure 5a and b).

Because adoptive transfer of murine ILC3s worsened the
symptoms of AD, and because rhIL-17A induces /L33 mRNA
expression, we next examined whether ILC3s induce /L33
expression directly from skin cells and whether this could
enhance type 2 immune responses. ILC3s from human
PBMCs were cocultured with human primary keratinocytes
and fibroblasts using a Transwell system, and rhIL-7 and
rhIL-1B were added to stimulate ILC3s (Figure 5c¢). Coculture
of stimulated ILC3s induced expression of /L33 and CXCL1
by keratinocytes and fibroblasts; however, coculture with
other types of ILCs (including ILC2s and group 1 ILCs) did
not (Figure 5d). In addition, when keratinocytes and fibro-
blasts were cultured separately, expression of IL33 was lower
than when these cells were cultured together
(Supplementary Figure S7). It has been reported that cyto-
kine and growth factor expression was modulated when
keratinocytes and fibroblasts were cultured separately
(Werner et al., 2007; Wojtowicz et al., 2014). Therefore,
these results suggest that IL-17A from ILC3s might be
responsible for increased expression of 1L33, which induces
type 2 immune responses.

Patients with AD show an altered ILC composition in
peripheral blood

To test whether ILC3s were also elevated in patients with AD,
we examined ILCs in the PBMC population by flow cytom-
etry. Human ILC populations can be classified into three
groups according to the expression of CD117 and CRTH2
(Vivier et al., 2018). Freshly isolated PBMCs from healthy
individuals and patients with AD contained a distinct pop-
ulation of ILCs (Figure 6a). Patients with AD had a higher
percentage of ILCs, and the percentage of ILC2s (CRTH2™
and GATA3™) and ILC3s (c-Kit™ and RORYt") in the PBMC
population from patients with AD were higher than in
healthy controls (Figure 6b and c). We noted that not only
ILC2s, but also ILC3s, were increased in patients with AD
(Figure 6d). Although the neutrophil population in patients
with AD was not greater than that in healthy controls (data
not shown), ILC3s showed a strong positive correlation with
neutrophils in the blood from patients with AD (Figure 6e).
To assess whether ILCs within the PBMC population have the
potential to home in to the skin, we investigated the
expression of cutaneous lymphocyte antigen by ILCs.
Approximately 40% of ILCs within the PBMC population
expressed cutaneous lymphocyte antigen (Supplementary
Figure S8). Although ILC3s are not considered essential for
the pathogenesis of AD, these experiments indicate that the

‘wo independent experiments (n = 5—7 per group). Mann-Whitney U test was performed (b—e). (f) Frequency of IL-17A—producing cells in the skin of control
mice and mice with AD (n = 2—3 per group). (g) Ratio of IL-17A—positive cells of HDM-induced NC/Nga mice compared with control mice. Data are
representative of two independent experiments (n = 3). Data are depicted as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001. ns, not significant. AD, atopic
dermatitis; Ctrl, control; FSC-A, forward scatter area; H&E, hematoxylin and eosin; HDM, house dust mite; ILC, innate lymphoid cell; ILC2, group 2 innate
lymphoid cell; ILC3, group 3 innate lymphoid cell; SEM, standard error of the mean; SSC-A, side scatter area.
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2013; Salimi et al., 2013). However, the role of ILC3s in
the immunopathogenesis of AD is poorly understood.
Here, we identified a previously unreported role for ILC3s
in development of AD by using several AD model. We
demonstrated that the levels of IL-17A in the skin of mice
with HDM-, and MC903-, and oxazolone-induced AD, in
addition to type 2 cytokines, increased markedly. Further-
more, adoptive transfer of ILC3s to recipient mice accel-
erated the development of AD, and blockade of IL-17A
reduced the severity of AD. IL-17A—secreting ILC3s
increased production of IL-33 by human keratinocytes and
fibroblasts. Therefore, early secretion of IL-17A during
development of AD might strengthen type 2 immune re-
sponses by inducing alarmin signals from skin cells. Like-
wise, both the ILC2 and ILC3 populations increased in
peripheral blood from patients with AD, suggesting a
contribution of ILC3s to the development of AD.
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Although type 2 cytokines are considered key players in
AD, AD is a complex disease with a high degree of hetero-
geneity with respect to clinical phenotype, which is based on
age-of-onset (Esaki et al., 2016), race (Noda et al., 2015),
acute versus chronic course (Gittler et al., 2012; Koga et al.,
2008), therapeutic response, and infectious or allergic trig-
gers. Recently, the PRACTALL document proposed diverse
phenotypes of AD, including type 2 immune response and
non—type 2 immune response AD with a combination of T
helper type 1—, T helper type 17—, and T helper type
22—driven inflammation, as well as epithelial dysfunction
(Muraro et al., 2017). Moreover, the human transcriptomic
profile suggested substantial differences in the cytokines
driving chronic inflammation between patients from Western
and Asian populations; patients from Japan and Korea show
strong IL-17A expression in skin lesions in addition to the
expected type 2 cytokines. Also, another study reports greater
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Figure 4. IL-17A—neutralizing impedes the induction of AD. (a) The scheme of IL-17A neutralization in mice with HDM-induced AD. (b) Time-dependent
change in ear thickness (n = 7—11 per group). Isotype control Ab versus anti—IL-17A Ab on day 17. Mann-Whitney U test was performed. (c) H&E- and
toluidine blue—stained dorsal skin from control and mice with HDM-induced AD treated with isotype or anti—IL-17A Ab. Bar = 50 pm (H&E), and 200 um
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Figure 5. ILC3s stimulate the a
expression of IL-33 from the human
keratinocytes and fibroblasts. (a, b)
Relative mRNA expression of /L33 and
CXCL1 by rhIL-17A from human (a)
keratinocytes and (b) fibroblasts. Each
gene expression was normalized to
the expression level of the control
group. Data were obtained from three
independent experiments (n = 7 per
group). Mann-Whitney U test was
performed. (c) Experimental design of
coculture of human ILC3s with
keratinocytes and fibroblasts. ILC3s:
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epidermal hyperplasia and cellular infiltration, and higher
levels of T helper type 17—related cytokines and antimicro-
bials (IL-17A, IL-19, CCL20, LL37, and peptidase inhibitor 3/
elafin), in lesional skin from children with AD (Esaki et al.,
2016). Despite the heterogeneity of the disease, most
research has taken a T helper type 2—biased approach and
neglected other pathways. Therefore, it is critical to ascertain
whether and how IL-17A is involved in the pathogenesis of
AD because IL-17A could be a part of a multiphenotypic
inflammatory response.

Several mice studies support the pathogenic role of IL-17A
in atopic diseases. For example, filaggrin-deficient mice
develop spontaneous eczematous inflammation as they get
older, and this inflammation appears to be driven predomi-
nantly by IL-17A (Oyoshi et al., 2009). Also, a mouse model
of ovalbumin-induced asthma and AD revealed that IL-4/IL-
13 null mice sensitized epicutaneously with ovalbumin
develop significant eczematous inflammation and increased
IL-17A expression. Blockade of IL-17A reverses development
of airway hyperresponsiveness and skin inflammation in this
model (He et al., 2009). Nakajima et al. reported that IL-17A
deficiency attenuated development of AD using flaky-tail
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(FIg"™ ma/ma) mice; they found that VY5~ dermal yd T
cells were the major source of IL-17A (Nakajima et al., 2014).
However, involvement of ILC3s as one of the principal
sources of IL-17A, and the mechanistic impact of this cyto-
kine on AD, remains unclear.

Here, we observed an increase in the number of ILC3s in
various murine models of AD. We also used an IL-
17A—blocking Ab to demonstrate the potential therapeutic
effects of IL-17A, which is secreted by ILC3s. It would be
better to examine the difference between ILC3s from wild-
type and IL-17~"~ mice, but it is not technically possible
because the genetic background of NC/Nga mice is not fully
understood (Suto et al., 1999). Instead, we identified the role
of ILC3s in the following experiments. In an oxazolone-
induced AD model, skin inflammation was induced in
Ragl ™~ mice as well as wild-type C57BL/6 mice. To
demonstrate the sole effect of ILC3s, we performed adoptive
transfer and coculture experiments. Adoptive transfer of
ILC3s into recipient mice accelerated the symptoms of AD.
Coculture of sorted ILC3s with human keratinocytes and fi-
broblasts showed that IL-17A—producing ILC3s induced
expression of IL-33 by skin cells. When keratinocytes and

<«

(toluidine blue). (d) Epidermal thickness and (e) eosinophil and mast cell counts per HPF, and frequency of neutrophils among CD45™" cells (n = 6—8 per group).
Data are depicted as mean + SEM. (f) mRNA expression of 1133 and Tslp in the dorsal skin. Data were obtained from two independent experiments (n = 4—6 per
group). Kruskal-Wallis with Dunn’s post hoc test was performed. (g) The scheme of IL-17A blockade in oxazolone-induced C57BL/6 mice. (h) Frequency of
eosinophils in dorsal skin. Data are representative of two independent experiments (n = 3 per group). (i) mRNA expression of //33 and Tslp in the dorsal skin of
oxazolone-induced C57BL/6 mice treated with isotype or anti—IL-17A Ab. Mann-Whitney U test was performed. Data were obtained from two independent
experiments (n = 7 per group). Data are depicted as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001. Ab, antibody; AD, atopic dermatitis; Ctrl, control; H&E,
hematoxylin and eosin; HDM, house dust mite; HPF, high-power field; ns, not significant; IP, intraperitoneal; SEM, standard error of the mean.
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Figure 6. ILC3s account for a large proportion among ILCs in PBMCs from patients with AD. (a) Representative dot plots of ILCs (CD45" Lympho™ Lin~
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FceRla.. (b) Frequency of ILCs and the distribution of each subset within the entire ILCs among CD45™ cells (n = 9 per group). (c) Frequency of ILCs expressing
T-bet, GATA3, or RORYt among CD45™" cells (n = 5—8 per group). Mann-Whitney U test was performed. Data are depicted as mean + SEM. (d) Pie chart
showing the mean + SD frequency of each ILC subset among ILCs. (e) Correlation between ILC3s and neutrophils (left) and ILC2s and eosinophils (right) in
peripheral blood from patients with AD. The correlation was assessed by using Spearman rank correlation. *P < 0.05, **P < 0.01. FSC-A, forward scatter area;
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fibroblasts were cultured separately, the increase of I1L-33 was
less than the combined culture. It has been reported that
cytokine and growth factor expression was modulated when
keratinocytes and fibroblasts were cultured separately
(Werner et al., 2007; Wojtowicz et al., 2014). It suggests that

crosstalk between keratinocytes and fibroblasts may be
important for innate cytokine secretion, although further
studies are required. Similarly, Xu et al. (2018) demonstrated
IL-17A—regulated IL-25 expression by keratinocytes. Stimu-
lation with IL-17A, but not IL-17C, IL-1, or tumor necrosis
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factor-a,, induced robust expression of //25 in primary murine
keratinocytes. Moreover, 1L.-177~ mice showed reduced
expression of IL-25 in lesional skin in the imiquimod-induced
psoriasis model. IL-17A/IL-25 signaling in keratinocytes in-
duces cell proliferation and production of various cytokines
and chemokines in a STAT3-dependent manner. Although the
models are different, Mizutani et al. (2014) found that the
combination of IL-17A and IL-33 exacerbated neutrophilic
inflammation and airway hyperreactivity in a murine model
of asthma. This phenomenon is associated with increased
levels of CXC chemokines, including Cxcl1, Cxcl2, and
Cxcl5, and with infiltration by neutrophils (Mizutani et al.,
2014). Taken together, the IL-17A/IL-33 circuit might regu-
late keratinocytes and fibroblasts, which amplifies and sus-
tains chronic inflammation in AD.

Finally, we found that the percentage of ILC3s within the
PBMC population from patients with AD was higher than that
in healthy volunteers. Similarly, Bruggen et al. (2016) used in
situ mapping to detect prominent aryl hydrocarbon
receptor—positive ILC3 populations in the skin of mice with
AD and in patients with AD. It should be noted that most ILCs
present in healthy human skin are group 1 ILCs and aryl
hydrocarbon receptor—positive ILC3s, not ILC2s (Briiggen
et al.,, 2016). Therefore, skin-resident ILC3s might sense
environmental changes rapidly by interacting with nonim-
mune cells such as skin fibroblasts and keratinocytes under
atopic conditions.

It is still unclear whether IL-17A—producing ILC3s and ILC2s
actin concert with their T helper cell counterparts, nor is it clear
which type of microenvironment contributes to the pathogenic
process. Nevertheless, this study provides functional evidence
of ILC3s in the skin of patients with AD; the increase in ILC3
numbers drives development of AD by coordinating immune
responses in the skin. Because AD is triggered by multicytokine
responses in the skin, ILCs may be the primary cell type that
senses these initial stimuli, thereby acting as modulators of
immune responses by interacting in concert with various im-
mune cells and nonimmune skin cells (keratinocytes and fi-
broblasts). Taken together, these findings will increase our
understanding of the mechanisms underlying onset of AD. They
also indicate a need for personalized or precision medicine
appropriate for heterogeneous subtypes of AD.

MATERIALS AND METHODS
Detailed materials and methods are provided in the Supplementary
Materials and Methods.

Animals

All experiments were approved by the Institutional Animal Care and
Use Committee of Seoul National University Hospital (SNUH-
IACUC, #14-0124-C2A0(1)), and animals were maintained in the
facility accredited by AAALAC International (#001169) by Guide for
the Care and Use of Laboratory Animals, 8th edition, NRC (2017).

Atopic dermatitis (AD) model

NC/Nga mice were anesthetized, and 200 pl of 4% SDS was applied
to the shaved dorsal skin and ear using a cotton swab. After 3 hours,
house dust mite (HDM) ointment (130 mg) was applied to the same
area. This process was conducted twice a week for 2 weeks. SDS
treatment was used for inducing skin barrier disruption.
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Murine cell isolation for flow cytometry analysis

For isolating skin cells, dorsal skin was obtained and chopped using
blade and scissors after removal of subcutaneous fat. Dissected skin
samples were incubated with collagenase IV (1T mg/ml, Worthington,
Lakewood, NJ) and DNase | (0.1 mg/ml, Sigma) at 37 °C for 90
minutes with vigorous shaking. Skin samples were filtered through a
40-um strainer and red blood cells were lysed with Red Blood Cell
Lysis Buffer (Sigma).

Flow cytometry analysis

For live/dead staining, Live/Dead dye (BioLegend, San Diego, CA)
was used. To block nonspecific binding, isolated cells were incu-
bated with CD16/CD32 antibody (BD Biosciences, Franklin Lakes,
NJ) for 15 minutes.

Cell culture

Primary human dermal fibroblasts and epidermal keratinocytes were
obtained from foreskin and cultured in DMEM (WelGENE, Daegu,
Korea) with 10% fetal bovine serum and keratinocyte growth me-
dium with supplements (Lonza, Basel, Switzerland) respectively. All
human samples (foreskin and blood) were obtained under written
informed consent, in accordance with the approvals by the Institu-
tional Review Board of Seoul National University Hospital. To
investigate the effect of IL-17A on the cells, cells were starved
without supplements overnight and then treated with recombinant
human IL-17A (100 ng/ml, R&D Systems, Minneapolis, MN) for 12
hours.

Coculture of keratinocytes and fibroblasts with ILCs

Primary human dermal fibroblasts were seeded at a density of
150,000 cells in a 12-mm diameter polycarbonate membrane with a
pore size of 3 pm (Millicell, Merck Millipore Ltd., Burlington, MA) in
DMEM and incubated for 2 days in a 24-well plate. The next day,
after washing with phosphate buffered saline twice, 1.5 x 10° pri-
mary human epidermal keratinocytes were seeded onto the same
culture inserts in keratinocyte growth medium. The medium was
changed into the keratinocyte basal medium without supplements
(KBM, Lonza, Basel, Switzerland) and then incubated overnight.
Isolated ILC3s or ILC others (ILCs other than ILC3s; 1 x 10° cells)
were cocultured in the lower compartment of the insert with the
established fibroblasts and keratinocytes in KBM and Hank’s
Balanced Salt Solution 1:1 mixed medium for 48 hours. The medium
was provided only to the lower compartment, being supplemented
with human recombinant IL-1B (40 ng/ml, R&D Systems) and IL-7 (5
ng/ml, Miltenyi Biotec). Polycarbonate membranes were removed
and washed three times with PBS. The membranes were harvested
for further analysis.
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SUPPLEMENTARY MATERIALS AND METHODS

Animals

Female 4-week-old NC/Nga mice were purchased from Japan
SLC, Inc. and housed under specific pathogen—free conditions.
C57BL/6 and Ragl ™~ mice were purchased from the KOA-
TECH (Pyeongtaek, Korea) and the Jackson Laboratory (Bar
Harbor, ME), respectively. All experiments were approved by
the Institutional Animal Care and Use Committee of Seoul
National University Hospital (SNUH-IACUC, #14-0124-
C2A0(1)), and animals were maintained in the facility accredi-
ted by AAALAC International (#001169) by Guide for the Care
and Use of Laboratory Animals, 8th edition, NRC (2017).

Atopic dermatitis (AD) model

HDM ointment (Dermatophagoides farinae) was purchased
from Biostir Inc. (Osaka, Japan). The manufacturing process
was to (i) breed D. farinae for 2 months, (ii) collect mite
bodies and remove debris, (iii) extra ct and purify mite al-
lergens (Der f 1) partially, and (iv) mix the mite allergens with
hydrophilic petrolatum. Skin lesions were evaluated as a
symptom score comprised of the following: (i) erythema and
hemorrhage, (ii) scarring and dryness, (iii) edema, and (iv)
excoriation and erosion; each symptom was scored as
0 (none), 1 (mild), 2 (moderate), or 3 (severe) by an experi-
enced dermatologist. The sum of the scores was taken as the
symptom scores (Yamamoto et al., 2007).

For MC903-induced skin inflammation, 100 pl of MC903
(45 uM, Santa Cruz Biotechnology, Dallas, TX) or ethanol
was daily applied to the shaved dorsal skin of C57BL/6 and
Ragl ™~ mice. For oxazolone-treated skin inflammation,
C57BL/6 and Ragl™~ mice were sensitized by topical
application of 3% oxazolone (Sigma, Burlington, MA) on the
shaved abdomen (30 pl). After 5 days, mice were treated
topically with 100 pl of 0.6% oxazolone on the shaved dorsal
skin every other day for 10 days.

Murine cell isolation for flow cytometry analysis

For isolating skin cells, dorsal skin was obtained and chopped
using blade and scissors after removal of subcutaneous fat.
Dissected skin samples were incubated with collagenase 1V
(1 mg/ml, Worthington, Lakewood, NJ) and DNase | (0.1 mg/
ml, Sigma) at 37 °C for 90 minutes with vigorous shaking.
Skin samples were filtered through a 40-um strainer and red
blood cells were lysed with Red Blood Cell Lysis Buffer
(Sigma). Skin draining lymph nodes were obtained and
ground in a 40-pm strainer for single cell isolation.

Flow cytometry analysis

For surface staining, the cells were labeled by the following
antibodies: FITC anti-FceRla, anti-F4/80, anti-Ly6C, and anti-
TCRYS; PE anti-CD11b and anti- CD3g; APC anti-CD117,
anti-F4/80, and anti-TCRYd; PE-Cy7 anti-CD127, anti-
CD90.2, and anti-Ly6G; BV-421 anti-CD25; BV-650 anti-
CD127 and streptavidin; BV-785 anti-CD25; purified anti-
CLA; and biotin anti-rat light chain k (all purchased from
BioLegend). From BD Biosciences the following were pur-
chased: FITC anti-CD11b, anti-CD11¢, anti-CD19, anti-
CD3g, and anti-CD49b; and BV-421 anti-Siglec-F. From
eBioscience (ThermoFisher Scientific, Waltham, MA), the
following were purchased: PerCP- Cy5.5 anti-CD45; PE-
streptavidin; and biotin anti-ST2. For intracellular cytokine
staining, isolated cells were stimulated for 4 hours at 37 °C
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with phorbol 12-myristate 13-acetate (50 ng/ml, Miltenyi
Biotec, Bergisch Gladbach, Germany), ionomycin (0.5 pg/ml,
Sigma), and Golgi stop (0.7 pl/ml, BD Biosciences). After
stimulation, cells were fixed and permeabilized using the
fixation/permeabilization solution kit (BD Biosciences). FITC
anti—IL-17A; APC anti—IFN-y, anti—Pro-IL-1B, anti—IL-22;
BV-421 anti—IL-17A, (all purchased from BiolLegend); FITC
anti—IL-4 (BD Biosciences); PE anti—IL-13; and PE-Cy7
anti—IL-13 (eBioscience) were used at the concentrations
recommended by the manufacturers. The samples were ac-
quired using LSRII and LSRFortessa (BD Biosciences). Data
were analyzed with FlowJo 10 software.

To stain human innate lymphoid cells (ILCs), peripheral
blood mononuclear cells were isolated from healthy volun-
teers and patients with AD by centrifugation using a Ficoll-
Paque PLUS density gradient (GE Healthcare, Chicago,
[llinois). Single cells from blood were blocked with human
BD Fc Block (BD Biosciences). Antibodies used for flow
cytometric analysis were as follows: PerCP-Cy5.5 anti-CD45;
FITC anti-CD3eg, anti-CD19, anti-CD11b, anti-CD11¢, anti-
CD14, anti-CD49b, and anti-FceRla; PE-Cy7 anti-CD127;
BV-421 anti-CD117; PE anti-CRTH2 (BD Biosciences); puri-
fied anti-CLA; biotin anti-rat Ig light chain k; and BV-650
streptavidin. The rest of antibodies were purchased from
Biolegend. The samples were acquired using LSRIl and
LSRFortessa (BD Biosciences). Data were analyzed with
FlowJo 10 software.

Adoptive transfer of group 3 ILCs (ILC3s)

Cells were isolated from skin-draining lymph nodes and
spleens of mice with HDM-induced AD. ILC3s were sorted
by Arialll (BD Biosciences) after depletion of lineage positive
cells using micro beads (lineage depletion kit, Miltenyi Bio-
tec). Mice were injected intradermally with 5,000—7,000
cells in a 2 x 2 cm area of the dorsal skin 3 hours after
shaving or 4% SDS treatment.

Neutralization of IL-17A

Mice were injected intraperitoneally with anti-mouse IL-17A
(100 pg, clone TC11-18H10.1, BioLegend) or isotype 1gGT1
(clone RTK2071, BioLegend) on the day in the schedule
before application of AD ointment or oxazolone.

Histologic examination

The samples were fixed with 4% paraformaldehyde at 4 °C
overnight before processing into paraffin wax. Serial sections
(4 um) were mounted onto silane-coated slides (Dako, Japan)
and either subjected to hematoxylin and eosin staining for
morphological analysis or to toluidine blue staining for mast
cell examination. Images were analyzed using Image )
software.

Quantitative real-time PCR

Total RNA was extracted from mice skin samples or cultured
primary human skin cells (fibroblasts and keratinocytes) using
RNAiso Plus (Takara Bio, Kyoto, Japan). cDNA was synthe-
sized using a RevertAid First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific). Quantitative real-time PCR was
performed on an ABI 7500 (Applied Biosystems, Waltham,
MA). The data were normalized to RPLPO, and relative ex-
pressions were depicted using ACt or AACt methods.



Human ILCs sorting

Human peripheral blood mononuclear cells were isolated
from peripheral blood of healthy volunteers by centrifugation
on a Ficoll-Paque PLUS density gradient (GE Healthcare).
After red blood cells were lysed with Red Blood Cell Lysis
Buffer (Sigma), peripheral blood mononuclear cells were
stained by CD16/32 antibody (BD Biosciences) for blockade
of nonspecific binding, FITC anti-CD3g, anti-CD19, anti-
CD11b, and anti-CD235a. (Biolegend). Anti-FITC microbeads
were used to deplete FITC" cells by LS MACS column (Mil-
tenyi Biotec). The FITC™ cells were stained by PerCP-Cy5.5
anti-CD45; FITC anti-CD3e, anti-CD19, anti-CD11b, anti-
CD11c, anti-CD14, anti-CD49b, and anti-FceRla; PE-Cy7

MH Kim et al.
Regulation of Atopic Inflammation by Innate IL-17A

anti-CD127; BV-421 anti-CD117 (Biolegend); and PE
anti-CRTH2 (BD Biosciences). ILC3s (CD45" Lin™ CD127"
CRTH2™ CD1177) and other ILCs (not ILC3s) were sorted by
Arialll (BD Biosciences).

Statistical analysis

Data were analyzed using Prism 7 (GraphPad software, La
Jolla, CA). Comparisons between two groups were performed
using Mann-Whitney U test. Comparisons of multiple groups
were performed using one-way analysis of variance with
Kruskal-Wallis with Dunn’s post hoc test. Spearman rank
correlation was used for the relationship between two
variables.
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Supplementary Figure S1.
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Supplementary Figure S2. HDM enhanced both IL-13 and IL-17A production in the skin regardless of mouse strain. (a) The scheme of HDM-induced AD
C57BL/6 mice. (b) Representative images of the control and HDM-induced mice. (c) Total cell count and cytokine-producing lymphocytes in SALN from control
and HDM-induced C57BL/7 mice (n = 3—4 per group). (d) Representative dot plots of cytokine-producing ILCs in the dorsal skin. (e) Total cell count and IL-13*
or IL-17A" ILCs in the dorsal skin (n = 3 per group). Data are depicted as mean + SEM. AD, atopic dermatitis; Ctrl, control; FSC-A, forward scatter area; HDM,
house dust mite; ILC, innate lymphoid cell; SALN, skin-draining lymph node; SEM, standard error of the mean; SSC-A, side scatter area.
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Supplementary Figure S3. ILCs contributed to skin inflammation regardless of adaptive immunity. (a) Representative images of the ethanol and MC903-treated
Rag KO mice. (b) Total cell count and absolute number of ILCs in the dorsal skin from MC903-induced Rag KO mice (n = 3—4 per group) (c) Representative
images of the ethanol and oxazolone-induced Rag deficient mice. (d) Representative dot plots of cytokine-producing ILCs in the dorsal skin from oxazolone-
induced Rag deficient mice. (e) Total cell counts and absolute number of cytokine-positive ILCs in the dorsal skin (n = 3 per group). Data are depicted as mean +
SEM. Ctrl, control; ILC, innate lymphoid cell; KO, knockout; Oxa, oxazolone; SEM, standard error of the mean.
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Supplementary Figure S5. The effect of ILC3s on AD. (a) Representative dot plots of cytokine-producing ILCs in the skin, SALN, and spleen. (b) Absolute
numbers of IFNY™, IL-13%, and IL-17A" ILCs (n = 4). (¢) The purity of sorted ILC3s (CD45" Lympho™ Lin~ CD127" CD25™) analyzed with Arialll. Lin: CD3e,
CD11b, CD11¢, CD19, CD49b, F4/80, FceRla, and TCRYJ. Cytokine expression of ILC3s (CD45" Lympho™ Lin™ CD127" CD25" CD1177% ST27). (d) mRNA
expression of 1/713 and I/1b in the dorsal skin from control- or ILC3-transferred mice. Data from two independent experiments (n = 6—7 per group). Data are
depicted as mean + SEM. Mann-Whitney U test was performed. *P < 0.05, **P < 0.01. AD, atopic dermatitis; ILC3, group 3 innate lymphoid cell; PBS,
phosphate buffered saline; SALN, skin-draining lymph node; SEM, standard error of the mean.
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Supplementary Figure S6. The expression of IL-17A—targeted genes. Cxcl7
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Supplementary Table S1. Primers Used in Real-Time PCR

Genes Forward(5’-3') Reverse(5’-3')

1117a GCAATGAAGACCCTGATAGATATCC TTCATGTGGTGGTCCAGCTTT
113 TGAGGAGCTGAGCAACATCACACA TGCGGTTACAGAGGCCATGCAATA
Tslp CGGATGGGGCTAACTTACA TCCTCGATTTGCTCGAACTT
1133 GATGGGAAGAAGCTGATGGTG TTGTGAAGGACGAAGAAGGC
1123a CCAGCAGCTCTCTCGGAATC TCATATGTCCCGCTGGTGC
11b TGTAATGAAAGACGGCACACC TCTTCTTTGGGTATTGCTTGG
Cxcl1 GCTGGGATTCACCTCAAGAA TCTCCGTTACTTGGGGACAC
Rplp0 TGCCACACTCCATCATCAAT CGAAGAGACCGAATCCCATA
TSLP GCTATCTGGTGCCCAGGCTAT CGACGCCACAATCCTTGTAAT
L33 TCAGGTGACGGTGTTGATGG ACAAAGAAGGCCTGGTCTGG
CXCL1 CCCCAGCAATCCCCGGCTC TGGGGTCCGGGGGACTTCAC
RPLPO TGGGCTCCAAGCAGATGC GGCTTCGCTGGCTCCCAC
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