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Antigen Protease Activity with a Detergent Induces
Severe Skin Inflammation with Itch and Robust
T Helper 17/T Helper 22 Differentiation in Mice
Journal of Investigative Dermatology (2023) 143, 2314e2318; doi:10.1016/j.jid.2023.03.1685

TO THE EDITOR
We previously reported some models of
epicutaneous (e.c.) sensitization of C57‑
BL/6 mice with the model protease an-
tigen, papain (Iida et al., 2014; Ochi
et al., 2017; Shimura et al., 2016),
which is an occupational allergen that
belongs to the same cysteine protease
family as the house dust mite major
protease allergens (Takai and Ikeda,
2011) and the staphylococcal cysteine
proteases (Williams et al., 2020). How-
ever, our previous models did not show
the promotion of chronic itch�induced
scratching behaviors 1 day after the last
e.c. administration of papain. Therefore,

in this study, we established and char-
acterized a model of sensitization with
papain through detergent-treated skin,
which showed severely exacerbated
skin inflammation with itch, the induc-
tion of antigen-specific IgE, and the
differentiation of a number of T helper
(Th) subsets. We also identified the re-
sponses that were dependent on the
protease activity of papain. All animal
experiments were approved by the
Committee on Animal Experiments of
Juntendo University (Tokyo, Japan).

SDS is a detergent present in shampoo
and body soap that is used on a daily basis
(Masutani et al., 2022). We modified our

previous model with treatment with 4%
SDS just before the application of papain
(Ochi et al., 2017) and established the
present model with a daily 10% SDS
treatment of a wide ear skin area with
increasing volumes of SDS and papain.
The treatment with SDS plus papain
induced an earlier increase in ear thick-
ness than treatmentwith SDSplus vehicle,
andpapain-specific IgEwas produced in a
dose-dependent manner (Supplementary
Figure S1). The treatment with SDS plus
papain (10 mg/ml papain) induced more
severe ear swelling with skin inflamma-
tion, greater transepidermal water loss,
and more frequent hind-paw scratching
behavior than treatment with SDS plus
vehicle. Histology showed epidermal
hyperplasia and swelling of the dermis
with the infiltration of neutrophils and
eosinophils in mice treated with SDS plus

Abbreviations: DLN, draining lymph node; e.c., epicutaneous; OVA, ovalbumin; Th, T helper
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Figure 1. Epicutaneous administration of papain exacerbated SDS-induced itch-associated dermatitis with the production of serum papainLspecific IgE and

differentiation of a number of Th subsets. Vehicle or papain (10 mg/ml) was applied to the ear skin with or without the SDS treatment. (a, g) Timelines for (a) bLf

and (g) hLo. (b, h) Ear thickness and TEWL (n ¼ 10 in b, n ¼ 8 in h). (c, i) Scratching behaviors (n ¼ 5 in c, n ¼ 4 in i). (d, j) Appearance. (e, f, k, l)

Histology. Bars¼ 1mm (for e and k) and 0.1mm (for f and l). (m) Serum antibodies (n¼ 4). (n) Cytokine responses in skinDLN cells restimulatedwith E64-papain for

4 days (4wells). (o) TotalDLNcell numbers recovered.Data indicatemeans� SDand are representativeof twoormore independent experiments, except for data in

panel o, inwhich each of the data points represents the averaged value in each of the independent experiments (n¼ 3, 5, and 11, respectively). *P< 0.05 versus SDS

e.c. treatmentþvehicle e.c. treatment by the t-test (forb and c) or versuspapain e.c. treatment (forh, i, andmLo) and#P<0.05versusmeasurements before the start

of the experiments except for c (vs. day 1) by ANOVA. DLN, draining lymph node; e.c., epicutaneous; min, minute; TEWL, transepidermal water loss; Th, T helper.
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papain (Figure 1a�f). It also elevated
serum total IgE levels and promoted the
production of papain-specific IgE and

IgG1 as well as the Th2 (IL-4, IL-5, and IL-
13), Th9 (IL-9), Th17/Th22 (IL-17A and
IL-22), and Th1 (IFN-g) cytokines in

antigen-restimulated skin draining lymph
node (DLN) cells (Supplementary
Figure S2a and b).

Figure 2. Papain protease activity in SDS-treated skin was essential for the exacerbated symptoms of dermatitis, rapid IgE elevations, and the differentiation of

Th17/Th22/Th1 but not of Th2/Th9. Vehicle, papain, protease inhibitor�treated papain (E64-papain), or OVA (10 mg/ml) were applied to SDS-treated ear skin.

(a, j) Timelines for (a) bLi and (j) k and l. (b, k) Ear thickness and TEWL (n ¼ 16 in b; n ¼ 22, 18, and 12 for the three mouse groups, respectively, in k).

(c, l) Scratching behaviors (n ¼ 8 in c; n ¼ 11, 9, and 6 in l). (d) Appearance. (e, f) Histology. Bars ¼ 1 mm (in e) and 0.1 mm (in f). (g) Serum antibodies (n ¼ 8).

(h) Cytokine responses in skin DLN cells restimulated with E64-papain for 4 days (4 wells). (i) Total cell numbers of DLN cells recovered. Data indicate

means � SD and are representative of two or more independent experiments, except for data in panel i, in which each of the data points represents the averaged

value in each of the independent experiments (n ¼ 6, 3, 3, and 3, respectively), and the values for the papain e.c. treated and E64-papain e.c. treated groups

obtained in the same independent experiments are linked with broken lines. *P < 0.05 among the mouse groups and #P < 0.05 versus measurements before the

start of the experiments by ANOVA for all data groups, except for those in c (the three mouse groups). DLN, draining lymph node; e.c., epicutaneously; min,

minute; OVA, ovalbumin; TEWL, transepidermal water loss; Th, T helper.

T Yoshimura et al.
A Model for Severe Dermatitis with SDS and Papain

Journal of Investigative Dermatology (2023), Volume 1432316



In contrast to the responses induced
by the e.c. administration of papain
through SDS-treated skin, responses
induced by the administration through
intact skin did not cause ear swelling
with skin inflammation, transepidermal
water loss increase, or scratching be-
haviors (Figure 2g�l) but induced
weaker serum total and papain-specific
IgE responses (Figure 2m). The produc-
tion of Th cytokines was higher for Th2
cytokines and lower for Th9, Th17/
Th22, and Th1 cytokines in antigen-
restimulated skin DLN cells from mice
treated with papain alone than in those
from mice treated with SDS plus
papain. Because DLN cell numbers
were higher in mice treated with SDS
plus papain than in those treated with
papain alone, the total production ca-
pacity of DLN for Th cytokines was
considered to be greater for Th17/Th22,
Th1, and Th9 cytokines in mice treated
with SDS plus papain than in those
treated with papain alone and was
similar for Th2 cytokines with and
without the SDS treatment (Figure 2n
and o). On the basis of differences in
serum dilution factors and the use of
signal enhancer solutions in ELISA,
papain-specific IgG2b and IgG2c levels
were markedly lower than papain-
specific IgG1 levels (Supplementary
Figure S2c).

We assessed the capacity of E64-
papain (a covalent complex between
cysteine protease inhibitor E-64 and
papain), which retains the tertiary
structure and T/B-cell epitopes of papain
but lacks its protease activity (Nishioka
et al., 2018) to induce responses. The
treatment with SDS plus E64-papain did
not exacerbate or only slightly exacer-
bated skin inflammation, barrier
dysfunction, and scratching behaviors
(Figure 2a�f and Supplementary
Figure S3a and b). Furthermore, the
induction of papain-specific IgE and
IgG1 was slower (Figure 2g and
Supplementary Figure S3c), and skin
DLN cell production was similar or
slightly higher for Th2 and Th9 cytokines
and less for Th17/Th22 and Th1
cytokines in mice treated with SDS plus
E64-papain than in those treated with
SDS plus papain. Because DLN cell
numbers were lower in mice treated
with SDS plus E64-papain than in those
treated with SDS plus papain, the total
production capacity of DLN for Th17/

Th22 and Th1 cytokines but not for Th2
and Th9 cytokines was considered to
critically depend on papain protease
activity in SDS-treated skin (Figure 2h
and i and Supplementary Figure S3d and
e). A recent report also described that IL-
17A but not IL-4 production in
restimulated DLN cells was dependent
on the protease activity of papain
epicutaneously applied through back
skin for a longer period in HOS:TR-1
hairless mice (Ogasawara et al., 2022).

The treatment with SDS plus oval-
bumin (OVA), a nonprotease antigen
frequently used as an experimental
model antigen, did not enhance ear
swelling with skin inflammation, barrier
dysfunction, or scratching behaviors,
and serum OVA-specific antibody re-
sponses were not detected (Figure 2j�l
and Supplementary Figure S4). There-
fore, the protease-independent property
of E64-papain to promote Th2 sensiti-
zation was superior to that of OVAwhen
administered on SDS-treated skin.
Although the reasons for the higher
immunogenicity of E64-papain than that
of OVA are unknown, it may be attrib-
uted to their different molecular sizes,
possible differences in complex struc-
tures with SDS, and/or unknown
properties. SDS-inducible barrier
dysfunction may exhibit a preference for
the penetration of 23-kDa E64-papain
over 45-kDa OVA. A model with a
longer period of OVA e.c. application
through shaved and tape-stripped back
skin in BALB/c mice has been used in
many studies.

In conclusion, in this study, we showed
that papain protease activity and SDS-
treated skin synergistically promoted skin
inflammation associated with barrier
dysfunction and itch and various types of
antigen-specific adaptive immunity, fea-
tures found in any one of the subtypes of
atopic dermatitis (Czarnowicki et al.,
2019). We found that the protease activ-
ity of papain in SDS-treated skin was
essential for exacerbating the symptomsof
dermatitis, Th17/Th22 and Th1 differenti-
ation, and the accelerated induction of IgE
but was dispensable for Th2 and Th9 dif-
ferentiation. In addition, the capacities of
E64-papain and OVA to induce adaptive
immune responses differed. Environ-
mental proteases damagebarrier tissues to
disrupt barrier function (Hirasawa et al.,
2010; Nakamura et al., 2006;
Stremnitzer et al., 2015), release or

produce mediators, and possess abilities
that directly or indirectly stimulate various
types of cells (Halim et al., 2014; Kamijo
et al., 2013; Perner et al., 2020; Takai
and Ikeda, 2011). The present model
may be a useful tool for investigations on
crosstalk or vicious cycles among skin
barrier damage, innate and adaptive im-
munity, and the sensory nervous system in
e.c. sensitization and itch-associated skin
inflammation inducedby stimulationwith
environmental protease antigens on
detergent-treated skin, thereby providing
insights into protease-specific responses.
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Reduced Skin T-Cell Receptor Diversity in Large Cell
Transformed Mycosis Fungoides
Journal of Investigative Dermatology (2023) 143, 2318e2322; doi:10.1016/j.jid.2023.03.1683

TO THE EDITOR
Mycosis fungoides (MF) begins with a
proliferation of a malignant T-cell clone
in the skin that may progress to involve
blood, lymph nodes, and viscera in the
late stages. Large cell transformed MF
(LCT-MF) is an aggressive histologic
subtype associated with disease pro-
gression, recurrence, and decreased

survival, even in early stages (Agar
et al., 2010; O’Donnell et al., 2022).
In this study, we investigate the char-
acteristics of the T-cell repertoire in
the skin and blood of patients with
LCT-MF.

T-cell repertoire diversity is ametric of
T-cell response in both solid and he-
matologic malignancies and can

provide insight into the underlying bio-
logical changes in aggressive subtypes
(Attaf et al., 2015; Thorsson et al., 2018;
Valpione et al., 2021). In addition, skin
tumor clone frequency (TCF) or the fre-
quency of the dominant malignant
clone among all T cells can influence
MF prognosis (de Masson et al., 2018).
The characteristics of T-cell repertoire,
including T-cell diversity and TCF in the
blood and skin of patients with MF who
undergo large cell transformation, are
not known. To assess the initial T-cell
repertoire changes upon early disease
transformation in the blood and skin of

Abbreviations: CDR3, complementarity determining region 3; LCT-MF, large cell transformed mycosis
fungoides; MF, mycosis fungoides; TCF, tumor clone frequency; TCR, T-cell receptor
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SUPPLEMENTARY MATERIALS AND
METHODS
Mice

C57/BL6J female mice (Sankyo Lab
Service, Ibaraki, Japan) aged 7�12
weeks were maintained in a specific
pathogen-free animal facility at Jun-
tendo University (Tokyo, Japan).

Antigens

The E64-papain (covalent complex be-
tween cysteine protease inhibitor E-64
[Peptide Institute, Osaka, Japan] and
papain [Calbiochem,SanDiego,CA])was
prepared as previously described (Kamijo
et al., 2013). Papain,whichwas incubated
similarly to E64-treated papain (but
without the addition of E-64) and dia-
lyzed, was prepared and used for com-
parisons with E64-treated papain.
Ovalbumin (OVA) (grade V; Sigma-
Aldrich, St. Louis, MO) was used for epi-
cutaneous administration and ELISA.

Epicutaneous sensitization

The ear skin of mice was treated with
10% SDS in pure water every day. Two
hours or more after the SDS treatment,
vehicle (PBS containing 0.5% [v/v]
Tween 20), papain, E64-papain, OVA,
or a mixture of OVA and papain was
epicutaneously administered twice per
week for 2 weeks for a total of four
times. Solutions were applied with a
micropipette to both sides of the sur-
face of both ears and the dorsal hairless
area at the base of the ear of lightly
anesthetized mice (30 ml per ear, 60 ml
per mouse). Aliquots of antigen solu-
tion were stored at �80 �C and thawed
just before use.

Skin inflammation and barrier
dysfunction

The ear thickness of lightly anesthetized
mice was measured using a dial thick-
ness gauge (G-1A, Ozaki, Tokyo,
Japan). Paraffin-embedded sections of
ear specimens were stained with Gi-
emsa. Regarding barrier dysfunction,

transepidermal water loss on the dorsal
side of the ear was measured using a
VapoMeter (Delfin Technologies, Kuo-
pio, Finland) in nail mode.

Scratching behaviors

Hind-paw scratching behaviors were
analyzed using the MicroAct system
(Neuroscience, Tokyo, Japan) accord-
ing to the method described earlier
(Masutani et al., 2022) with modifica-
tions. Scratching bouts, strokes, and the
total time of scratching behaviors were
assessed by software (ANIMA; Takeda
LabDesign, Ibaraki, Japan). In the
setting of parameters, the apparatus
detected consecutive scratching be-
haviors consisting of four or more
strokes to omit false-positive signals.

Antigen restimulation of draining
lymph node cells

Sera and skin draining lymph node cells
(cervical lymph nodes) were collected
and stimulated as previously described
with modifications (Ochi et al., 2017).
Briefly, skin draining lymph node cells
were restimulated with medium alone
or E64-papain (50 mg/ml) in 96-well
round-bottomed culture plates for 96
hours (5 � 105 cells/200 ml/well). We
used E64-papain as the antigen for the
restimulation to avoid potential prote-
ase activity�dependent effects. Drain-
ing lymph node cells from mice in each
of the mouse groups were pooled and
stimulated in three or four wells.

ELISA

Serum total IgE and papain- and OVA-
specific antibodies were detected on
plates, which were coated with 2 mg/ml
anti-murine IgEmAbs,10mg/mlpapain,or
1 mg/ml OVA as previously described
(Kamijo et al., 2021; Shimura et al., 2016;
Takai et al., 2005) with modifications.
Total IgE was measured by sandwich
ELISA. Serum dilution factors for the
detection of antigen-specific IgE, IgG1,
IgG2b, and IgG2c were 50; 5,000; 250;

and 250, respectively. To detect antigen-
specific IgG2b and IgG2c, sera and
detection antibodies were diluted with
solutions 1 and 2 of CanGetSignal
(Toyobo, Osaka, Japan), respectively, to
enhance the signals. Cytokine and che-
mokine concentrations were measured
with ELISA kits (R&D Systems, Minneap-
olis, MN), except for IL-9 (BioLegend, San
Diego, CA).

Statistical analysis

The student’s t-test (two tailed),
Mann�Whitney U test (two tailed), or a
one-way ANOVA with Tukey’s posthoc
test were used. A value of P < 0.05 was
considered significant.
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Supplementary Figure S1. Epicutaneous papain administration through SDS-treated skin induced increases in ear thickness and the production of serum

papainLspecific IgE in a dose-dependent manner. Vehicle or papain (1.1, 3.3, or 10 mg/ml) was applied to SDS-treated ear skin. (a) Timeline. (b) Ear thickness

(n ¼ 8). (c) Serum antibodies (n ¼ 4). Data indicate means � SD and are representative of two or more independent experiments. *P < 0.05 by ANOVA with

Tukey’s posthoc test and #P < 0.05 versus measurements before the start of the experiments by the Mann�Whitney U test. e.c., epicutaneous; OD, optical

density.

Supplementary Figure S2. Supplementary data for Figure 1. (a, c) Serum antibodies (n ¼ 5 in a, and n ¼ 4 in b). (b) Cytokine responses in skin DLN cells

restimulated with E64-papain for 4 days (three wells). Data indicate means � SD and are representative of two or more independent experiments. *P < 0.05

versus SDS e.c. þ vehicle e.c. administration by the Mann�Whitney U test (for a) or t-test (for b). DLN, draining lymph node; e.c., epicutaneous; OD, optical

density.
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Supplementary Figure S3. Supplementary data for Figure 2aLi. (a, b) Histology (day 9). Bars ¼ 1 mm (for a) and 0.1 mm (for b). (c) Serum papain�specific

IgG2b and IgG2c (n ¼ 8). (d) Cytokine responses in skin DLN cells, which were recovered on day 9 and were restimulated with E64-papain for 4 days (four

wells). (e) Total cell numbers of DLN recovered on day 9. Data indicate means � SD and are representative of two or more independent experiments. In e, each

of the data points represents the averaged value in each of the independent experiments (n ¼ 2), and the values for the papain epicutaneously treated and E64-

papain epicutaneously treated groups obtained in the same independent experiments are linked with broken lines. *P < 0.05 by ANOVA. DLN, draining lymph

node; e.c., epicutaneous; OD, optical density.

Supplementary Figure S4. Supplementary data for Figure 2jLl. (a) Appearance. (b, c) Histology. Bars ¼ 1 mm (for b) and 0.1 mm (for c). (d) Serum

antibodies (n ¼ 5). Data indicate means � SD and are representative of two or more independent experiments. *P < 0.05 versus OVA e.c. administration by

ANOVA. e.c., epicutaneous; OD, optical density.
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