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Abstract
Interleukin-31 (IL-31) is a type 2 helper T-cell-derived cytokine that has recently been

shown to cause severe inflammation and tissue remodeling in multiple chronic diseases of

the skin and lungs. IL-31 is upregulated in allergic and inflammatory diseases, including

atopic dermatitis, asthma, cutaneous T-cell lymphomas, and allergic rhinitis, as well as

autoimmune diseases such as systemic erythematosus. Overexpression of IL-31 in T cells

causes severe inflammation, with histological features similar to skin lesions of patients with

atopic dermatitis. However, the molecular mechanisms involved in IL31-driven pathological

remodeling in skin diseases remain largely unknown. Here, we studied the role of IL-31 in

skin damage as a result of intradermal administration of recombinant IL-31 into mice. Nota-

bly, IL-31 was sufficient to increase epidermal basal-cell proliferation and thickening of the

epidermal skin layer. Our findings demonstrate a progressive increase in transepidermal

water loss with chronic administration of IL-31 into the skin. Further, analysis of the skin

transcriptome indicates a significant increase in the transcripts involved in epidermal-cell

proliferation, epidermal thickening, and mechanical integrity. In summary, our findings dem-

onstrate an important role for IL-31 signaling in epidermal cell proliferation and thickening

that together may lead to impaired skin-barrier function in pathological remodeling of the

skin.

Introduction
Interleukin-31 (IL-31) is a recently identified T-cell-derived cytokine that is primarily pro-
duced by CD4+ T cells polarized toward a Th2 cytokine profile [1]. IL-31 is closely related to
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the IL-6 family of cytokines and signals through heterodimeric receptors consisting of IL-31
receptor alpha (IL-31RA) and oncostatin M receptor (OSMR) that are expressed constitutively
by multiple stromal cells, including epithelial cells and keratinocytes [2], as well as a unique
subset of itch-sensitive neurons [3, 4]. Binding of IL-31 to its receptors activates several signal-
ing pathways, including those of Janus kinase-signal transducer and activator of transcriptions
or JAK-STAT, mitogen-activated protein kinase, and phosphoinositide-3-kinase or PI3K [5].
IL-31-driven signaling has been shown to regulate a wide range of biological functions, includ-
ing itch, induction of proinflammatory cytokines, regulation of cell proliferation, and tissue
remodeling [3, 6, 7]. Previous studies have shown that IL-31 induces pruritus and severe der-
matitis, and also regulates other allergic diseases that are characterized by these skin disorders
[1, 8, 9]. Overexpression or administration of recombinant mouse IL-31 (rIL-31) in mice trig-
gered a skin phenotype that in many ways resembled atopic dermatitis (AD) [1]. Moreover, the
neutralization of IL-31 signaling has been shown to ameliorate scratching behavior in mouse
models of AD [10, 11].

Sustained inflammation and itch are a critical driving force in the initiation and loss of skin-
barrier function in AD [12]. The barrier function of the skin is mainly formed by stratum cor-
neum, composed of protein-enriched cells called corneocytes. Impaired barrier function during
AD and various other skin diseases results in an increase of water loss from the skin [13, 14].
Transepidermal water loss (TEWL) is a reliable biophysical method that measures the quantity
of water that passes from the body to the surrounding atmosphere through the epidermal
layer. The existence of the skin barrier is mainly formed by epidermal proliferation and differ-
entiation that begins in the basal layer of the epidermis, which is the deepest layer consisting
primarily of proliferating keratinocytes [14]. These cells divide and migrate superficially as
they mature. Keratin 14 (K14) is the one of the important proteins expressed by basal dividing
keratinocytes of the epidermis [15]. Accumulating evidence indicates that skin damage in AD
is associated with T-cell activation, and Th2 T-cell-derived IL-31 appears to be a new link
between itchy skin and atopic skin inflammation [1]. A recent study has shown that IL-31RA is
expressed in murine neuronal tissue and plays an important role in itch [3]. In support of this,
cutaneous injections of IL-31 evoked intense itch and its concentration increased significantly
in murine atopic-like dermatitis skin [3]. Moreover, in humans, IL-31 challenge can induce
late itch responses and skin erythema [16]. However, the function of IL-31, if any, in skin dam-
age that includes excessive proliferation of epidermal keratinocytes and associated epidermal
water loss is largely unknown.

In this study, we found that administration of rIL-31 into the dermis of mouse skin contrib-
utes to changes in epidermal morphology and differentiation and skin-barrier disruption. To
understand the role of IL-31 in the pathological remodeling of skin, we profiled transcriptional
changes that contributed to abrupt proliferation and remodeling in the skin. The data revealed
elevated levels for mediators of inflammation, proliferation, barrier function, and extracellular
matrix production during IL-31-driven skin damage. Thus, we have identified IL-31 as a criti-
cal mediator of pathogenic transcriptional changes and barrier loss in the skin.

Materials and Methods

Mice
C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME) at 8–14 weeks of age were used for all
of the experiments. Mice were housed in the Cincinnati Children’s Hospital Medical Center
(CCHMC) animal facility, which is approved by the American Association for the Accredita-
tion of Laboratory Animal Care. All mice were maintained under aseptic conditions and
received sterile food and water. Mice were euthanized by intraperitoneal injection of 200 mg/
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kg-body weight pentobarbital. Experiments were performed following the Institutional Animal
Care and Use Committee (IACUC) regulations, and this study was approved by the CCHMC
IACUC.

IL-31 treatment
Purified rIL-31 protein (20μg/day) (ZymoGenetics, Seattle, WA) was administered to female
C57BL/6 mice in 50μl of saline solution via intradermal injection in the center of the shaved
back (within a 50-mm radius) daily for 14 days. These doses were selected based upon previous
studies [1]. Control mice were given equivalent volumes of saline. TEWL was measured on
Days 7 and 14 after rIL-31 administration. After measurement of TEWL, mice were euthanized
following standard procedures and skin sections were collected for further analysis.

Measurement of TEWL
TEWL was measured using the Dermalab instrument DermaLab USB module (Cortex Tech-
nology, Hadsund, Denmark), as previously described [17]. TEWL was assessed at Days 7 and
14 on the back of the mice, over the surface where the rIL-31 was injected, and an average of
the two readings was used for each mouse.

Histology
Skin tissues from saline- and rIL-31-treated mice were collected, submerged in 10% neutral-
buffered formalin, and embedded in paraffin. Formalin-fixed paraffin-embedded blocks were
sliced at 5μm thickness and subjected to hematoxylin/eosin staining. All images were captured
using a Leica DM2700 M bright-field microscope (Leica Microsystems, Buffalo Grove, IL), and
epidermal thickness was measured using the measured-distance function of MetaMorph imag-
ing software (v6.2; Molecular Devices, Sunnyvale, CA). Quantitative analyses were determined
at 10 randomly selected sites from each skin section as the average of the 30 measurements for
three sections from each mouse and a total of four mice per group.

Immunohistochemistry
Formalin-fixed skin sections from saline- and rIL-31-treated mice were prepared and stained
with anti-Ki67 antibody (Clone 30–9, Ventana, Tucson, AZ, USA) as detailed in our previous
study [18]. The co-immunostained images were captured using a Leica DM2700 M bright-field
microscope (Leica Microsystems).

RNA preparation, whole-transcriptome Shotgun Sequencing
(RNA-Seq), and real-time PCR
Total RNA was extracted from skin homogenates using the RNeasy Mini Kit (Qiagen Sciences,
Valencia, CA), as described previously [19]. From each experimental group, three skin tissue
samples were sequenced using an Illumina HiSeq-1000 Sequencer (Illumina, San Diego, CA),
as described previously [20]. To identify differentially expressed genes between the skin of
saline- and rIL-31-treated mice at Day 14, we performed statistical analysis using the DESeq
Bioconductor package [21], which uses a statistical model based on negative binomial distribu-
tion of the read counts. Statistically significant genes were selected based on a P value cut-off of
0.05; FDR<0.1 and greater than two-fold changes, resulting in 1,016 genes in total. We per-
formed hierarchical clustering for genes on the log-transformed read counts normalized for
different lengths of gene-coding regions (RPKM values) for the saline or rIL-31 groups, and a
heat map was generated [22]. The ToppFun application of the ToppGene Suite [23] was
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utilized to identify the most highly enriched biological processes of the IL-31 gene network.
Complete RNA-Seq data are available at a gene-expression omnibus or GEO database
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE79403; GEO Accession Number:
GSE79403).

For real-time PCR, extracted RNA was converted to cDNA and gene-transcript levels were
measured using the CFX384 Touch Real-Time PCR detection system (Bio-Rad, Hercules, CA).
Relative gene expression was quantified using SYBR green PCRMaster Mix (Applied Biosys-
tems), and gene expression was normalized to hypoxanthine-guanine phosphoribosyltransfer-
ase or HPRT. The data were analyzed with StepOnePlusTM software 2.1 (Applied Biosystems),
as described by the manufacturer. The mouse primers sequences used in this study are pro-
vided in Table 1.

Statistics
The data were represented as mean ± SEM. Student’s t-test was used to compare between two
experimental groups. One-way ANOVA with Tukey’s Multiple Comparison test was used to
compare different experimental groups. All data were analyzed using GraphPad Prism (version
6; GraphPad, La Jolla, CA), and a P value less than 0.05 was considered statistically significant.

Results

Role of IL-31 in epidermal thickness and TEWL
To study the role of IL-31 in skin damage, IL-31 was administered to C57BL/6 mice via intra-
dermal injections to mimic IL-31 localized in the dermal skin lesions of AD [9, 24–26]. The

Table 1. Mouse primers used.

Primers Forward (5'-3') Reverse (5'-3')

Hprt GCCCTTGACTATAATGAGTACTTCAGG TTCAACTTGCGCTCATCTTAGG

Saa1 CCAGGATGAAGCTACTCACCA TAGGCTCGCCACATGTCC

S100A8 TCCTTGCGATGGTGATAAAA GGCCAGAAGCTCTGCTACTC

S100A9 GACACCCTGACACCCTGAG TGAGGGCTTCATTTCTCTTCTC

Jup ACACCATTCCCCTGTTTGTC CCACACGCTGGATGTTCTC

Krt1 TTTGCCTCCTTCATCGACA GTTTTGGGTCCGGGTTGT

Il6 TCCAGTTGCCTTCTTGGGAC GTGTAATTAAGCCTCCGACTTG

Il1β TGTAATGAAAGACGGCACACC TCTTCTTTGGGTATTGCTTGG

Egr1 CCTATGAGCACCTGACCACA TCGTTTGGCTGGGATAACTC

Fn1 CGGAGAGAGTGCCCCTACTA CGATATTGGTGAATCGCAGA

Mmp2 GGTGCTCCACCACATACAACT CCCATGGTAAACAAGGCTTC

Mmp10 GAGTCTGGCTCATGCCTACC TGCAACCAGGAATAAGTTGGT

Trpv1 CGAGGATGGGAAGAATAACTC GGATGATGAAGACAGCCTTGA

Trpv2 CCAGCCATTCCCTCATCAAAA AAGTACCACAGCTGGCCCAGTA

Trpv4 TCACCTTCGTGCTCCTGTTG AGATGTGCTTGCTCTCCTTG

Trpv6 ATCCGCCGCTATGCACA AGTTTTTCTCCTGAATCTTTTTCCA

Trpc3 GCCAAGCGACGGAGGAATTA CAGCACACTGGGGTTCAGTT

Trpc6 GCTACTACCCCAGCTTCCGGGG TGGATGGTTGAGGATTGCCTCCACA

Hprt, hypoxanthine-guanine phosphoribosyltransferase; Saa1, serum amyloid A1; S100A8, S100 calcium-binding protein A8; S100A9, S100 calcium-binding

protein A9; Jup, junction plakoglobin; Krt1, keratin 1; Il6, interleukin 6; Il1β, interleukin 1 beta; Egr1, early growth response protein 1; Fn1, fibronectin 1;

Mmp2, matrix metallopeptidase 2;Mmp10, matrix metallopeptidase 10; Trpv1, 2, 4, 6, transient receptor potential cation channel Subfamily V Members 1, 2,

4, 6; Trpc3, 6, transient receptor potential cation channel Subfamily C Members 3, 6

doi:10.1371/journal.pone.0161877.t001
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effect of IL-31 on the epidermal and dermal thickness was assessed by morphometric analysis
of hematoxylin/eosin-stained skin sections. Epidermal thickening was significantly increased
with IL-31 compared to saline treatment (Fig 1A and 1B). However, administration of rIL-31
had a limited effect on the IL-31-induced increase in dermal thickness (S1 Fig). These data
strongly support the role of IL-31 in promotion to induce the pathogenesis of skin damage and
epidermal thickness.

Disruption of the skin epidermal barrier and an increase in TEWL is a characteristic feature
of AD patients [12, 14]. The role of IL-31 in altering skin-barrier function as indicated by
TEWL has remained unknown [27]. Therefore, we sought to evaluate the effect of rIL-31 on
barrier functions of the skin. We measured TEWL at Days 7 and 14 in mice treated with either
saline or rIL-31. TEWL was significantly increased in rIL-31-treated mice as compared to
saline-treated mice on Days 7 and 14 (Fig 2), which suggests that IL-31 contributes to disrup-
tion of the skin barrier.

IL-31 increases the proliferation of basal cells in epidermal thickening
Epidermal differentiation is a complex process by which keratinocytes develop from a prolifer-
ative cell type in the epidermis. To understand the role of IL-31 in proliferation and differentia-
tion, we performed immunostainings using anti-Ki67 antibody on saline- and rIL-31-treated
skin to visualize the proliferative cells in the epidermis. A significantly increased number of
Ki67+ cells were observed in the epidermis of IL-31-treated skin compared to skin treated with
saline and were predominantly localized in the basal layer of the epidermis (Fig 3A and 3B).
These data suggest that IL-31 induced the proliferation and differentiation of basal cells during
progressive skin damage.

IL-31-dependent signaling pathways
To identify differentially expressed genes regulated by IL-31, we performed total-skin tran-
scriptome analysis with RNA isolated from saline- and rIL-31-treated mice. As shown by heat-
map analysis, two clusters of differentially expressed genes were observed with rIL-31 treat-
ment compared to saline-treated skin in mice; Cluster 1 and Cluster 2 represent the list of
genes upregulated or downregulated, respectively, after IL-31 treatment (Fig 4A). A total of
1,016 significant gene results were analyzed using the P value cut-off of 0.05; FDR<0.1 and
greater than two-fold changes. IL-31-regulated gene networks identified by the biological func-
tion-enrichment analysis included many of those involved in inflammation, proliferation, cyto-
kine-mediated signaling, and tissue remodeling, as highlighted with their gene symbols in the
heat-map analysis (Fig 4B).

IL-31 induces the genes necessary for proliferation and tissue
remodeling
To validate our RNA-Seq data and identify IL-31-induced genes known for proliferation and
remodeling in skin, we quantified the transcripts for a number of genes involved in prolifera-
tion and tissue remodeling. Among the various genes, IL-6, IL-1β, Egr1, Fn1,Mmp2, and
Mmp10 transcripts were significantly elevated in the rIL-31-treated skin as compared to saline
treatment (Fig 5A–5F). Previous studies have demonstrated that transient receptor potential
(TRP) channels are involved in IL-31-mediated itch [3]. To determine whether in vivo rIL-31
directly stimulates sensory neurons inducing itch in skin, we measured the transcripts of differ-
ent TRP channels known to be involved in itch. Among the various TRP channels, Trpv2 was
found to be significantly increased in the skin of rIL-31-treated mice (Fig 5G). However, other
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Fig 1. Intradermal administration of IL-31 results in an enhanced epidermal thickness. (A) C57BL/6 mice were injected
intradermally with saline and rIL-31 (20μg) daily for 14 days and a portion of dorsal skin was excised and processed for thin-
sectioning. Haematoxylin/eosin staining was performed to analyze epidermal thickness. (B) Quantification of the epidermal thickness
was performed using MetaMorph Image analysis software v6.2. Data are cumulative of three independent experiments, with 8–13
total numbers of mice in each group, and represented as mean ± SEM. Unpaired Student’s t-test was used to measure significant
differences between the groups; **, P<0.01.

doi:10.1371/journal.pone.0161877.g001
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TRP channels (Trpv1, Trpv4, Trpv6, Trpc3, and Trpc6) were not affected by IL-31 treatment
(data not shown).

Gene transcripts that were implicated in the maintenance of barrier function and mechani-
cal integrity in skin were independently validated using qRT-PCR. Caloprotectin, a heterodi-
meric complex of S100A8 and S100A9, is known as anti-microbial in human skin and highly
expressed during chronic inflammation with compromised barrier function in skin [28, 29].
Both S100A8 and S100A9 were significantly increased in skin lesions treated with IL-31 com-
pared to saline (Fig 6A and 6B). Increase in Saa1 and Krt1, which have been shown to augment
inflammation and compromise mechanical integrity of skin, were also validated by RT-PCR
analysis (Fig 6C and 6D). The loss of desmosomal cadherins such as junction plakoglobin (Jup)
has been shown to alter keratinocyte proliferation and thickening of the epidermis [30]. Nota-
bly, we observed a significant decrease in the transcripts for Jup in skin lesions of mice treated
with IL-31 compared to saline (Fig 6E).

Discussion
Impaired skin-barrier function is the most common phenomenon in AD, which indicates the
crucial role of epithelial defense in AD pathogenesis [13]. Disturbed skin barrier in patients
with AD is related in part to the distribution of the lipid composition of the stratum corneum,
which allows penetration of harmful substances into the skin and triggers epidermal prolifera-
tion and differentiation [13, 14]. Serum IL-31 level was found to be significantly elevated in AD
patients as compared to healthy controls [31, 32]. Moreover, consistent with the human data,

Fig 2. IL-31 increases trans-epidermal water loss (TEWL) in skin. Level of TEWL at Days 7 and 14 on dorsal skin was
measured. Data are cumulative of three independent experiments with 8–13 total mice in each group and represented as
mean ± SEM. Unpaired Student’s t-test was used to measure significant differences between the groups: ***, P<0.001;
****, P<0.0001.

doi:10.1371/journal.pone.0161877.g002
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Fig 3. IL-31 increases epidermal cell proliferation in skin.C57BL/6 mice were injected intradermally with saline or rIL-31
(20μg) daily for 14 days. A portion of dorsal skin was excised and processed for thin-sectioning and immunohistochemistry.
(A) Skin sections from saline- and IL-31-treated mice were immunostained using Ki67 antibody. (B) The number of Ki67+
cells in saline- and rIL-31-treated skin were determined using MetaMorph Image analysis software and represented as
mean ± SEM. Unpaired Student’s t-test was used to measure significant differences between the groups; *, P<0.05.

doi:10.1371/journal.pone.0161877.g003
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Fig 4. IL-31 regulates expression of genes involved in skin damage. (A) C57BL/6 mice were injected intradermally
with saline or rIL-31 (20μg) daily for 14 days. A portion of dorsal skin was excised and RNA was isolated. RNA-Seq
analysis was performed using next-generation sequencing. Heat map shows two clusters of differentially expressed genes
that were either up or down regulated (indicated with color key) in rIL-31-treated mice compared to saline-treated controls.
A total of 1,016 significant gene results was analyzed using a P value cut-off of 0.05; FDR<0.1 and greater than two-fold
changes. (B) Network representation of the biological-function enrichment analysis of IL-31-regulated genes identified by
RNA-Seq and top-gene function analysis. Solid lines depict the interactions between the genes and biological processes.

doi:10.1371/journal.pone.0161877.g004
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Fig 5. IL-31 increases the expression of genes involved in cell proliferation and tissue remodeling.C57BL/6 mice
were injected intradermally with saline or rIL-31 (20μg) daily for 14 days and a portion of dorsal skin was excised. RNA was
isolated and converted to c-DNA, and transcripts of genes identified to be regulated through IL-31 network were quantified
using RT-PCR. (A-C) Proliferative markers—Il6, Il1β, Egr1; Remodelling markers—(D-F) Fn1,Mmp2,Mmp10, and (G)
Trpv2. Numbers of mice in each group were 4–5. Data are represented as mean ± SEM, and unpaired Student’s t-test was
used to measure significant differences between the groups: *, P<0.05; **, P<0.01; ***, P<0.001.

doi:10.1371/journal.pone.0161877.g005
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Fig 6. IL-31 increases the expression of genes that alter the mechanical integrity of skin.C57BL/6 mice were injected intradermally
with saline or rIL-31 (20μg) daily for 14 days, and a portion of dorsal skin was excised. RNA was isolated and converted to c-DNA. Genes
known to be involved in barrier function, inflammation, and mechanical integrity were quantified using qRT-PCR; (A-B) S100A8 and S100A9,
(C) Saa1, (D) Krt1, and (E) Jup. Numbers of mice in each group were 4–5. Data are represented as mean ± SEM, and unpaired Student’s t-
test was used to measure significant differences between the groups: *, P<0.05; **, P<0.01.

doi:10.1371/journal.pone.0161877.g006
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the skin phenotype resulting from overexpression or administration of mouse rIL-31 in mice
closely mimics that of patients with AD [1]. Therefore, to determine the effects of rIL-31 on
skin-barrier function, we measured TEWL. TEWL was significantly increased in rIL-31-treated
compared to saline-treated mice, suggesting that IL-31 is involved in disruption of the skin-
barrier function. A similar study of AD patients compared to healthy controls, with a two-fold
increase in TEWL in non-lesional skin and a four-fold increase in lesional skin, has been
reported previously [14]. A study performed in biopsy specimens from 33 AD patients and 13
normal control subjects showed elevated IL-31 transcripts in the AD samples [25]. Moreover,
IL-31 expression as detected by immunohistochemistry in inflammatory cells predominates in
AD [24]. These data suggest that IL-31 may act as a diagnostic marker for AD patients. Further,
to substantiate that epidermal proliferation and differentiation leads to increased TEWL,
saline- and rIL-31-treated mouse skin sections were co-immunostained for basal epidermal
marker cytokeratin14 and proliferation marker Ki67. In human keratinocytes, the effect of IL-
31 on the proliferation of keratinocytes was impaired, as measured by reduced staining for
Ki67 [33]. Moreover, IL-31 treatment resulted in a disturbed epidermal differentiation, charac-
terized by abolished K14 expression [33]. However, our new findings in mice with rIL-31
administered intradermally suggest that impaired barrier function in skin mediated by IL-31
involves enhanced proliferation of basal cells in the epidermis. One possible explanation for
this is the use of different experimental models and/or dosage of IL-31. In support of our find-
ing, high doses of IL-31 had no effect on filaggrin and desmosomal expression involved in skin
differentiation and physical barrier, even though low doses of IL-31 were sufficient to enhance
the IL-1 signaling network and several antimicrobial peptides, such as S100A8 and S100A9,
involved in inhibiting bacterial growth and skin differentiation [29]. Interestingly, we observed
a significant increase in the transcripts for S100A8, S100A9, Krt1, and Saa1, which have been
shown to maintain skin integrity, barrier function, inflammation, and ichthyosis in human
skin [29, 34]. However, we observed no significant differences in filaggrin expression in skin
treated with IL-31 (data not shown). Conversely, we observed a significant downregulation of
the transcripts for Jup, which has been shown to function as a critical regulator of skin-barrier
function [30]. In particular, the lack of Jup in keratinocytes results in skin ulceration, thicken-
ing of the eipidermis, and inflammation [30].

Our RNA-Seq analysis in saline- and rIL-31-treated skin demonstrated that several cyto-
kines and chemotactic factors were involved in IL-31-dependent pathways, including cell prolif-
eration and extracellular matrix organization (C3, IL-33, IL-6, IL-1β, Osm, Ccl24, Saa1, and
S100A9), supporting the involvement of IL-31 in skin physiology. Further, reliability of the
RNA-Seq data was confirmed by quantitative RT-PCR, which indicated several differentially
expressed genes regulated by IL-31 and involved in proliferation, inflammation, and mechanical
integrity of skin (IL-6, IL-1β, Saa1, and S100A9). IL-31 plays a crucial role in the development
of AD to regulate infiltration of immune cells, such as polymorphonuclear cells (neutrophils
and eosinophils) and mononuclear cells (lymphocytes and macrophages), from blood vessels
into the epidermal/subepidermal location [1, 19, 24, 35, 36]. IL-31 signals via the heterodimeric
receptor composed of IL-31RA and OSMR that is expressed constitutively in keratinocytes of
skin. Our new findings demonstrate that intradermal injection of rIL-31 induced epidermal
thickness. In support of this, overexpression of IL-31 by T cells was sufficient to cause thicken-
ing of the epidermis and inflammatory infiltrates, further supporting the idea of involvement of
IL-31 in the promotion of chemotaxis of inflammatory cells to the site of IL-31 production [1].
Future studies are warranted to identify complex interactions among disease-specific co-factors
such as the above genes that may dictate clinical phenotypes and mechanical integrity of skin
by IL-31.
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Conclusions
The current studies demonstrate that in vivo IL-31 can increase epidermal thickness and TEWL
in the skin. Our findings indicate that IL-31 functions as a positive regulator of basal-cell prolif-
eration involved in skin remodeling. Our data also suggest that IL-31 induces changes in skin
pathology, in part by enhanced expression of genes involved in proliferation and tissue remod-
eling. Therefore, future studies are warranted to understand the mechanism of IL-31-driven sig-
nalling in skin remodelling and identify novel therapeutic targets in AD and other allergic and
inflammatory diseases.

Supporting Information
S1 Fig. Limited effect of administration of rIL-31 on the increase in dermal thickness
induced by IL-31. C57BL/6 mice were injected intradermally with saline as control and recom-
binant IL-31 (rIL-31; 20 μg per injection) daily, for 14 days. A portion of dorsal skin was
excised and fixed in 10% buffered formalin, paraffin-embedded, and used for H&E staining.
Dermal thickness was measured using MetaMorph Image analysis software. Data is cumulative
of three independent experiments, total numbers of mice in each group were 8–13, and repre-
sented as mean ± SEM. An unpaired Student’s t-test was used to measure the significant differ-
ence between the groups.
(PDF)

Acknowledgments
The authors thank the veterinary services at Cincinnati Children’s Hospital Medical Center for
the care of mice used in this study and J. Denise Wetzel, CCHMCMedical Writer, for review
and editing of the manuscript.

Author Contributions

Conceived and designed the experiments: SKM.

Performed the experiments: BS AGJ KSS RE MM SKM.

Analyzed the data: BS AGJ KSS RE GHKMM SRD SKM.

Contributed reagents/materials/analysis tools: AGJ MMGHK SRD SKM.

Wrote the paper: BS SRD SKM.

References
1. Dillon SR, Sprecher C, Hammond A, Bilsborough J, Rosenfeld-Franklin M, Presnell SR, et al. Interleu-

kin 31, a cytokine produced by activated T cells, induces dermatitis in mice. Nat Immunol. 2004; 5
(7):752–60. doi: 10.1038/ni1084 PMID: 15184896.

2. Maier E, Werner D, Duschl A, Bohle B, Horejs-Hoeck J. Human Th2 but not Th9 cells release IL-31 in a
STAT6/NF-kappaB-dependent way. J Immunol. 2014; 193(2):645–54. doi: 10.4049/jimmunol.1301836
PMID: 24943220.

3. Cevikbas F, Wang X, Akiyama T, Kempkes C, Savinko T, Antal A, et al. A sensory neuron-expressed
IL-31 receptor mediates T helper cell-dependent itch: Involvement of TRPV1 and TRPA1. J Allergy Clin
Immunol. 2014; 133(2):448–60. doi: 10.1016/j.jaci.2013.10.048 PMID: 24373353; PubMed Central
PMCID: PMC3960328.

4. Usoskin D, Furlan A, Islam S, Abdo H, Lonnerberg P, Lou D, et al. Unbiased classification of sensory
neuron types by large-scale single-cell RNA sequencing. Nat Neurosci. 2015; 18(1):145–53. doi: 10.
1038/nn.3881 PMID: 25420068.

IL-31 Regulation of Skin Remodeling

PLOS ONE | DOI:10.1371/journal.pone.0161877 August 24, 2016 13 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161877.s001
http://dx.doi.org/10.1038/ni1084
http://www.ncbi.nlm.nih.gov/pubmed/15184896
http://dx.doi.org/10.4049/jimmunol.1301836
http://www.ncbi.nlm.nih.gov/pubmed/24943220
http://dx.doi.org/10.1016/j.jaci.2013.10.048
http://www.ncbi.nlm.nih.gov/pubmed/24373353
http://dx.doi.org/10.1038/nn.3881
http://dx.doi.org/10.1038/nn.3881
http://www.ncbi.nlm.nih.gov/pubmed/25420068


5. Zhang Q, Putheti P, Zhou Q, Liu Q, GaoW. Structures and biological functions of IL-31 and IL-31 recep-
tors. Cytokine Growth Factor Rev. 2008; 19(5–6):347–56. doi: 10.1016/j.cytogfr.2008.08.003 PMID:
18926762; PubMed Central PMCID: PMC2659402.

6. Horejs-Hoeck J, Schwarz H, Lamprecht S, Maier E, Hainzl S, Schmittner M, et al. Dendritic cells acti-
vated by IFN-gamma/STAT1 express IL-31 receptor and release proinflammatory mediators upon IL-
31 treatment. J Immunol. 2012; 188(11):5319–26. doi: 10.4049/jimmunol.1101044 PMID: 22539792.

7. Perrigoue JG, Li J, Zaph C, Goldschmidt M, Scott P, de Sauvage FJ, et al. IL-31-IL-31R interactions
negatively regulate type 2 inflammation in the lung. The Journal of experimental medicine. 2007; 204
(3):481–7. doi: 10.1084/jem.20061791 PMID: 17353366; PubMed Central PMCID: PMC2137900.

8. Gonzales AJ, HumphreyWR, Messamore JE, Fleck TJ, Fici GJ, Shelly JA, et al. Interleukin-31: its role
in canine pruritus and naturally occurring canine atopic dermatitis. Vet Dermatol. 2013; 24(1):48–53
e11–2. doi: 10.1111/j.1365-3164.2012.01098.x PMID: 23331679.

9. Sonkoly E, Muller A, Lauerma AI, Pivarcsi A, Soto H, Kemeny L, et al. IL-31: a new link between T cells
and pruritus in atopic skin inflammation. J Allergy Clin Immunol. 2006; 117(2):411–7. doi: 10.1016/j.jaci.
2005.10.033 PMID: 16461142.

10. Grimstad O, Sawanobori Y, Vestergaard C, Bilsborough J, Olsen UB, Gronhoj-Larsen C, et al. Anti-
interleukin-31-antibodies ameliorate scratching behaviour in NC/Nga mice: a model of atopic dermati-
tis. Exp Dermatol. 2009; 18(1):35–43. doi: 10.1111/j.1600-0625.2008.00766.x PMID: 19054054.

11. Kasutani K, Fujii E, Ohyama S, Adachi H, Hasegawa M, Kitamura H, et al. Anti-IL-31 receptor antibody is
shown to be a potential therapeutic option for treating itch and dermatitis in mice. Br J Pharmacol. 2014;
171(22):5049–58. doi: 10.1111/bph.12823 PMID: 24946165; PubMed Central PMCID: PMC4253455.

12. Takai T, Ikeda S. Barrier dysfunction caused by environmental proteases in the pathogenesis of allergic
diseases. Allergology international: official journal of the Japanese Society of Allergology. 2011; 60
(1):25–35. doi: 10.2332/allergolint.10-RAI-0273 PMID: 21173566.

13. Vickery BP. Skin barrier function in atopic dermatitis. Current opinion in pediatrics. 2007; 19(1):89–93.
doi: 10.1097/MOP.0b013e328012315a PMID: 17224668.

14. Proksch E, Folster-Holst R, Jensen JM. Skin barrier function, epidermal proliferation and differentiation
in eczema. Journal of dermatological science. 2006; 43(3):159–69. doi: 10.1016/j.jdermsci.2006.06.
003 PMID: 16887338.

15. Coulombe PA, Kopan R, Fuchs E. Expression of keratin K14 in the epidermis and hair follicle: insights
into complex programs of differentiation. The Journal of cell biology. 1989; 109(5):2295–312. PMID:
2478566; PubMed Central PMCID: PMC2115845.

16. Hawro T, Saluja R, Weller K, Altrichter S, Metz M, Maurer M. Interleukin-31 does not induce immediate
itch in atopic dermatitis patients and healthy controls after skin challenge. Allergy. 2014; 69(1):113–7.
doi: 10.1111/all.12316 PMID: 24251414.

17. Sivaprasad U, Warrier MR, Gibson AM, ChenW, Tabata Y, Bass SA, et al. IL-13Ralpha2 has a protec-
tive role in a mouse model of cutaneous inflammation. Journal of immunology. 2010; 185(11):6802–8.
doi: 10.4049/jimmunol.1002118 PMID: 20971924; PubMed Central PMCID: PMC4251801.

18. Madala SK, Thomas G, Edukulla R, Davidson C, Schmidt S, Schehr A, et al. p70 ribosomal S6 kinase
regulates subpleural fibrosis following transforming growth factor-alpha expression in the lung. Am J
Physiol Lung Cell Mol Physiol. 2016; 310(2):L175–86. doi: 10.1152/ajplung.00063.2015 PMID:
26566903; PubMed Central PMCID: PMC4719051.

19. Edukulla R, Singh B, Jegga AG, Sontake V, Dillon SR, Madala SK. Th2 Cytokines Augment IL-31/IL-
31RA Interactions via STAT6-dependent IL-31RA Expression. J Biol Chem. 2015; 290(21):13510–20.
doi: 10.1074/jbc.M114.622126 PMID: 25847241; PubMed Central PMCID: PMC4505597.

20. Madala SK, Edukulla R, Phatak M, Schmidt S, Davidson C, Acciani TH, et al. Dual targeting of MEK
and PI3K pathways attenuates established and progressive pulmonary fibrosis. PloS one. 2014; 9(1):
e86536. doi: 10.1371/journal.pone.0086536 PMID: 24475138; PubMed Central PMCID: PMC3903543.

21. Anders S, Huber W. Differential expression analysis for sequence count data. Genome biology. 2010;
11(10):R106. Epub 2010/10/29. doi: 10.1186/gb-2010-11-10-r106 PMID: 20979621; PubMed Central
PMCID: PMC3218662.

22. Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold B. Mapping and quantifying mammalian tran-
scriptomes by RNA-Seq. Nature methods. 2008; 5(7):621–8. Epub 2008/06/03. doi: 10.1038/nmeth.
1226 PMID: 18516045.

23. Chen J, Bardes EE, Aronow BJ, Jegga AG. ToppGene Suite for gene list enrichment analysis and can-
didate gene prioritization. Nucleic Acids Res. 2009; 37(Web Server issue):W305–11. doi: 10.1093/nar/
gkp427 PMID: 19465376; PubMed Central PMCID: PMC2703978.

IL-31 Regulation of Skin Remodeling

PLOS ONE | DOI:10.1371/journal.pone.0161877 August 24, 2016 14 / 15

http://dx.doi.org/10.1016/j.cytogfr.2008.08.003
http://www.ncbi.nlm.nih.gov/pubmed/18926762
http://dx.doi.org/10.4049/jimmunol.1101044
http://www.ncbi.nlm.nih.gov/pubmed/22539792
http://dx.doi.org/10.1084/jem.20061791
http://www.ncbi.nlm.nih.gov/pubmed/17353366
http://dx.doi.org/10.1111/j.1365-3164.2012.01098.x
http://www.ncbi.nlm.nih.gov/pubmed/23331679
http://dx.doi.org/10.1016/j.jaci.2005.10.033
http://dx.doi.org/10.1016/j.jaci.2005.10.033
http://www.ncbi.nlm.nih.gov/pubmed/16461142
http://dx.doi.org/10.1111/j.1600-0625.2008.00766.x
http://www.ncbi.nlm.nih.gov/pubmed/19054054
http://dx.doi.org/10.1111/bph.12823
http://www.ncbi.nlm.nih.gov/pubmed/24946165
http://dx.doi.org/10.2332/allergolint.10-RAI-0273
http://www.ncbi.nlm.nih.gov/pubmed/21173566
http://dx.doi.org/10.1097/MOP.0b013e328012315a
http://www.ncbi.nlm.nih.gov/pubmed/17224668
http://dx.doi.org/10.1016/j.jdermsci.2006.06.003
http://dx.doi.org/10.1016/j.jdermsci.2006.06.003
http://www.ncbi.nlm.nih.gov/pubmed/16887338
http://www.ncbi.nlm.nih.gov/pubmed/2478566
http://dx.doi.org/10.1111/all.12316
http://www.ncbi.nlm.nih.gov/pubmed/24251414
http://dx.doi.org/10.4049/jimmunol.1002118
http://www.ncbi.nlm.nih.gov/pubmed/20971924
http://dx.doi.org/10.1152/ajplung.00063.2015
http://www.ncbi.nlm.nih.gov/pubmed/26566903
http://dx.doi.org/10.1074/jbc.M114.622126
http://www.ncbi.nlm.nih.gov/pubmed/25847241
http://dx.doi.org/10.1371/journal.pone.0086536
http://www.ncbi.nlm.nih.gov/pubmed/24475138
http://dx.doi.org/10.1186/gb-2010-11-10-r106
http://www.ncbi.nlm.nih.gov/pubmed/20979621
http://dx.doi.org/10.1038/nmeth.1226
http://dx.doi.org/10.1038/nmeth.1226
http://www.ncbi.nlm.nih.gov/pubmed/18516045
http://dx.doi.org/10.1093/nar/gkp427
http://dx.doi.org/10.1093/nar/gkp427
http://www.ncbi.nlm.nih.gov/pubmed/19465376


24. Nobbe S, Dziunycz P, Muhleisen B, Bilsborough J, Dillon SR, French LE, et al. IL-31 expression by
inflammatory cells is preferentially elevated in atopic dermatitis. Acta Derm Venereol. 2012; 92(1):24–
8. doi: 10.2340/00015555-1191 PMID: 22041865.

25. Neis MM, Peters B, Dreuw A, Wenzel J, Bieber T, Mauch C, et al. Enhanced expression levels of IL-31
correlate with IL-4 and IL-13 in atopic and allergic contact dermatitis. J Allergy Clin Immunol. 2006; 118
(4):930–7. doi: 10.1016/j.jaci.2006.07.015 PMID: 17030248.

26. Kato A, Fujii E, Watanabe T, Takashima Y, Matsushita H, Furuhashi T, et al. Distribution of IL-31 and its
receptor expressing cells in skin of atopic dermatitis. J Dermatol Sci. 2014; 74(3):229–35. doi: 10.1016/
j.jdermsci.2014.02.009 PMID: 24667097.

27. Tagami H, Kobayashi H, Zhen XS, Kikuchi K. Environmental effects on the functions of the stratum cor-
neum. The journal of investigative dermatology Symposium proceedings / the Society for Investigative
Dermatology, Inc [and] European Society for Dermatological Research. 2001; 6(1):87–94. doi: 10.
1046/j.0022-202x.2001.00016.x PMID: 11764293.

28. Schonthaler HB, Guinea-Viniegra J, Wculek SK, Ruppen I, Ximenez-Embun P, Guio-Carrion A, et al.
S100A8-S100A9 protein complex mediates psoriasis by regulating the expression of complement fac-
tor C3. Immunity. 2013; 39(6):1171–81. doi: 10.1016/j.immuni.2013.11.011 PMID: 24332034.

29. Hanel KH, Pfaff CM, Cornelissen C, Amann PM, Marquardt Y, Czaja K, et al. Control of the Physical
and Antimicrobial Skin Barrier by an IL-31-IL-1 Signaling Network. J Immunol. 2016; 196(8):3233–44.
doi: 10.4049/jimmunol.1402943 PMID: 26944931.

30. Li D, ZhangW, Liu Y, Haneline LS, ShouW. Lack of plakoglobin in epidermis leads to keratoderma. J
Biol Chem. 2012; 287(13):10435–43. doi: 10.1074/jbc.M111.299669 PMID: 22315228; PubMed Cen-
tral PMCID: PMC3322998.

31. Ezzat MH, Hasan ZE, Shaheen KY. Serummeasurement of interleukin-31 (IL-31) in paediatric atopic
dermatitis: elevated levels correlate with severity scoring. Journal of the European Academy of Derma-
tology and Venereology: JEADV. 2011; 25(3):334–9. doi: 10.1111/j.1468-3083.2010.03794.x PMID:
21294778.

32. Raap U, Wichmann K, Bruder M, Stander S, Wedi B, Kapp A, et al. Correlation of IL-31 serum levels
with severity of atopic dermatitis. The Journal of allergy and clinical immunology. 2008; 122(2):421–3.
doi: 10.1016/j.jaci.2008.05.047 PMID: 18678344.

33. Cornelissen C, Marquardt Y, Czaja K, Wenzel J, Frank J, Luscher-Firzlaff J, et al. IL-31 regulates differ-
entiation and filaggrin expression in human organotypic skin models. The Journal of allergy and clinical
immunology. 2012; 129(2):426–33, 33.e1–8. doi: 10.1016/j.jaci.2011.10.042 PMID: 22177328.

34. Roth W, Kumar V, Beer HD, Richter M, Wohlenberg C, Reuter U, et al. Keratin 1 maintains skin integrity
and participates in an inflammatory network in skin through interleukin-18. J Cell Sci. 2012; 125(Pt
22):5269–79. doi: 10.1242/jcs.116574 PMID: 23132931.

35. Cheung PF, Wong CK, Ho AW, Hu S, Chen DP, Lam CW. Activation of human eosinophils and epider-
mal keratinocytes by Th2 cytokine IL-31: implication for the immunopathogenesis of atopic dermatitis.
Int Immunol. 2010; 22(6):453–67. doi: 10.1093/intimm/dxq027 PMID: 20410259.

36. Ip WK, Wong CK, Li ML, Li PW, Cheung PF, Lam CW. Interleukin-31 induces cytokine and chemokine
production from human bronchial epithelial cells through activation of mitogen-activated protein kinase
signalling pathways: implications for the allergic response. Immunology. 2007; 122(4):532–41. doi: 10.
1111/j.1365-2567.2007.02668.x PMID: 17627770; PubMed Central PMCID: PMC2266039.

IL-31 Regulation of Skin Remodeling

PLOS ONE | DOI:10.1371/journal.pone.0161877 August 24, 2016 15 / 15

http://dx.doi.org/10.2340/00015555-1191
http://www.ncbi.nlm.nih.gov/pubmed/22041865
http://dx.doi.org/10.1016/j.jaci.2006.07.015
http://www.ncbi.nlm.nih.gov/pubmed/17030248
http://dx.doi.org/10.1016/j.jdermsci.2014.02.009
http://dx.doi.org/10.1016/j.jdermsci.2014.02.009
http://www.ncbi.nlm.nih.gov/pubmed/24667097
http://dx.doi.org/10.1046/j.0022-202x.2001.00016.x
http://dx.doi.org/10.1046/j.0022-202x.2001.00016.x
http://www.ncbi.nlm.nih.gov/pubmed/11764293
http://dx.doi.org/10.1016/j.immuni.2013.11.011
http://www.ncbi.nlm.nih.gov/pubmed/24332034
http://dx.doi.org/10.4049/jimmunol.1402943
http://www.ncbi.nlm.nih.gov/pubmed/26944931
http://dx.doi.org/10.1074/jbc.M111.299669
http://www.ncbi.nlm.nih.gov/pubmed/22315228
http://dx.doi.org/10.1111/j.1468-3083.2010.03794.x
http://www.ncbi.nlm.nih.gov/pubmed/21294778
http://dx.doi.org/10.1016/j.jaci.2008.05.047
http://www.ncbi.nlm.nih.gov/pubmed/18678344
http://dx.doi.org/10.1016/j.jaci.2011.10.042
http://www.ncbi.nlm.nih.gov/pubmed/22177328
http://dx.doi.org/10.1242/jcs.116574
http://www.ncbi.nlm.nih.gov/pubmed/23132931
http://dx.doi.org/10.1093/intimm/dxq027
http://www.ncbi.nlm.nih.gov/pubmed/20410259
http://dx.doi.org/10.1111/j.1365-2567.2007.02668.x
http://dx.doi.org/10.1111/j.1365-2567.2007.02668.x
http://www.ncbi.nlm.nih.gov/pubmed/17627770

