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1 | INTRODUCTION

Takahiro Satoh? | Hiroo Yokozekil

Abstract

Background: Scabies is a common contagious skin disease caused by an infestation
of the skin by Sarcoptes scabiei var. hominis. A hallmark symptom of scabies is severe
itch.

Methods: We sought to determine the generation of a pruritogenic cytokine,
interleukin (IL)-31, together with immune profiles in skin lesions of ordinary scabies
through immunohistochemical and immunofluorescent studies. To elucidate the
pathological mechanisms of IL-31 generation, murine peritoneal macrophages were
stimulated with various T helper 2 (Th2) cytokines and proteins ex vivo.

Results: A large number of CCR4(+) Th2 cells, eosinophils, and basophils infiltrated
in scabies lesions. Increased generation of IL-31, thymic stromal lymphopoietin
(TSLP), and periostin was also observed. A major population of IL-31(+) cells were
Arginase-1(+)/CD163(+) M2 macrophages. Murine peritoneal macrophages showed
an M2 phenotype and generated IL-31 when stimulated with TSLP and periostin.
Conclusion: IL-31 appeared to be largely generated by M2 macrophages in ordinary

scabies lesions. This IL-31 induction was mediated by TSLP and periostin.
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Scabies has two common subtypes: ordinary scabies and crusted

scabies.! Skin manifestations of ordinary scabies are burrows and

Scabies is a common contagious skin disease caused by an infesta-
tion of the skin by Sarcoptes scabiei var. hominis.* About 100 million
individuals worldwide are reported to be infected with scabies.?
Although scabies is more prevalent in developing countries, with
prevalence rates of up to 71.4%, epidemics can occur in institu-
tional settings such as nursing homes even in developed countries.®
Scabies highly impacts mortality and morbidity and causes health

loss.* Thus, scabies is a major public health problem.

erythematous papules/nodules, whereas psoriasis-like hyperkera-
totic skin crusts with a huge number of mites are apparent in crusted
scabies.! A hallmark symptom of scabies is severe and persistent
pruritus.® This pruritus is thought to be provoked via type IV (de-
layed-type) immune responses, but precise mechanisms are not fully
understood.®

Interleukin (IL)-31 is a pruritogenic cytokine that is produced

mainly by activated T helper 2 (Th2) cells.” Overexpression of I1L-31

Abbreviations: Ab, antibody; AD, atopic dermatitis; Ag, antigen; Arg1, arginase 1; CCR4, C-C chemokine receptor type 4; CD, cluster of differentiation; CXCR3, C-X-C chemokine
receptor type 3; ELISA, enzyme-linked immunosorbent assay; IENFD, intraepidermal nerve fiber density; |g, immunoglobulin; IL, interleukin; IL-7Ra, IL-7 receptor «; iNOS, inducible nitric
oxide synthase; OSMR@, oncostatin M receptor f§; PAR-2, protease-activated receptor 2; PGP9.5, protein gene product 9.5; pM, peritoneal macrophages; TARC, thymus and activation-

regulated chemokine; TSLP, thymic stromal lymphopoietin; TSLPR, thymic stromal lymphopoietin receptor.
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GRAPHICAL ABSTRACT

A large number of CCR4" cells, basophils, and eosinophils were observed in human ordinary scabies lesions, suggesting that a Th2 immune
response is predominant in ordinary scabies. Increased IL-31, a pruritogenic cytokine, thymic stromal lymphopoietin (TSLP), and periostin
were detected in the lesions. The majority of IL-31" cells were CDé68*, Arg1*, and CD163* M2 macrophages and IL-31 could be induced by
overexpression of TSLP and periostin. Argl: arginase 1; CCR4: C-C chemokine receptor type 4; TSLP: thymic stromal lymphopoietin.

is detected in many pruritic diseases such as atopic dermatitis (AD)®
and prurigo nodularis.” However, it is uncertain whether IL-31 is also
implicated in scabies pruritus.

In this study, we sought to investigate the expression of IL-31 in
scabies lesions through a histological study. We also attempted to
elucidate pathological mechanisms for IL-31 generation via ex vivo

stimulation studies with murine peritoneal macrophages (pM).

2 | MATERIALS AND METHODS

2.1 | Patients

Skin biopsy specimens were obtained from four patients with
ordinary scabies with severe itch, four patients with tick bites
without itch, and four subjects as healthy controls at Tokyo
Medical and Dental University Hospital. Their diagnoses were
confirmed based on clinical and histological findings. This study
was approved by the ethical committee of Tokyo Medical and
Dental University (#M2017-273), and all participants provided
informed consent.

2.2 | Animals

Eight-week-old female C57BL/6N mice were purchased from
Sankyo Lab Service. Mice were maintained under specific pathogen-
free conditions in our animal facility. All animal experiments were
approved by the Institutional Animal Care and Use Committee of
Tokyo Medical and Dental University (#A2017236).

2.3 | Antibodies

Anti-IL-31, anti-IL-31 receptor A (IL-31RA), anti- C-C chemokine
receptor type 4 (CCR4), anti-thymic stromal lymphopoietin
(TSLP), anti-human TSLP receptor (TSLPR), and anti-Arginase 1
(Argl) polyclonal antibodies (Abs) were obtained from Abcam plc.
Anti-C-X-C motif chemokine receptor 3 (CXCR3), anti-CDé8, anti-
CD163, anti-IL-7 receptor o (IL-7Ra), anti-integrin aV, and anti-
monocyte/macrophage (MOMA-2) monoclonal Abs were purchased
from Abcam. Anti- oncostatin M receptor f (OSMRp), anti-periostin,
and anti-thymus, and activation-regulated chemokine (TARC)
polyclonal Abs were purchased from Santa Cruz Biotechnology.
Anti-IL-17A  Ab was obtained from R&D Systems. Anti-human
basophil antibody (BB1) was described previously.” Anti-protein
gene product 9.5 (PGP 9.5) Ab was obtained from Enzo Life Sciences.
R-Phycoerythrin-conjugated anti-MOMA-2 and allophycocyanin-
conjugated anti-mouse TSLPR Abs were purchased from Bio-Rad

Laboratories and BioLegend, respectively.

2.4 | Preparation of murine peritoneal macrophages

Peritoneal cells were collected from 8-week-old C57BL/6N mice,
seeded at the concentration of 5 x 10°/well in 6-well plates in
RPMI-1640 complete medium supplemented with 10% FBS and
100 IU/mL penicillin-streptomycin and incubated for 2 hours at
37°C and 5% CO,. Then, nonadherent cells were removed by
washing with medium and the remaining adherent cells (>80% of
macrophages) were incubated with or without recombinant mouse
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IL-4 (10 ng/mL), IL-13 (10 ng/mL), TSLP (20 ng/mL), periostin (20 ng/
mL; all were purchased from eBioscience), IFN-y (100 U/mL; Wako
Pure Chemical), or in combination thereof. After 24 hours, the cells
were subjected to total RNA extraction or flow cytometric analysis.
IL-31 levels in the supernatants were also determined using enzyme-
linked immunosorbent assay (ELISA; Thermo Fisher Scientific KK).

2.5 | Immunohistochemistry

Formalin-fixed paraffin-embedded sections were subjected to Ag
retrieval with citrate buffer for PGP 9.5, IL-31, IL-31RA, OSMR-,
CXCR3, CCR4, TARC, TSLP, and periostin or Histofine antigen retrieval
buffer (pH 9; Nichirei Bioscience) for CD68 and IL-17. Sections were
then incubated with methanol containing 0.3% H,O, for endogenous
peroxidase quenching and treated with a protein-blocking solution
containing 0.25% casein (Dako) to prevent nonspecific binding
of Abs. Next, sections were incubated with primary Abs at 4°C
overnight followed by Histofine Simple Stain (Nichirei) and visualized
with 3'-diaminobenzidine tetrahydrochloride solution (Nichirei).
Sections were counterstained with Mayer's Hematoxylin. Basophils,
eosinophils, and mast cells were detected using anti-BB1 Ab staining,
Luna's method, and toluidine blue staining, respectively.9’1° The
total number of indicated cells was counted manually in at least
three different high-power fields from each sample. The total
immunostaining intensity of I1L-31, IL-31RA, OSMRB, TARC, and TSLP
at the epidermis and periostin at the dermis was measured with
Image J software,* and immunostaining intensity per unit area was
calculated. Intraepidermal nerve fiber density (IENFD) was calculated
by dividing the immunoreactive area of PGP 9.5, a neuron specific
marker, in the epidermis by the whole epidermal area.

2.6 | Immunofluorescence staining

Formalin-fixed paraffin-embedded samples (5-um thickness) were
pretreated with Histofine antigen retrieval solution (pH 9; Nichirei)
for IL-31 in combination with CD68, Argl, or CD163 or proteinase
K (Dako) for IL-31 with MOMA-2 staining. For TSLP and periostin
staining in murine samples, formalin-fixed frozen sections (20-
um thickness) were used. Then, sections were incubated with the
combination of indicated primary Abs followed by reaction with Alexa
Fluor 488- or 568-conjugated secondary Abs (Abcam) and mounted
with Fluoroshield with DAPI (GeneTex). Photomicrographs were

captured with a TCS SP8 confocal microscope (Leica Microsystems).

2.7 | Real-time PCR

Total cellular RNA was extracted from cells using ISOGEN Il (Nippon
Gene Co.), reverse-transcribed with SuperScript™ IV VILO™ Master
Mix with ezDNase enzyme (Thermo Fisher Scientific), and then,
quantitative RT-PCR was performed by real-time monitoring of
the increase in fluorescence of SYBR Green dye (Brilliant SYBR
Green QPCR Master Mix) using the AriaMx Real-Time PCR System
(both from Agilent Technologies Japan, Ltd.). The primers used

EAACI

for PCR were 5-TCGGTCATCATAGCACATCTGGAG-3' and 5-
GCACAGTCCCTTTGGAGTTAAGTC-3' for mouse IL-31; 5'-CTCCA
AGCCAAAGTCCTTAGAG-3' and 5-AGGAGCTGTCATTAGGGA
CATC-3' for mouse Argl; 5-GTTCTCAGCCCAACAATACAAGA-3’
and 5-GTGGACGGGTCGATGTCAC-3' for mouse inducible nitric
oxide synthase (iNOS); and 5-ACCACAGTCCATGCCATCAC-3’
and 5-TCCACCACCCTGTTGCTGTA-3' for mouse GAPDH. mRNA
expression levels were calculated by the comparative AAC; method
relative to GAPDH.

2.8 | Flow cytometric analyses

Single-cell suspensions of cultured peritoneal macrophages (pM)
were obtained using cell scrapers after fixation. They were pretreated
with anti-CD16/32 antibody (BioLegend) on ice for 15 minutes,
labeled with the indicated combinations of Abs using Intracellular
Fix & Perm set (eBioscience), and analyzed with FACSCalibur cell
analyzer (BD Biosciences).

2.9 | Statistical analysis

Student's t test was used to assess the statistical significance of
differences between means. P values < 0.05 were considered to be
significant.

3 | RESULTS

3.1 | Intraepidermal nerve fiber density (IENFD) and
dermal mast cells

We first focused on IENFD. Increased IENFD is reported to
contribute to pruritus in AD and dry skin.*? IENFD was increased in
scabies lesions compared with healthy skin (Figure 1A). Interestingly,
tick bite lesions without itch had a higher IENFD ratio than scabies
lesions.

Mast cells are one of the representative immune cells that are
involved initch via releasing various itch mediators such as histamine
and serotonin. The number of dermal mast cells was not significantly
increased in scabies lesions compared with healthy skin and tick bite

lesions (Figure 1B).

3.2 | Epidermal expression of IL-31 and IL-31-
positive infiltrating cells

We next examined the expression of IL-31. There was a tendency
of increased epidermal IL-31 expression in scabies lesions compared
with healthy skin and tick bite, although this was not statistically
significant (Figure 1C). In contrast, a larger number of IL-31(+) cells
infiltrated the dermis of scabies lesions compared with healthy skin
and tick bites, which was statistically significant (Figure 1D).

We also investigated the expression of IL-31 receptors. IL-31
receptors form a receptor complex comprising two subunits
IL-31RA and OSMR(. These receptors are expressed by various
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FIGURE 1 |Intraepidermal nerve fiber density, dermal mast cells, and IL-31 in scabies. A, The intraepidermal nerve fiber density (IENFD),
which is calculated by dividing the PGP 9.5, a neuron specific marker, immunoreactive area in the epidermis by the whole epidermal area,
increased in scabies and tick bites compared with healthy control. B, Dermal mast cells did not increase in scabies (toluidine blue staining).
C,D, IL-31 expression in the epidermis and dermal cells. Scale bars indicate 50 um. Values represent mean + SD of four subjects. *P < 0.05
compared with normal skin

FIGURE 2 Immune profiles in scabies lesions. A, A larger number of CCR4(+) cells, basophils, and eosinophils infiltrated scabies lesions
than normal skin and tick bite lesions. B,C, TARC was highly expressed by epidermal keratinocytes but not dermal infiltrative cells in scabies.
D,E, Enhanced epidermal expression of thymic stromal lymphopoietin and massive dermal periostin deposition were noted in scabies. Scale
bars indicate 50 um (B-D) and 200 um (E). Values represent mean + SD of four subjects. *P < 0.05 compared with normal skin
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cells including epidermal keratinocytes and peripheral nerves.®

Neither IL-31RA nor OSMRp was increased in the epidermis in sca-
bies lesions. Similarly, no differences were detected in the number
of OSMRp(+)dermal infiltrating cells (Figure S1). IL-31RA(+) cells in
the dermis were hardly detected in any specimens (data not shown).

3.3 | Th2 immunity in scabies

IL-31 is produced mainly by activated Th2 cells,** which express
CCR4." The number of infiltrating CCR4(+) cells was higher in
scabies lesions than healthy control and tick bites (Figure 2A). In
contrast, the number of infiltrating cells expressing CXCR3 and
IL-17, both of which are representative markers for Thl cells and
Th17 cells, respectively, did not increase in scabies lesions, while tick
bites showed an increased number of such cells. In addition, scabies
lesions featured massive infiltration of eosinophils and basophils,
indicating the involvement of Th2 immunity (Figure 2A).

TARC (a ligand for CCR4), TSLP, and periostin are Th2-related
proteins.’®? The epidermal expression of TARC was higher in sca-
bies lesions than in healthy control and tick bites, while the num-
ber of infiltrating TARC(+) cells was comparable among groups
(Figure 2B,C). TSLP promotes Th2 mediated-inflammation, leading
to the production of periostin by fibroblasts, and periostin, in turn,
induces keratinocyte TSLP.X® The epidermal expression of TSLP and
dermal deposition of periostin were also enhanced in scabies lesions

compared with normal skin and tick bites (Figure 2D,E).

3.4 | Infiltrating macrophages express IL-31

Although the main cellular source of IL-31 is considered as activated

2021 mast cells, ?? eosinophils,23

Th2 cells,** monocytes/macrophages,
and basophils?* are also able to produce IL-31. In scabies lesions, we
observed a large number of CD68(+) cells in the dermis (Figure 3A).
Thus, we next tested whether monocytes/macrophages function as
cellular sources of IL-31. Notably, a majority (>70%) of IL-31(+) cells
were CD68(+) macrophages (Figure 3B,C). These cells expressed M2
macrophage markers,?® Argl or CD163 (Figure 3D,E). In addition,
IL-31(+) cells consisted of 60% of Argl(+) cells. M1 macrophage
marker iNOS(+) cells constituted only 15% of IL-31 (+) cells. It
appeared that M2 macrophages developed in scabies lesions are one

of the important sources of I1L-31.

3.5 | Murine peritoneal macrophages express IL-31
in response to TSLP and periostin

A prior report has demonstrated that murine peritoneal macrophages
(pM) are polarized cells toward M2 phenotype in vivo.2® Consistent
with this, unstimulated pM expressed Argl mRNA which did not

further increase even under the in vitro stimulation with TSLP/
periostin (Figure S2) that is known to promote M2 skewing.?”?8 In
contrast, IFN-y treatment resulted in the decreased expression of
Argl mRNA and increased iINOS mRNA expression (Figure $2).%
We, then, assessed IL-31 generation of pM. Notably, TSLP and/or
periostin stimulated pM to express IL-31 mRNA (Figure S3). The
combination of these factors further enhanced IL-31 mRNA expres-
sion and protein production (Figure 4A,B), while IL-4/-13 stimulation
failed to induce IL-31 generation. IFN-y treatment did not affect
IL-31 generation. With flow cytometric analysis, we also observed
that TSLP/periostin promoted generation of Argl and IL-31 proteins
(Figure 4C,D). Apparently, pM and human macrophages expressed
a TSLP receptor complex (comprising TSLPR and IL-7Ra)*° and a
periostin receptor integrin aV (Figure 5A,B).X Collectively, TSLP and
periostin skewed macrophages toward an M2 phenotype and stimu-
lated IL-31 production.

4 | DISCUSSION

The present data indicated that IL-31 seems to be one of the major
pruritogenic factors in scabies lesions. Although intraepidermal
sprouting of nerve fibers has been implicated in chronic

12.31-33 |ENFD was enhanced not only in scabies, but also in

pruritus,
tick bite lesions that were not pruritic. Thus, intraepidermal nerve
fiber sprouting may not be an important factor in scabies pruritus.
Similarly, it seemed unlikely that mast cells largely contributed to
itching, as an increase in mast cells was not observed in scabies
lesions.3*

Notably, more than half of IL-31(+) cells accumulating in the der-
mis were CD68(+) macrophages. A prior report also demonstrated
that the major population of IL-31(+) cells in human AD lesions was
CD11b(+) monocytes/macrophages and no CD3(+) cells expressed
IL-31.%° Macrophages are generally divided into two phenotypes: M1
(classically activated) and M2 (alternatively activated).?® In scabies
lesions, almost all macrophages were positive Argl(+), indicating that
they were M2 macrophages. M2 skewing is promoted by Th2-related
cytokines such as IL-4 and/or IL-13.2° Prior studies have demon-
strated that Th2 cytokines are overexpressed, and mixed Th1/Th2
immune responses occur in ordinary scabies.3¢%® Consistent with
this, massive infiltration of CCR4(+) Th2 cells, basophils, and eosin-
ophils was observed in our study. Collectively, immune responses
biased toward Th2 in scabies lesions promoted the development of
M2 macrophages.

To understand the precise mechanisms of IL-31 production from
macrophages, we performed ex vivo experiments with murine pM.
TSLP and periostin, but not IL-4/13, stimulated pM to produce a sig-
nificant amount of IL-31. IFN-y-treated M1 macrophages25 failed to

FIGURE 3 CD68(+) macrophages expressing IL-31 in scabies lesions. A, A large number of CD68 (+) cells was observed in the dermis of
scabies lesions. B,C, More than 50% of IL-31 immunoreactive cells were CD68(+). D,E, IL-31(+) cells expressed Argl and/or CD163. Scale
bars indicate 50 um (A,B) and 10 um (C-E). Values represent mean + SD of four subjects. *P < 0.05 compared with normal skin
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generate IL-31. A prior report with human monocytes/macrophages
also showed that periostin induced IL-31 production.®’ These data
suggested that TSLP and periostin expressed in human scabies lesions
were essentially involved in IL-31 generation from M2 macrophages.

Mechanisms for TSLP/periostin overexpression in scabies are
uncertain. However, it can be assumed that proteases from scabies
mites* stimulate epidermal keratinocytes to express TSLP through

its receptor, protease-activated receptor type 2 (PAR-2),*! as ob-
served in TSLP expression induced by house dust mite allergens in
human skin.*> TSLP activates CCR4(+) Th2 cells and basophils43'44;
these cells are capable of producing Th2-related cytokines IL-4/13
that promote periostin secretion from fibroblasts.* Thus, the pro-
tease-TSLP-periostin axis might be an essential pathway for IL-31
generation from M2 macrophages.

FIGURE 5 Expression of thymic stromal lymphopoietin (TSLP) and periostin receptors on macrophages. A, Flow cytometric analysis of
murine peritoneal macrophages for TSLP receptor complex comprising TSLPR and IL-7Ra, and periostin receptor integrin «V. Representative
results of at least three independent experiments are shown. B, Inmunohistochemical analysis of human scabies lesions. Infiltrating CD68(+)
macrophages express TSLPR, IL-7Ra, and integrin aV. MFI, mean fluorescence intensity
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Besides IL-31, one may need to consider the direct contribution

of TSLP and proteases to scabies itch. In mice, TSLP can stimulate pe-
ripheral nerve fibers and elicit scratching behavior.! This may also be
the case in humans, as TSLP receptors are expressed by human dorsal
root ganglia.** Proteases are capable of stimulating TSLP generation
from keratinocytes.*! They are also capable of directly provoking itch
in humans through activating PAR-2 on peripheral nerve fibers.*®
Eosinophils may also be involved in itch in scabies through releasing
several proteins (eg, substance P, nerve growth factor, eosinophilic
cationic protein, major basic protein, and eosinophil peroxidase). In
addition, eosinophils can induce neuron branching in vitro and skin in-
nervation in vivo, thereby contributing to itch in mouse skin following
contact toxicant exposure.‘“"47 Direct stimulation of peripheral nerve
fibers by Sarcoptes scabiei var. hominis as mechanical itch could be also
one of pruritogenic factors. Severe pruritus in scabies may be pro-
voked by multiple and complex immune pathways and pruritogens.

In tick bite lesions, which were used as a control disease in this
study, a number of infiltrating CXCR3(+) Th1 cells and IL-17(+) Th17
cells was observed. A recent study showed changes in immune re-
sponses during tick bites. Patients with primary tick bite displayed a
higher number of macrophages and lower number of basophils in the
lesions.*® In contrast, patients with a history of repeated tick bites
(>2) had a smaller number of macrophages but larger numbers of
basophils. Infiltrating T cells from patients with repeated tick bites
produced a larger amount of type 2 cytokines than those with just
one episode of tick bite.*® Thus, it appeared that skin samples from
patients enrolled in this study were possibly first tick bite lesions
with Th1/17 immunity. This was further supported by the results that
massively infiltrative CD68(+) macrophages were negative for Argl
and CD163, suggesting that they were M1 phenotype (Figure S4).

In summary, Th2 immunity is predominant in human ordinary
scabies lesions and is accompanied by massive infiltration of IL-31(+)
M2 macrophages, epidermal expression of TSLP, and dermal depo-
sition of periostin. The key limitations of this study were the small
sample sizes, and we have not been able to perform a clinical human
study with anti-IL-31 Ab in scabies patients. The present study pro-
vides, however, novel insights into the immunopathogenesis of sca-

bies. IL-31 could be a therapeutic target for severe itch in scabies.
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Supplemental Figure #1. Epidermal expression of IL-31RA
and OSMRf and dermal infiltrating OSMR (+) cells.

Values represent mean + SD.
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Supplemental Figure #2. mRNA expression of Arg7 and
INOS by murine peritoneal macrophages in response to
TSLP/periostin or IFN-y.

Representative results of at two independent experiments are shown.
Values represent mean + SD of three samples. *p < 0.05 compared
with unstimulated cells.
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Supplemental Figure #3. I[L-31 mRNA expression of murine
peritoneal macrophages in response to TSLP or Periostin.

Representative results of at two independent experiments are shown.
Values represent mean + SD of three samples. *p < 0.05 compared
with unstimulated cells.
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