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Innate IL-17A Enhances IL-33-Independent
Skin Eosinophilia and IgE Response on
Subcutaneous Papain Sensitization

Seiji Kamijo', Mutsuko Hara', Mayu Suzuki', Susumu Nakae” ", Hideoki Ogawa’, Ko Okumura' and
Toshiro Takai'

IL-33-activated group 2 innate lymphoid cells critically contribute to protease allergen-induced airway inflam-
mation models. However, IL-33 is dispensable for a subcutaneous (s.c.) papain-induced skin inflammation
model, suggesting distinct mechanisms between intranasal and s.c. sensitization. Here, we examined the role of
IL-17A in the s.c. model. Papain-exposed skin produced IL-17A and an excess amount of a soluble decoy re-
ceptor for IL-33, with the latter being a possible reason for the independence of the s.c. model from IL-33. An IL-
17A deficiency attenuated papain-induced skin eosinophilia and serum papain-specific Igk and 1gG1 levels,
whereas the s.c. administration of IL-17A with enzymatically inactive papain enhanced serum papain-specific
IgE and 1gG1 levels and T helper 2 development in draining lymph nodes in an IL-33-independent manner,
suggesting IL-33-independent enhancement of papain-specific type 2 responses by IL-17A. The s.c. papain
increased IL-17A" y3 T cells in draining lymph nodes, approximately half of which were Vy4*, as the majority of
IL-17A™ cells, and increased Vy5* and Vy4" v3 T cells in the skin. Depletion of v3 TCR™ cells reduced T helper
cytokine production in antigen-restimulated draining lymph node cells. These results suggest a novel role for
IL-17A as an enhancer of skin eosinophilia and serum antigen-specific IgE production and for Y3 T cells as an

enhancer of T helper cell activation in the s.c. papain model.
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INTRODUCTION

The protease activity of environmental allergens is consid-
ered to be an important property by which allergens inflict
allergenic insults. The house dust mite-derived group 1 major
allergens, Der f T and Der p 1, are among the most clinically
important allergens worldwide. They disrupt barrier function,
stimulate airway epithelial cells and keratinocytes through
their protease activity to produce proinflammatory cytokines,
cleave cell surface and soluble molecules, and induce T
helper (Th) 2 responses (Chevigné and Jacquet, 2018; Gough
et al.,, 1999; Kato et al., 2005; Kikuchi et al., 2006; King
et al., 1998; Nakamura et al., 2006; Takai and lkeda, 2011;
Wan et al., 1999). Although exposure to protease allergens
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causes allergic symptoms in mice, the mechanisms by which
early innate responses in exposed tissues lead to systemic Th2
sensitization remain unclear.

Papain, a papaya-derived occupational allergen, belongs
to the same family of cysteine proteases as Der f 1 and Der p
1 (Barrett and Rawlings, 2001; Chua et al., 1988). Papain is
commonly used as a model allergen to study protease-
induced allergic diseases in murine models. In papain-
induced allergic airway inflammation models, early innate
responses critically contribute to adaptive Th2 responses
(Halim et al., 2014; Kamijo et al., 2013). IL-33 from papain-
damaged epithelium activates lung group 2 innate lymphoid
cells (ILC2s) to produce IL-5, which induces early lung
eosinophilia (Halim et al., 2012). The activated ILC2s also
produce IL-13, inducing lung dendritic cells to migrate into
draining lymph nodes (DLNs) to mediate Th2 differentiation
(Halim et al., 2014). A recent study demonstrated that pro-
tease allergens, including papain, directly process and
activate IL-33 by cleaving it within the protease-sensor
domain (Cayrol et al., 2018). These findings emphasize
the critical contribution of 1L-33-activated ILC2s to adaptive
Th2 sensitization in airway papain models. In contrast, we
previously demonstrated that the single subcutaneous (s.c.)
administration of papain-induced Th2 differentiation, skin
eosinophilia, and serum IgE and IgG1 responses in a manner
dependent on the protease activity of papain but indepen-
dent of IL-33 (the s.c. papain model) (Kamijo et al., 2016b),
suggesting distinct mechanisms of Th2 induction between
the airways and the skin. In papain-exposed skin, factors
other than IL-33 appear to substitute for the role of IL-33 in
the airways.
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Figure 1. In vitro cytokine production from papain-stimulated skin tissue. (a) Experimental procedure. The ear lobes of C57BL/6) mice were cut, separated into
ventral and dorsal sides, and incubated with or without papain (100 pg/ml) in vitro for 24 hours. Data indicate the means + SD of nine (b, d), six (c, e, f), or three
() ears. Data are representative of four (b, e), three (c, d, g), or two (f) independent experiments with similar results. Detection limits are indicated by dotted

lines. *P < 0.05 and ***P < 0.001 by t-test. sST2, soluble ST2.

IL-17A is a proinflammatory cytokine produced by Th17
cells, group 3 innate lymphoid cells, NKT cells, and yd T
cells (Veldhoen, 2017). Although IL-17A was originally
associated with infectious immunity and autoimmunity,
recent studies implicated it in allergic diseases such as
asthma, atopic dermatitis, and contact hypersensitivity (Koga
et al.,, 2008; Nakae et al.,, 2002; Oyoshi et al., 2009).
Furthermore, IL-17A was shown to play a role in Th2 differ-
entiation (Na et al., 2018; Nakajima et al., 2014). Thus, IL-
17A may be a candidate mediator that contributes to Th2
differentiation and allergic skin inflammation in our s.c.
papain model.

The v3 T cells, one of the early innate producers of IL-17A,
are divided into several different subsets depending on their
tissue localization and effector function, and subset members
are distinguished by Vy and V3 chains in their yd TCRs
(Bonneville et al., 2010; Heilig and Tonegawa, 1986; Papotto
et al., 2017). Although the involvement of yd T cells as an
early innate source of IL-17A has been reported in skin
inflammation models of psoriasis (Yoshiki et al., 2014), con-
tact hypersensitivity (Nielsen et al., 2014), and atopic
dermatitis (Nakajima et al., 2014), the roles of IL-17A and IL-
17A% ¥3 T cells in protease allergen-induced allergic skin
inflammation models remain unknown.

In this study, we demonstrated that papain-exposed skin
tissue produced IL-17A and a soluble decoy receptor for IL-
33 in excess of the amount of IL-33 present and examined
the role of innate IL-17A in the pathogenesis of the s.c.
papain model. We also investigated the accumulation of IL-
17A-producing v T cell subsets in papain-exposed skin and
DLNs.

RESULTS

Cytokine production profile of papain-stimulated skin tissue
To analyze early cytokine responses in papain-exposed skin,
we stimulated ear skin tissue with papain in vitro, which
resulted in the production of IL-4, IL-17A, and IL-17F
(Figure Ta—d) but not IL-5, IL-13, or IFN-y (Supplementary
Figure ST). Although TSLP and IL-33 were produced
(Figure 1e and f), IL-12p70 was not (Supplementary
Figure S1). We detected approximately 30-fold and 10-fold
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higher amounts of soluble ST2 (sST2), a soluble decoy re-
ceptor for IL-33, than IL-33 in skin tissue cultured with and
without papain, respectively (Figure 1g). Among the papain-
induced cytokines shown in Figure 1, we focused on IL-17
because the roles of IL-4 and TSLP have already been re-
ported (Tang et al., 2010) and IL-33 was dispensable for the
s.c. papain model (Kamijo et al., 2016b).

Opposite balance between IL-33 and sST2 in the skin and
lungs

We analyzed and detected the expression of ST2L, a subunit
of the IL-33 receptor, in the skin ILC2s (Supplementary
Figure S2a and b). However, papain failed to upregulate the
ILC2 activation marker (CD25) (Scanlon and McKenzie,
2012) regardless of the production of IL-33 (Figure 1f and
Supplementary Figure S2c).

To compare the expression profiles of IL-33 and sST2 in the
skin and the lungs in vivo, we administered papain subcu-
taneously or intranasally and compared the mRNA expres-
sion levels of [L-33, sST2, and ST2L. Intranasal papain
enhanced /L-33 mRNA expression in the lungs (Figure 2a),
whereas s.c. papain enhanced sST2 mRNA expression in the
skin, reaching an approximately 20-fold higher level than the
lungs with intranasal papain (Figure 2b). The basal mRNA
expression levels of ST2L were higher in the lungs than in the
skin (Figure 2c).

The papain-stimulated lung explant culture released a
more than 3-fold higher amount of IL-33 than the skin tissue
culture (Figure 1f and Supplementary Figure S3a), and the
papain-stimulated skin tissue culture released a 10-fold
higher amount of sST2 than the lung explant culture
(Figure 1g and Supplementary Figure S3b). These results
indicate the preferential expression of sST2 over IL-33 in
papain-exposed skin and IL-33 over sST2 in papain-exposed
lungs.

11-17A~’ " mice show reduced skin eosinophilia and papain-
specific IgE and 1gG1 production in response to s.c. papain
The mRNA expression of IL-17A was upregulated in the ear
skin of s.c. papain-administered wild-type mice (Figure 3a).
To examine the role of IL-17A, we subcutaneously adminis-
tered papain to /-17A™"~ mice. ll-17A™~ mice showed less
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Figure 2. mRNA expression of [L-33, sST2, and ST2L in papain-exposed skin and lungs in vivo. Papain (20 g per mouse) was administered s.c. or i.n. into the
ear lobes or lungs, respectively. After 24 hours, total RNA samples were extracted from the ear lobes or lungs and the mRNA expression levels were measured by
real-time PCR. mRNA expression levels relative to those of GAPDH are shown. Data indicate the means + SD of nine ear lobes or seven lungs from two

independent experiments with similar results. *P < 0.05 by one-way ANOVA with Tukey’s post hoc test. i.n., intranasal; s.c., subcutaneous; sST2, soluble ST2.

eosinophil infiltration and lower levels of papain-specific IgE
and 1gG1 than wild-type mice (Figure 3b—d and
Supplementary Figure S4a). IL-17A receptors consist of a
common IL-17RA paired with either IL-17RC or IL-17RD (Su
et al., 2019; Toy et al., 2006). B cells, CD4" T cells, and T
follicular helper cells (Miyauchi et al., 2016) expressed IL-
17RA  (Supplementary Figure S5a and b) and were
increased by s.c. papain (Supplementary Figure S5c). The s.c.
papain preferentially increased GATA-3" IL-4" Th2 cells
among CD4" T cells (Figure 3e and Supplementary
Figure S6).

IL-23 and TNF-a stimulate skin tissue to produce IL-17A and
IL-17F

In addition to the cytokines shown in Figure 1, IL-1B, IL-23,
and TNF-a were released from the papain-stimulated skin
tissue culture (Figure 4a). Thus, we stimulated skin tissue
with recombinant IL (rIL)-1, rIL-23, or recombinant TNF-o.
and found the induction of IL-17A and IL-17F by IL-23 and
TNF-o (Figure 4b). IL-23 induced the most significant IL-17A
and IL-17F production. These results suggest that IL-23 and
TNF-a, the production of which is triggered by papain,
subsequently induced IL-17A and IL-17F production in the
skin tissue.

The s.c. injection of rIL-17A with E64-papain enhances E64-
papain—specific type 2 responses

To clarify the function of IL-17A in papain-exposed skin, we
subcutaneously injected rlL-17A with E64-papain, a covalent
complex between E-64 and papain, into the ear lobes of wild-
type mice. The coadministration of rIL-17A and E64-papain
increased the levels of total IgE and papain-specific IgE and
IgG1 in serum, whereas E64-papain or rIL-17A alone did not
(Figure 5a and Supplementary Figure S4b). It increased Tht,
Th2, and Th17 cells in the DLNs upon polyclonal restim-
ulation with phorbol 12-myristate 13-acetate and ionomycin
(Supplementary Figure S7a) but exclusively enhanced Th2
cytokine responses upon E64-papain—specific restimulation
(Figure 5b).

rIL-17A did not induce Th2 cytokines in skin tissue in vitro,
suggesting that the effect of IL-17A was not due to Th2
cytokine  production by  skin-derived innate cells
(Supplementary Figure S8a). The induction of papain-specific
IgE and IgG1 by skin IL-17A was observed in /l-337"~ mice,
indicating that the enhancement of type 2 responses by skin
IL-17A occurred independently of IL-33 (Supplementary
Figure S8b).

Coadministration of rIL-17A with ovalbumin (OVA)
induced OVA-specific Ig and IgG1 (Supplementary
Figure S9a) and weaker or no enhancement of T-cell re-
sponses compared with coadministration with E64-papain
(Supplementary Figures S7b and S9b).

The s.c. injection of papain induces the accumulation of IL-
17A* ¥d T cells in DLNs

We then examined the expansion of IL-17A-producing cells
in the skin DLNs and found higher numbers of yd TCR* IL-
17A™" cells in papain-injected mice than in vehicle-injected
mice (Figure 6a). In the DLNs of papain-injected mice, the
majority of IL-17A" cells were y3 T cells (64.5 + 14.6%
[mean + SDJ, nine mice), and 22.8 £ 7.5% of all yd TCR*
cells were IL-17A™. At least three populations are known as
IL-17A-producing ¥3 T cell subsets in the skin: Vy4™ or Vy6™
¥d T17 cells in the dermis and Vy5* dendritic epidermal T
cells (DETCs) in the epidermis (nomenclature by Heilig and
Tonegawa [1986]) (Cai et al.,, 2014; Li et al., 2017;
MacLeod et al., 2013). The s.c. administration of papain
increased the numbers of Vy4' and Vy5* cells (no Vy6-
specific antibody was available) in the DLNs and the skin
(Figure 6b). We then subdivided 3 TCR™ IL-17A™ cells in the
skin DLNs into Vy4*1 IL-17A" cells and VY51 IL-17A™ cells
(Figure 6¢). The absolute number of Vy4" IL-17A" cells in
the DLNs was increased by the s.c. papain. Vy5* IL-17A*
cells did not expand in response to the s.c. papain in the
DLNs.

To evaluate the contribution of ¥ T cells to the s.c. papain
model, we administered the depleting anti-yd TCR mAb
(clone: GL3). GL3 decreased yd TCR™ cells, Vy4™ cells
(Supplementary Figure S10), and the production of Th

www.jidonline.org


http://www.jidonline.org

S Kamijo et al.
IL-17A in Subcutaneous Papain Sensitization

Wild-type Vehicle s.c.

30 -
<@
§ & 20
[
o
hES
LE10T
0 .
S.c.: Vehicle Papain
I |
Wild-type
b
*
| —
* *

1200

_
o O
o o
o o
1 1

N b
o o
o O o
I 1 1

Eosinophils (cells/mm?
[2]
3
o
1

S.c.: Vehicle Papain Papain
L L ]

Wild-type  IL-17A"

d e
*
|

800 * 120 ——
= 2 100 -
€ 600 - S
g 5% o
W 400 - =, 60
o © 2
s < X 40+
5 200 =
[ (<'5~ 20 -

0- 0-

*
||

039 X 120
=} 2 100 -
= Q
£ E 0.2+ S@ 80
£3 e
tlnv L_I_"b 60
58011 X 404 —
Q ~ gv
& E 20

0.0 - 04

* *

044 i 120 -
- £
S_03- 8A1OO_
o £ <2 80
S ~ @
83 02 T 60
g~ =%
23 % w0 -
82 0.1 - 3 [—
®© o 20 -
o o

0.0 - 0-—v——i

S.c.: Vehicle Papain Papain S.c.: Vehicle Papain
L J L J

Wild-type  IL-17A7 Wild-type

Figure 3. An IL-17A deficiency attenuated papain-induced allergic skin inflammation. Papain (10 pg per ear) was subcutaneously administered to both ears of
wild-type or Il-17A~"~ mice on day 0. (@) IL-17A mRNA expression in wild-type skin tissue 4 hours after s.c. injection of papain. (b) The number of eosinophils in
the Giemsa-stained skin tissue sections were counted under microscopy. (c) Histology. Giemsa-stained paraffin sections of ear lobes isolated on day 11.
Eosinophils are indicated with red arrowheads. Bar = 100 um. (d) Antibody responses. Sera were collected on day 14 (total IgE) or day 9 (papain-specific IgE and
1gG1). () Numbers of Th2, Th1, and Th17 cells in the DLNs on day 10. Before analysis, DLN cells were stimulated with PMA and ionomycin for 6 hours. Data
indicate the means + SD of replicates, the numbers of which are indicated in Supplementary Materials and Methods. Data are representative of (a—d) three or (e)
two independent experiments with similar results. *P < 0.05 by (a—d) one-way ANOVA with Tukey’s post hoc test or (e) the t-test. DLN, draining lymph node;
OD, optical density; PMA, phorbol 12-myristate 13-acetate; s.c., subcutaneous; Th, T helper.

cytokines by antigen-restimulated DLN cells but not serum
antibody responses (Supplementary Figure S11).

These results suggested that s.c. administration of papain
expands IL-17A-producing y8 T cells, including Vy4™* IL-
17A" cells, in the DLNs and that yd T cells contribute to Th
cell responses in the DLNG.

The s.c. injection of papain induces the activation of DETCs

in the epidermis

Papain injection expanded Vy5* cells in the skin (Figure 6b).
Thus, we investigated the activation of Vy5" DETCs
(Figure 6d). Papain rendered DETCs with a round-shaped
morphology in vivo (Figure 6d) and in vitro (Supplementary
Figure S12), indicating their activated state (Nielsen et al.,
2014). Consistent with the round-shaped morphology,
papain-activated DETCs showed lower side scatter, indicating
their simpler cellular structure (Supplementary Figure S13a).
DETCs are epidermal-resident yd T cells distinct from Lang-
erhans cells (Bergstresser et al., 1983). Epidermal Thy1.27" cells
were 70 TCR" (Supplementary Figure S13b) and distinct from
major histocompatibility complex class ll-positive Langerhans
cells (Supplementary Figure S12d).
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DISCUSSION

Th2 sensitization to allergens plays a central role in chronic
allergic diseases. However, the mechanisms by which the
initial exposure of naive individuals to allergens leads to Th2
sensitization remain unclear. In the natural progression of
allergic diseases, atopic dermatitis often predates the devel-
opment of food allergies, asthma, or allergic rhinitis. This
observation, known as the atopic march, suggests that skin
with a defective barrier function or eczema is the site at
which allergic sensitization begins (Dharmage et al., 2014;
Spergel and Paller, 2003). Thus, it is important to under-
stand how innate responses to early local allergen exposure
in the skin tissue lead to systemic Th2 sensitization. In this
study, we demonstrated papain-induced IL-17A expression in
skin tissue in vitro (Figure 1c) and in vivo (Figure 3a), increase
of IL-17A" ¥3 T cells, including Vy4" IL-17A" cells, in the
DLNs by the s.c. papain (Figure 6a and c), and the contri-
bution of IL-17A to papain-induced skin eosinophilia,
papain-specific Th2 responses in the DLNs, and serum
papain-specific IgE and IgG1 responses (Figures 3 and 5). The
administration of anti-yd TCR mAb reduced Th cytokine
production by the antigen-restimulated DLN cells
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(Supplementary Figure S11a). Collectively, these results sug-
gest the contribution of skin-derived IL-17A and Y3 T cells to
the transition from initial innate responses to late phase Th2-
mediated responses in the model.

We considered the early IL-17A sources in our s.c. papain
model to be innate immune cells such as group 3 innate
lymphoid cells, NKT cells, and IL-17A-producing yd T cells,
including Vy4* vd T17 cells and Vy5" DETCs (Cai et al.,
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Figure 4. Proinflammatory cytokines induced IL-17A and IL-17F production from in vitro—cultured skin tissue. The ear lobes were cut, separated into ventral
and dorsal sides, and incubated with or without (a) papain (100 pg/ml) or (b) rIL-1B (100 ng/ml), rIL-23 (100 ng/ml), or rTNF-a (200 ng/ml) in vitro for 24 hours.
Data indicate the means %+ SD of (a) six (IL-1p), nine (IL-23), three (TNF-a), or (b) three ears. Data are representative of (a) four (IL-1p), two (IL-23 and TNF-a) or
(b) three independent experiments with similar results. Detection limits are indicated by dotted lines. *P < 0.05 and ***P < 0.001 by t-test versus the medium
group. rlL, recombinant IL; rTNF-a, recombinant TNF-a.

2014; Kim et al., 2020; Li et al., 2017; MacLeod et al.,
2013; Papotto et al., 2017; Veldhoen, 2017), because a sin-
gle s.c. injection of papain did not induce Th17 differentia-
tion in the skin DLNs (Kamijo et al., 2016b), whereas the
repeated epicutaneous administration of papain did (Ochi
et al., 2017; Shimura et al., 2016). We found an increased
number of yd TCR* IL-17A™ cells, approximately 50% of
which were Vy4™ IL-17A" cells, in the skin DLNs, the
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course of Vy4* and VY57 cell numbers in DLNs and ear skin in papain-administered mice. (c) Numbers of Vy4* IL-17A* and VY5" IL-17A" cells in DLNs 48
hours after administration. Before analysis, DLN cells were stimulated with PMA and ionomycin for 6 hours in (a) and (c). (d) Confocal microscopy and
numbers of epidermal Thy1.2* cells with a dendritic or round-shaped morphology in the ear epidermal sheets prepared 24 hours after papain administration.
Bar = 50 pm. Data indicate the means + SD of replicates, the numbers of which are indicated in Supplementary Materials and Methods. *P < 0.05 by t-test.
DETC, dendritic epidermal T cell; DLN, draining lymph node; PMA, phorbol 12-myristate 13-acetate; s.c., subcutaneous.

accumulation of Vy4" v3 T17 cells and Vy5" DETCs in the
DLNs and the skin tissue, and the activation of DETCs in the
s.c. papain-treated mice (Figure 6). An anti-yd TCR mAb,
GL3, reduced Th cytokine responses in the DLNs
(Supplementary Figure S11). GL3 has been used for depletion
of ¥3 T cells and has shown similar effects with TCR 3-defi-
cient mice (Coffelt et al., 2015). A previous study reported
that GL3 can induce the internalization of Y0 TCR (Koenecke
etal., 2009). The function of papain-activated DETCs remains
to be elucidated because papain did not increase Vy5™" IL-
17A" cells in the DLNs (Figure 6¢), and BALB/c, a strain with
fewer DETCs in the ear skin (Lee et al., 2002), developed s.c.
papain-induced responses (Kamijo et al., 2016b).

Our preliminary results showed that the early-phase
inflammation (days 1—3) mainly consisted of neutrophils
(data not shown), whereas eosinophils became more domi-
nant (Figure 3b and c; day 11) in the late phase (days 7—15)
of the s.c. papain model (Kamijo et al., 2016b). The IL-17A
deficiency attenuated eosinophil infiltration and papain-
specific IgE and 1gG1 production in the late phase
(Figure 3b—d), indicating that skin IL-17A affects not only the
neutrophil-dominant early phase but also the Th2-mediated
late phase of the s.c. papain model. IL-17A acts as an
enhancer of papain-specific Th2 responses (Figures 3e and
5b). Two recent studies reported the contribution of IL-17A to
Th2 differentiation, showing that IL-17A added to the Th2-
skewing culture of naive CD4™ T cells increased the differ-
entiation of IL-4™ cells in vitro (Nakajima et al., 2014) and
that the double deficiency of IL-17A and IL-17F reduced Th2
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responses in vivo (Na et al., 2018). Our results suggest the
contribution of skin IL-17A (Figures 1c, 3a, and 5) and Y3
T-cell—derived IL-17A in the DLNs (Figure 6 and
Supplementary Figures S5 and S11a) to the s.c. papain
model. It remains to be elucidated whether skin IL-17A or
IL17A in the DLNs contribute most to the model, or whether
they contribute equally.

The s.c. papain increased IL-1T7RA" CD4" T cells
(Supplementary Figure S5), the majority of which were Th2
cells (Figures 3e and S6), and IL-17RA™ T follicular helper cells
(Supplementary Figure S5), being consistent with the induction
of papain-specific IgE and 1gG1 responses (Figure 3d). B cells
also expressed IL-17RA and expanded concurrently with
IL-17A" ¥3 T cells (Figure 6¢ and Supplementary Figure S5),
suggesting a hypothetical direct B-cell activation by IL-17A,
which may explain the OVA-specific antibody responses
without detectable Th responses (Supplementary Figure S9).
However, it needs to be verified with further analysis because
IL-T7RA is a shared component of receptors for IL-17C
(Song et al., 2011) and IL-17E (Rickel et al., 2008).

IL-1 and IL-23 are inducers of IL-17A production from yd T
cells in various disease models (Coffelt et al.,, 2015;
Muschaweckh et al., 2017; Yoshiki et al., 2014). For
example, IL-1 triggers IL-17A from skin ¥ T cells and Th17
cells in Staphylococcus aureus infection models (Liu et al.,
2017; Nakagawa et al., 2017). We detected IL-18, IL-23,
and TNF-a in the supernatant of the papain-stimulated skin
tissue culture (Figure 4a). Among them, IL-23 induced the
most robust IL-17A and IL-17F production in the skin tissue



culture (Figure 4b). The TNF-a-induced production of skin IL-
17A and IL-17F may occur through an indirect pathway
involving IL-23 derived from TNF-a-activated dendritic cells,
Langerhans cells, and/or keratinocytes.

Papain-stimulated skin tissue produced IL-4 (Figure 1b)
possibly from basophils known for IL-4 production in
response to proteases in vivo (Sokol et al., 2008) and in vitro
(Kamijo et al., 2016a, 2013). The induction of IL-5, IL-13,
and ILC2 activation was absent (Supplementary Figures ST
and S2) regardless of the IL-33 production (Figure 1f). The
papain-induced production of sST2 in an excess amount
(Figures 1g and 2b) may be responsible for the absence of
ILC2 activation in papain-exposed skin (Supplementary
Figure S2). We detected higher levels of the gene expres-
sion for IL-33 and ST2L and lower levels for sST2 in papain-
exposed lung tissue than in papain-exposed skin tissue
in vivo (Figure 2), and the lung explant culture released
higher amounts of IL-33 and lower amounts of sST2 than the
skin tissue culture (Figure 1f and g and Supplementary
Figure S3). These results are consistent with the robust
production of IL-5 and IL-13 by IL-33-activated lung ILC2s
in papain airway inflammation models (Halim et al., 2012;
Kamijo et al., 2013).

We propose the following hypothetical mechanism on the
basis of the results obtained in this study: papain initially
induces IL-23 and TNF-a in exposed skin, which then acti-
vate dermal Vy4™* y3 T17 cells to produce IL-17A in the skin
tissue, resulting in early neutrophil infiltration. 3 T cells
accumulate not only in the skin but also in the DLNs to in-
crease IL-17A-producing yd T cells, including Vy4™ y3 T17
cells. As shown by precedent studies, skin dendritic cells,
which are matured in the presence of papain-induced IL-4
and TSLP, migrate into the DLNs to present papain to naive
CD4™ T cells in a manner favorable for Th2 differentiation
(Gao et al., 2013; Kumamoto et al., 2013; Tang et al., 2010).
IL-17A derived from the increased number of yd T17 cells
further enhances the ongoing Th2 differentiation in the DLNs
(Nakajima et al., 2014), which then contributes to skin
eosinophilia and the IgE response in the late phase. However,
the contribution of other mediators needs to be considered
because the attenuation of the responses in I-17A™~ mice
was partial.

In conclusion, the results of this study suggest a novel
role for skin IL-17A and IL-17A" vd T cells in the DLNs as
enhancers of Th2 sensitization to protease allergens
administered subcutaneously. In addition, we found the
release of excess amount of sST2 from skin tissue with or
even without exposure to papain, which is a possible
reason for the independence of s.c. or epicutaneous
sensitization models from the IL-33-ST2L pathway (Kamijo
et al., 2016b; Ochi et al., 2017; Shimura et al., 2016) in
contrast to papain-induced IL-33-dependent models of
allergic airway inflammation (Halim et al., 2012; Kamijo
et al.,, 2013; Maruyama et al., 2019; Nishioka et al.,
2018; Oboki et al., 2010).

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

The 7- to 10-week-old female C57BL/6 were purchased from Charles
River Laboratories Japan (Yokohama, Japan) and Sankyo Labo Ser-
vice (Ibaraki, Japan). 11-17A~"~ mice (C57BL/6) background) and /-
337"~ mice (C57BL/6N background) were provided courtesy of Dr
Susumu Nakae (Nakae et al., 2002; Oboki et al., 2010) and Dr
Hirohisa Saito (Oboki et al., 2010). Mice were maintained in a
specific pathogen-free animal facility at Juntendo University, Tokyo,
Japan, and used in accordance with the guidelines of the institu-
tional committee on animal experiments.

In vitro ear skin tissue culture

Ear lobes were isolated, separated into the ventral and dorsal sides,
and submerged dermis side-down in the culture media in the pres-
ence or absence of papain or cytokines. After 24 hours, the culture
supernatant was collected for cytokine ELISA.

The s.c. administration

Papain, E64-papain, OVA, or rIL-17A was subcutaneously injected
into the ear skin. Sera were collected for antibody ELISA. Paraffin-
embedded sections of the ear skin specimens were stained with
Giemsa. DLN cells were restimulated with E64-papain or OVA. Total
RNA in the skin was extracted for gPCR. DLN cells and skin cells
were isolated for flow cytometric analysis.

Antigen restimulation of the skin DLN cells

Cervical lymph node cells were cultured in the presence of E64-
papain or OVA (30 pg/ml) in culture media using 96-well plates at
37 °C. After 72 hours, the culture supernatant was collected for the
measurement of cytokines by ELISA.

Flow cytometry

Cell surface antigens were stained with target-specific antibodies. In
the intracellular staining, cells were cultured with phorbol 12-
myristate 13-acetate, ionomycin, and BD Golgi plug (BD Bio-
sciences, Franklin Lakes, NJ) and permeabilized with BD Cytofix/
Cytoperm reagents (BD Biosciences). Acquisition and analysis were
performed using a FACSVerse cell sorter (BD Biosciences) and
FlowJo software (BD Biosciences).

Intranasal administration of papain

Mice were lightly anesthetized with the inhalation of isoflurane and
allowed to inhale papain (20 pg/50 pl per mouse) following alternate
application to both nares with a pipette. Lung tissues excised 24
hours later were subjected to RNA extraction and gene expression
analysis by gPCR.

Preparation of epidermal sheets

Papain was subcutaneously administered to both ears. Ear lobes
were isolated, separated into ventral and dorsal pieces, and incu-
bated in 0.5 M ammonium thiocyanate (Sigma-Aldrich, Saint Louis,
MO) at 37 °C for 30 minutes. Epidermal sheets were peeled and
stained with target-specific antibodies. Stained epidermal sheets
were then washed and subjected to confocal microscopy.

Statistical analysis
Statistical analysis was performed as indicated in the legends. A
value of P < 0.05 was considered to be statistically significant.

Data availability statement
The datasets generated and/or analyzed during this study are avail-
able from the corresponding author on reasonable request.
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SUPPLEMENTARY MATERIALS

SUPPLEMENTARY DISCUSSION

Possible mechanisms for the IL-17A-mediated enhancement

of the responses in the subcutaneous papain model

The subcutaneous (s.c.) papain administration induced skin
IL-17A gene expression (Figure 3a: 4 hours) and IL-17A™ cells
in draining lymph nodes (DLNs) (Figure 6a: 24 hours;
Figure 6¢: 48 hours) in the early phase, whereas it did not
induce T helper (Th)17 cells in the DLNs in the late phase
(day 10) (Kamijo et al., 2016). This study showed that s.c.
recombinant IL (rlL)-17A enhanced papain-specific type 2
responses (Figure 5 and Supplementary Figure S4b), and
Nakajima et al. (2014) reported enhancing effect of IL-17A
on the in vitro culture of naive CD4" T cells in a Th2-
skewing condition. The s.c. papain-induced skin eosino-
philic inflammation and serum papain-specific IgE and IgGT1
production (Figure 3 and our previous report [Kamijo et al.,
2016]) along with an increase of T follicular helper cells
(Supplementary Figure S5) and Th2-dominant CD4" T-cell
development in the DLNs (Figure 3e) were observed in the
late phase (after 1 week or more). Thus, we considered that
the innate IL-17A enhanced the papain-induced Th2 re-
sponses, contributing to the papain-specific IgE and IgG1
production and skin eosinophilia in the s.c. papain model,
although we cannot exclude the possibility of Th2-
independent mechanisms such as direct activation of B
cells by innate IL-17A because coadministration of rlL-17A
and ovalbumin (OVA) resulted in OVA-specific IgE and
IgG1 production in the absence of detectable levels of Th2
responses (Supplementary Figures S7b and S9), and B cells
expressed a subunit of the receptors for IL-17A
(Supplementary Figure S5). Detailed mechanisms by which
IL-17A enhances type 2 responses are yet to be elucidated.

Effects of treatment with the depleting anti-yd TCR mAb
Intraperitoneal administration of the depleting anti-yd TCR
mAb (GL3) decreased the production of Th cytokines by
antigen-restimulated DLN cells (Supplementary Figure S11a),
suggesting that Y3 T cells contribute to Th cell responses in
DLNs. It did not affect serum papain-specific IgE and IgG1
responses at the experimental setting (Supplementary
Figure S11b), which might be because of the limitation of
the methodology, such as incomplete depletion and/or
incomplete blocking of the function of y3 T cells or contri-
bution of non-yd T cell IL-17 producer, group 3 innate
lymphoid cells for example (Kim et al., 2020). Although we
confirmed the efficacy of depletion by GL3 using another
clone (UC7-13D5) of anti-yd TCR antibody for detection of
vd T cells (Supplementary Figure S10), it might partially
reflect the internalization of Y3 TCR by GL3 (Koenecke et al.,
2009).

SUPPLEMENTARY MATERIALS AND METHODS

In vitro stimulation of ear skin tissue

Ear lobes were isolated from naive mice and separated into
the ventral and dorsal sides. Isolated ear skin tissue was
submerged dermis side-down in the culture media in the
presence or absence of papain (Calbiochem, San Diego, CA),
rIL-17, rIL-1B, rlL-23, or recombinant TNF-a (BioLegend, San
Diego, CA), the concentrations of which are indicated in the
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Figure legends. After 24 hours, the culture supernatant was
collected for the measurement of cytokines by ELISA.

The s.c. administration of antigens and rIL-17A

Papain, E-64-treated papain (E64-papain) (E-64, Peptide
Institute, Osaka, Japan) (Kamijo et al., 2013; Varughese et al.,
1989), endotoxin-free OVA (Hyglos Gmbh, Munich, Ger-
many), or rlL-17A was subcutaneously injected into the ear
skin. The amounts administered are indicated in the
Figure legends. Serum samples were collected for the mea-
surement of antibodies by ELISA. Paraffin-embedded sections
of the ear skin specimens were stained with Giemsa for his-
tological analysis. DLN cells were isolated for in vitro
restimulation with E64-papain or OVA. Total RNA in the skin
was extracted for qPCR. The DLN cells and the skin cells
were isolated for flow cytometric analysis.

Antigen restimulation of skin DLN cells

Cervical lymph nodes were aseptically recovered. Single-cell
suspensions were prepared by gently teasing apart the tissue
in culture media (RPMI-1640 medium [Sigma-Aldrich, Saint
Louis, MOJ supplemented with 2 mM L-glutamine, 10% [v/v]
heat-inactivated fetal bovine serum, 10 mM 4-[2-
hydroxyethyl]-1-piperazineethanesulfonic acid, 0.05 mM 2-
mercaptoethanol, and antibiotics), that is, the homogeniza-
tion of DLNs by sandwiching and crushing them between
two glass slides and passage through EASYstrainer (70-um
pore size, Greiner Bio-One, Tokyo, Japan). After centrifuga-
tion at 300g at 4 °C for 5 minutes, cells were resuspended in
ammonium-chloride-potassium buffer at room temperature
(2 ml, 2 minutes) to deplete red blood cells. DLN cells (5 x
10° cells/200 pl per well) were cultured in the presence of
E64-papain (30 pg/ml) or endotoxin-free OVA (30 pg/ml) in
culture media using flat-bottomed 96-well cell culture plates
at 37 °C. After 72 hours, the culture supernatant was
collected for the measurement of cytokines by ELISA.

In vitro culture of a lung explant

A lung explant was prepared and cultured as described by
Halim et al. (2012) with minor modifications. In brief, mice
were anesthetized with an intraperitoneal injection of pento-
barbital (Somnopentyl; Kyoritsu, Tokyo, Japan). Lungs were
instilled with 1.5 ml of 1% low-melting point agar (Agarose XP,
Nippon Gene, Tokyo, Japan) in PBS at 37 °C using an 18G
catheter and cooled on ice. Lungs were sliced by scalpels into
~1 mm thick sections, and two slices of the lung explant
were cultured for 24 hours in 300 pul of culture media in the
presence or absence of papain (100 pg/ml) in 24-well cell
culture plates. Culture supernatants were subjected to mea-
surements of soluble ST2 (sST2) and IL-33 by ELISA.

Intraperitoneal administration of a depleting anti-mouse 79
TCR antibody

In the depletion of yd TCR™ cells, 100 pg/200 pl PBS per
mouse of an anti-mouse Yd TCR mAb (clone: GL3, Bio-
Legend) or hamster IgG (BiolLegend) was administered
intraperitoneally to wild-type C57BL/6) mice on days —3, 0,
3, 7, and 13. Depletion was confirmed by flow cytometry on
peripheral blood samples on day 12 using the anti-mouse yd
TCR mAb (clone: UC7-13D5, BiolLegend).



Flow cytometry and antibodies

In the detection of IL-17RA™ B cells, IL-17RAT CD4™ T cells,
IL-17RA™ T follicular helper (Tfh) cells, Y3 TCR™ cells and
Thy1.2™" cells, whole-skin cells or DLN cells were counted,
and the cell surface was stained with FITC-conjugated anti-
mouse CD19 (clone: 1D3, TONBO, Kobe, Japan), PE-Cy7-
conjugated anti-mouse CD3 (clone: 145-2C11, BiolLegend),
PerCP-Cy5.5-conjugated anti-mouse CD4 (clone: RM4-5, BD
Biosciences, Franklin Lakes, NJ), allophycocyanin (APC)/Cy7-
conjugated anti-mouse CD4 (clone: GK1.5, Biolegend),
FITC-conjugated anti-mouse PD-1 (clone: 29F.1A12, Bio-
Legend), biotinylated anti-mouse CXCR5 (clone: L138D7,
BioLegend), and streptavidin-APC  (BiolLegend);  PE-
conjugated anti-mouse IL-17RA (clone: PAJ-17R, Invitrogen,
Carlsbad, CA) or PE-conjugated rat 1gG2a isotype control
(Thermo Fisher, Waltham, MA); FITC-conjugated anti-mouse
Thy1.2 (clone: 53-2.1, Thermo Fisher), FITC-conjugated anti-
mouse VY2 (Vy4 in nomenclature of Heilig and Tonegawa
[1986], clone: UC3-10A6, BiolLegend), PE-conjugated anti-
mouse VY3 (VY5 in nomenclature of Heilig and Tonegawa
[1986], clone: 536, BiolLegend), PE-conjugated anti-mouse
CD45 (clone: 30-F11, BiolLegend), PerCP-conjugated anti-
mouse CD45 (clone: 30-F11, Thermo Fisher), APC-
conjugated anti-mouse Y3 TCR (clone: GL3, BiolLegend),
and APC-conjugated anti-mouse CD3e (clone: 145-2C11,
TONBO). In the intracellular staining, cells were stimulated
with phorbol 12-myristate 13-acetate (50 ng/ml) and ion-
omycin (1 pg/ml) in the presence of BD Golgi plug (BD
Biosciences) for 6 hours. After surface staining, washing,
fixation, and permeabilization with BD Cytofix/Cytoperm
reagents (BD Biosciences), intracellular IL-4, IL-17A, IFN-v,
GATA-3, RORYt, and T-bet were stained with PE-conjugated
anti-mouse 1L-4 (clone: 11B11, BD Biosciences) or PE-
conjugated rat 1gG1 isotype control (BioLegend), FITC- or
APC-conjugated anti-mouse IL-17A (clone: eBio17B7,
Thermo Fisher) or a FITC- or APC-conjugated rat IgG2a iso-
type control (BD Biosciences), FITC-conjugated anti-mouse
IFN-v (clone: XMG1.2, BD Biosciences) or FITC-conjugated
rat 1gG1 isotype control (BD Biosciences), eFluor 660-
conjugated anti-mouse GATA-3 (clone: TWAJ, Invitrogen) or
eFluor 660-conjugated rat 1gG2b isotype control (Thermo
Fisher), PerCP-eFluor 710-conjugated anti-mouse RORyt
(clone: B2D, Invitrogen) or PerCP-eFluor 710-conjugated rat
IgG1, and PE-conjugated anti-human or mouse T-bet (clone:
4B10, Biolegend) or PE-conjugated mouse IgG1 isotype
control (BioLegend). Acquisition and analysis were performed
using a FACSCalibur or FACSVerse cell sorter (BD Biosciences)
and Cell Quest or FlowJo software (BD Biosciences).

Lineage CD25"CD44" innate lymphoid cells in the ear
skin were analyzed as follows: Single-cell suspensions were
prepared from ear lobes digested with collagenase type 2 (1.6
mg/ml; Worthington Biochemical, Lakewood, NJ), hyal-
uronidase (1.2 mg/ml; Sigma-Aldrich), and DNase | (100 pg/
ml; Roche Life Science, Indianapolis, IN) at 37 °C for 60
minutes with gentle shaking. Whole-skin cells were stained
and analyzed using the following antibodies: PE-Cy7-
conjugated anti-mouse lineage markers (B220 [clone RA3-
6B2], CD3 [clone 145-2C11], CD11b [clone M1/70],
Ter119 [clone TER-119], CD16/CD32 [clone 2.4G2] [BD],
CD14 [clone Sa2-8], CD49b [clone DX5] [Thermo Fisher],
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CD11c [clone N418], and FceRla. [clone MAR-1]), APC-
conjugated anti-mouse CD25 (clone PC61), FITC-conjugated
anti-mouse and human CD44 (clone IM7) (BiolLegend), PE-
conjugated anti-mouse c-Kit (clone 2B8), PE-conjugated
anti-mouse CD127 (clone A7R34) (Thermo Fisher), PE-
conjugated anti-mouse CD45 (clone 30-F11) (BioLegend),
PE-conjugated anti-mouse Sca-1 (clone E13-161.7), PE-con-
jugated anti-mouse Thy1.2 (clone 30-H12) (BD Bioscience),
biotinylated anti-mouse T1/ST2 (clone DJ8) (MD Bio-
products, Zirich, Switzerland), and streptavidin-PE (BD
Biosciences).

Preparation of epidermal sheets

In in vivo experiments, papain (10 pug per ear) was subcuta-
neously administered to both ears of mice. In in vitro ex-
periments, ear lobes were isolated, separated into ventral and
dorsal pieces, and stimulated in vitro with papain for 1 hour.
Ear lobes were incubated in 0.5 M ammonium thiocyanate
(Sigma-Aldrich) at 37 °C for 30 minutes. Epidermal sheets
were peeled with forceps and transferred to the wells of 24-
well cell culture plates containing anti-mouse CD16/CD32
(clone: 2.4G2, TONBO). After being incubated at room tem-
perature for 30 minutes, epidermal sheets were washed and
stained with FITC- or PE-conjugated anti-mouse Thy1.2 mAb
(clone: 53-2.1, Thermo Fisher) at room temperature for 1 hour.
Then, stained epidermal sheets were washed 6 times and
mounted onto slide glasses for confocal microscopic analysis.
In some experiments, ear epidermal sheets were stained with
FITC-conjugated anti-mouse I-A/I-E mAb (clone: M5/114.15.2,
Thermo Fisher) for the detection of Langerhans cells.

Microscopic analysis

Microscopic images were acquired using LSM700 micro-
scope equipped with an AxioCam MRc camera (Carl Zeiss,
Jena, Germany). Confocal microscopic images were acquired
using Zen software (Carl Zeiss). The acquisition and analysis
of microscopic images other than confocal images were
performed using AxioVision software (Carl Zeiss). All
microscopic analysis was performed at room temperature.

qPCR

Ear lobes or lungs were excised and homogenized in TRI
Reagent (Molecular Research Center, Cincinnati, OH) using
Tissuelyser Il (Qiagen, Hilden, Germany). Total RNA was
extracted from homogenized skin or lung tissue specimens
using an RNeasy Plus Micro Kit (Qiagen). First-strand cDNA
was synthesized from total RNA using a ReverTra Ace qPCR
RT Master Mix (TOYOBO, Osaka, Japan). Real-time qPCR
was performed with the TagMan method using a StepOne-
Plus real-time PCR system (Applied Biosystems, Foster City,
CA). The mRNA levels of the target genes were shown as
values relative to the gene expression levels of the endoge-
nous control (GAPDH). The following probes were purchased
from Applied Biosystems: IL-33 (Mm00505403_m1), sST2
(Mm04176272_s1), ST2L (Mm01233982_m1), IL-17A
(Mm00439618_m1), and GAPDH (Pre-Developed TagMan
Assay Reagents Mouse GAPDH).

Cytokine ELISA

Cytokine concentrations were measured with ELISA Kkits
(Quantikine or DuoSet, R&D Systems, Minneapolis, MN)
except for the measurement of sST2. The following procedure
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was employed to measure sST2: sST2 was captured on plates
coated with 2.5 pg/ml of purified anti-mouse ST2 (clone:
#245714; R&D Systems) at room temperature for 15 hours,
and then blocked with ImmunoBlock (DS Pharma, Osaka,
Japan) at room temperature for 60 minutes. An incubation
with culture supernatants was conducted at room tempera-
ture for 2 hours. The plates were developed with 0.4 ng/ml of
biotin-conjugated goat polyclonal anti-mouse ST2 (at room
temperature for 2 hours; R&D Systems) plus horseradish
peroxidase (HRP)-conjugated streptavidin (at room tempera-
ture for 30 minutes, BD Biosciences). Culture supernatants
and detection antibodies were diluted with PBS containing
0.05% Tween 20 and 5% ImmunoBlock. The BD OptEIA
3,3",5,5 tetramethylbenzidine Substrate Reagent Set (BD
Biosciences) was used as a substrate at room temperature for
20 minutes in the dark, and color development was stopped
using 2N sulphuric acid solution.

ELISA for serum total IgE and papain- or OVA-specific
antibodies

Serum IgE was captured on plates coated with 2 pg/ml of
purified anti-mouse IgE (clone: R35-72; BD Biosciences) for
total IgE or 10 pg/ml of papain for papain-specific IgE, 1gG1,
1gG2c, and IgM or T mg/ml of OVA (Sigma-Aldrich, grade V)
for OVA-specific Igk, 1gG1, IgG2c, and IgM at 4 °C for 15
hours and blocked with ImmunoBlock (DS Pharma) at 37 °C
for 90 minutes. Serum dilutions were 1:200 to detect IgE,
IgG2c, and IgM and 1:5,000 for IgG1 except for
Supplementary Figures S4, S9a, and S11b, in which serum
dilutions were 1:200 for total IgE, papain- or OVA-specific
IgG2c and IgM, 1:50 for papain- or OVA-specific IgE, and
1:2,500 for papain- or OVA-specific IgG1. An incubation
with serum was conducted at 37 °C for 1.5 hours for total
IgE and papain- or OVA-specific 1gG1, IgG2c, and IgM and
at 4 °C for 15 hours for papain- or OVA-specific IgE. Plates
were developed with HRP-conjugated anti-mouse IgE (at 37
°C for 1.5 hours, clone: LO-ME2; Technopharm Biotech-
nology, Paris, France), biotin-conjugated anti-mouse IgE (at
room temperature for 1 hour, clone: R35-118; BD) or biotin-
conjugated anti-mouse IgM (at 37 °C for 1.5 hours, goat
polyclonal; Southern Biotech, Birmingham, AL) plus HRP-
conjugated streptavidin (at room temperature for 30 mi-
nutes, BD Biosciences), or HRP-conjugated anti-mouse
1gG1 (at 37 °C for 1.5 hours, clone: X56; BD Biosciences) or
HRP-conjugated anti-mouse 1gG2a and IgG2c (at 37 °C for
1.5 hours, clone: R19-15; BD) for the detection of total IgE,
papain- or OVA-specific IgE, papain- or OVA-specific I1gM,
papain- or OVA-specific IgG1, or papain- or OVA-specific
IgG2c, respectively. Sera and detection antibodies were
diluted with PBS containing 0.05% Tween 20 and 5%
ImmunoBlock. The BD OptEIA 3,3’,5,5" tetramethylbenzi-
dine Substrate Reagent Set (BD Biosciences) was used as a
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substrate at room temperature for 20 minutes in the dark,
and color development was stopped using 2N sulphuric
acid solution. In the figures showing antigen-specific anti-
bodies, the average optical density of the vehicle group was
set to zero.

Nomenclature of the murine Vy gene

Nomenclature by Heilig and Tonegawa (Heilig and
Tonegawa, 1986) is used to describe the murine Vy gene
throughout this study.

Numbers of replicates

The numbers of replicates used in the experimental groups
were indicated in Figure legends except for Figures 3 and 6.
For Figure 3, data indicate the means & SD of six (Figure 3a
and d, papain-specific Ig and 1gG1 papain), five (Figure 3d,
total IgE wild-type vehicle and IL-17A™"7), four (Figure 3d,
total IgE wild-type papain, and e), or seven (Figure 3d,
papain-specific Igk and IgG1 wild-type vehicle) mice and ten
(Figure 3b, wild-type vehicle and IL-17A™") or eleven
(Figure 3b, wild-type papain) microscopic fields of Giemsa-
stained ear skin specimens from five mice per group. For
Figure 6, data indicate the means of nine (Figure 6a) or six
(Figure 6¢) mice or the means £ SD of three (Figure 6b) mice
and 28 microscopic fields from four ear lobes per group
(Figure 6d) and are representative of three (Figure 6a, b, and
d) or two (Figure 6¢) independent experiments with similar
results.
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Supplementary Figure S1. In vitro
cytokine production from papain-
stimulated skin tissue. Supplementary
Figure S1 is supplementary for

Figure 1. Data indicate the means +
SD of nine (IL-5, IL-13, and IFN-y) or
six (IL-12p70) ears. Detection limits
are indicated by dotted lines. Data are
representative of four (IL-5, IL-13, and
IFN-v) or two (IL-12p70) independent
experiments with similar results.
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Supplementary Figure S2. The s.c. administration of papain failed to activate skin ILC2s. Papain (10 pg per ear) was subcutaneously administered to both ears
of wild-type mice. (a—c) After 3 hours, a single-cell suspension was prepared from the ear skin. (a) Detection and (b) surface marker expression profile of
lineage CD25%CD44" lymphoid cells in the ear skin tissue. Shaded histograms show staining with target-specific mAbs, whereas open histograms show
staining with isotype control mAbs. (c) MFI of CD25 in lineage  CD25*"CD44" lymphoid cells. Data indicate means £ SD of (c) three ears. Data are
representative of (a, b) three or (c) two independent experiments with similar results. FSC, forward scatter; ILC2, group 2 innate lymphoid cell; MFI, mean
fluorescence intensity; s.c., subcutaneous; SSC, side scatter; TSLP, thymic stromal lymphopoietin.
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Supplementary Figure S3. Production of 1L-33 and sST2 by a lung explant
culture. Lung explants were cultured in the presence or absence of papain

(100 pg/ml) for 24 hours. (a) IL-33 and (b) sST2 concentrations in culture

supernatants were measured by ELISA. Data indicate the means + SD of six
lung explant cultures. Data are representative of two independent
experiments with similar results. *P < 0.05 by t-test. sST2, soluble ST2.

Supplementary Figure S4. Serum
levels of papain-specific 13G2c and
IgM. Supplementary Figure S4a and b
are supplementary for Figures 3d and
5a, respectively. (@) Papain (10 ug per
ear) was subcutaneously administered
to both ears of wild-type or II-17A~/~
mice on day 0. (b) rIL-17A (1 ug per
ear) and E64-papain (5 ug per ear)
were administered to wild-type mice
on day 0. Sera were collected on day
(@ 11 or (b) 14, and papain-specific
1gG2c and IgM were measured by
ELISA. Data indicate the means + SD
of (a) ten (wild-type vehicle), eight
(wild-type papain), seven (IL-1 7A77),
or (b) five mice. Data are
representative of three independent
experiments with similar results. *P <
0.05 by one-way ANOVA with Tukey’s
post hoc test. OD, optical density; rlL,
recombinant IL; s.c., subcutaneous.
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Supplementary Figure S5. B cells, CD4™ T cells, and Tfh cells in DLNs express IL-17RA and expands in response to s.c. papain. Papain (10 pg per ear) was
subcutaneously administered to both ears of wild-type mice. (a) Gating strategies, (b) IL-17RA expression, and (c) absolute numbers of B cells, CD4" T cells, and
Tfh cells in DLNs on day 2 or day 7 after s.c. papain injection. Shaded and open histograms show fluorescence intensity of target-specific mAbs and isotype
control mAbs, respectively. Data indicate the means of three mice and are representatives of two independent experiments with similar results. *P < 0.05 by t-
test. DLN, draining lymph node; FSC, forward scatter; PD-1, programmed cell death 1; s.c., subcutaneous; SSC, side scatter; Tfh, T follicular helper.
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Supplementary Figure S6. Gating strategies for Th2, Th17, and Th1 cells in
DLNs. Supplementary Figure S6 is supplementary for Figure 3e and
Supplementary Figure S7. Papain (10 pg per ear) was subcutaneously
administered to both ears of wild-type mice. (a) Gating strategy for CD3*
CD4" Th cells in DLNs on day 10. (b) CD3* CD4™" Th cells were further
subdivided into Th2 (GATA-3* IL-4%), Th17 (RORyt" IL-17A™), and Th1 (T-
bet™ IFN-y™) cells. (c) Fluorescence levels of DLN cells stained with isotype-
matched control Abs. Data are representatives of two independent
experiments with similar results. Ab, antibody; DLN, draining lymph node;
FSC, forward scatter; s.c., subcutaneous; SSC, side scatter; Th, T helper.
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Supplementary Figure S7. Coadministration of rIL-17A and antigen enhanced DLN Th cell development. Supplementary Figures S7a and S7b are
supplementary for Figure 5 and Supplementary Figure S9, respectively. rlL-17A (1 pg per ear) was subcutaneously coadministered with (a) E64-papain (10 pg per
ear) or (b) OVA (5 g per ear) to both ears on days 0 and 10. DLN cells were collected on day 11, and CD3" CD4" Th cell development was measured as in
Supplementary Figure S6. Data indicate the means & SD of (a) seven or (b) six mice from two independent experiments. *P < 0.05 by one-way ANOVA with
Tukey’s post hoc test. DLN, draining lymph node; OVA, ovalbumin; rlL, recombinant IL; s.c., subcutaneous; Th, T helper.
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Supplementary Figure S8. rIL-17A failed to induce skin local production of
Th2 cytokines in vitro but enhanced allergen-specific IgE and 1gG1
production in the sera of IL-33-deficient mice. (a) The ear lobes of wild-type
mice were cut, separated into ventral and dorsal sides, and incubated with or
without rIL-17A (25 pg/ml) in vitro. After 24 hours, skin tissue culture
supernatants were collected and cytokine concentrations were measured by
ELISA. (b) rIL-17A (1 pg per ear) and E64-papain (5 pg per ear) were
administered subcutaneously to the ear lobes of //-337/~ mice on day 0. Sera
were collected on day 14 (papain-specific IgE) or 10 (papain-specific I1gG1)
and were measured by ELISA. Data indicated are the means + SD of (a) three
ears or (b) four mice and are representative of (a) two or (b) three independent
experiments with similar results. Detection limits are indicated by dotted
lines. *P < 0.05 by one-way ANOVA with Tukey’s post hoc test. OD, optical
density; rlL, recombinant IL; s.c., subcutaneous; Th, T helper.
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Supplementary Figure S9. Coadministration of rIL-17A and OVA weakly induced OVA-specific IgE and IgG1 responses in sera. (a) Antibody responses. rlL-17A
(1 pg per ear) and OVA (5 pg per ear) were administered to wild-type mice on day 0. Sera were collected on day 14, and antibody levels were measured
by ELISA. Data indicated are the means £ SD of four mice and are representative of two independent experiments with similar results. (b) Th2 responses

in DLNs. rIL-17A (1 pg per ear) was subcutaneously coadministered with OVA (10 pg per ear) to both ears of mice on days 0 and 10. DLN cells were collected
on day 11 and restimulated in vitro with OVA. Culture supernatants were collected after 72 hours and cytokine concentrations were measured by ELISA.
Detection limits are indicated by dotted lines. Data indicate the means + SD of four mice. *P < 0.05 by one-way ANOVA with Tukey’s post hoc test. DLN,
draining lymph node; OD, optical density; OVA, ovalbumin; rlL, recombinant IL; s.c., subcutaneous; Th, T helper.
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Supplementary Figure S10. Effect of a depleting anti-yd TCR antibody on yd
TCR™ cells and Vy4™ cells in peripheral blood. Wild-type mice were treated
i.p. with 100 pg per mouse of a depleting anti-yd TCR antibody (clone: GL3)
or isotype control antibody on days —3, 0, 3, 7, and 13. Papain (10 pg per ear)
was subcutaneously administered to both ears on day 0. (a) FSC and SSC dot
plot of peripheral blood cells after removal of red blood cells. (b) Depletion of
¥d TCR* cells. The yd TCR™ cells were detected by the anti-yd TCR antibody
(clone: UC7-13D5). (c) Depletion of Vy4* cells. Data indicate the means +
SD of five (Isotype control) or four (GL3) mice. Data are representative of two
independent experiments with similar results. FSC, forward scatter; i.p.,
intraperitoneally; s.c., subcutaneous; SSC, side scatter.

9.e11 Journal of Investigative Dermatology (2020), Volume m



S Kamijo et al.
IL-17A in Subcutaneous Papain Sensitization

300 - 400 - 1 0.08 A
1 & -
= € 300 S . 0.021
E 2007 2 ey
2 t ‘S Q 0.01 1
= W 200 1 22
5 100 5 £8
= b g £0 i
5 100 g = 0.00
©
. a
0 - 0 - T
0.4 1.0 -
w =
2 _ 0.3+ o _
£ E Q€
3 S S 05
o Q Qo
7% 027 52
c :
0 £6
g 0.1 1 Q=
o © i
o e 00
0.0 -
S.C. IVehicle PapainI IPapainI
2507 * « 1.0 § i.p.. Isotype control  GL3
-
200 - G 0.8
= K200N
€ o E
> 150 - 5 £ 06
s 23
>~ F<
2 100 - £ 044
= T2
50 - § 021
0- 0.0 -
S.C.: IVehicle PapainI IPapain | S.C.: IVehicle PapainI IPapain |
i.p.: Isotype control GL3 i.p.: Isotype control GL3

Supplementary Figure S11. Treatment with a depleting anti-yd TCR antibody reduced Th cytokine production by DLN cells but not serum antibody
production in response to s.c. papain. Wild-type mice were treated i.p. with 100 pg per mouse of a depleting anti-yd TCR antibody (clone: GL3) or isotype
control antibody on days —3, 0, 3, 7, and 13. Papain (10 pg per ear) was subcutaneously administered to both ears on day 0. (a) Th cytokine production by DLN
cells isolated on day 14 and restimulated in vitro with E64-papain (30 pg/ml) for 72 hours. Data indicate the means & SD of nine (Isotype control) or eight (GL3)
mice from two independent experiments. *P < 0.05 by Mann—Whitney U test. (b) Antibody responses in sera collected on day 12. Data indicate the means +
SD of five (Isotype control) or four (GL3) mice. *P < 0.05 by one-way ANOVA with Tukey’s post hoc test. Data are representative of two independent
experiments with similar results. DLN, draining lymph node; i.p., intraperitoneally; OD, optical density; s.c., subcutaneous; Th, T helper.
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Supplementary Figure S12. Papain a
induced the activation of and .
. . + Whole skin .
morphological changes in Thy1 . Epidermal sheet Confocal
L0 . Earlobes = —>  tissue culture @~ ——> . — :
DETCs in vitro. (a) Experimental + papain + anti-Thy1.2 microscopy

procedure. The ear lobes of wild-type

mice were cut, separated into ventral

and dorsal sides, and incubated with b
or without papain (100 pg/ml) for 1

hour in vitro. Ear epidermal sheets

were prepared and stained with (b, c)

FITC- or (d) PE-labeled anti-Thy1.2

mAb and (d) FITC-labeled anti-mouse Medium
I-A /I-E mAb. (b) Confocal microscopy

of epidermal Thy1.2% cells. Bar = 50

pm. (c) Epidermal Thy1.2" cells with

dendritic or round-shaped

morphology were differentially

counted. (d) Confocal microscopy of

epidermal Thy1.2" cells and MHC

class I cells. Bar = 50 um. Data

indicate the means & SD of (c) 28

(medium) or 21 (papain) microscopic

fields from four or three ear lobes, Papain
respectively. *P < 0.05 by t-test.

Data are representative of three

independent experiments with similar

results. DETC, dendritic epidermal T

cell; MHC, major histocompatibility

complex.
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Supplementary Figure $13. FSC and
SSC profile and Y3 TCR expression in
Thy1™ DETCs. Ear lobes of wild-type
mice were stimulated with papain

in vitro as indicated in Figure T1a for 19
hours. Single-cell suspensions were
prepared from ear epidermal sheets,
and epidermal Thy1.2" cells were
isolated using anti-mouse Thy1.2
microbeads and autoMACS. MACS-
sorted Thy1.2™ cells were stained with
anti-mouse Thy1.2 mAb and anti-
mouse 70 TCR mAb for flow
cytometry. (a) FSC and SSC dot plot of
epidermal Thy1.2* cells from papain-
stimulated skin tissue. (b) The
expression of Y3 TCR in epidermal
Thy1.27 cells. Data indicate the
means £ SD of five ears. *P < 0.05 by
t-test. Data are representative of (a)
three or (b) two independent
experiments with similar results.
DETC, dendritic epidermal T cell;
FSC, forward scatter; MFI, mean
fluorescence intensity; SSC, side
scatter.
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