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Abstract

Human papillomaviruses (HPVs) have evoked numerous
mechanisms to subvert host innate immunity and establish
a local immunosuppressive environment to facilitate persis-
tent virus infection. Topical application of 2,4-dinitrochloro-
benzene (DNCB) was speculated to overcome this immuno-
suppressive environment and was employed in the immu-
notherapy of HPV-associated lesions. We have previously
shown that DNCB treatment of skin expressing HPV16.E7
protein, the major oncogenic protein expressed in HPV-as-
sociated premalignant cervical epithelium, results in a hy-
perinflammatory response, with an associated induction of
Th2 cytokines and infiltration of myeloid cells producing ar-
ginase-1, which also contributes to the hyperinflammation.
However, the molecular mechanisms underlying arginase-1
induction and arginase-mediated hyperinflammation in
K14.E7 skin have not been elucidated. Here, we show that
HPV16.E7 protein expression as a transgene in skin is associ-
ated with enhanced IL-17A production by macrophages ex-
posed to DNCB. Interestingly, induction of arginase-1 by
DNCBis not seen in K14.E7 animals unable to express IL-17A.

Further, blockade of either IL-17A or arginase activity allevi-
ates DNCB-induced hyperinflammation through reduced re-
cruitment of neutrophils, as a consequence of decreased
CXCL1 and CXCL5 chemokine production. Thus, our findings
suggest thatincreased IL-17A expression by macrophagesin
E7-expressing skin exposed to DNCB promotes arginase-1
induction and contributes directly to the observed hyperin-

flammation. ©2015S. Karger AG, Basel

Introduction

Persistent infection of basal keratinocytes with onco-
genic human papillomavirus (HPV), particularly HPV 16,
causes epidermal dysplasia and eventually squamous cell
cancers [1]. Establishment of HPV persistence is associated
with its ability to subvert effective innate immunity through
the action of two major oncoproteins: E6 and E7 [2].

K14.E7 transgenic mice in which a single viral HPV
type 16 E7 oncoprotein is expressed within basal kerati-
nocytes under the control of the keratin 14 transcription-
al promoter have been shown to closely mimic the expres-
sion pattern of E7 oncoprotein observed in pre-cancerous
squamous epithelial lesions caused by HPV [3, 4]. There-
fore, this model has been extensively employed as a mod-
el of HPV-associated pre-malignancy to study the mech-
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anisms of immunosuppression mediated by this early vi-
ral oncoprotein [5]. Indeed, previous investigations using
this model have revealed that HPV16.E7 oncoprotein in-
duces a localised immunosuppressive environment and
that successful therapies need to circumvent or disrupt
this environment [6, 7].

Stimulation of innate immunity by topical application
of 2,4-dinitrochlorobenzene (DNCB), a contact hyper-
sensitiser, was recognised as a promising therapy for re-
sistant warts caused by HPV [8]. The effectiveness of this
approach is ascribed to the activation of innate immune
defence mechanisms through a strong cutaneous inflam-
mation induced by DNCB [9]. Although clinical applica-
tion of DNCB has been discouraged due to its potent mu-
tagenic, genotoxic and carcinogenic hazards [10], we hy-
pothesised that understanding how DNCB-induced acute
inflammation can alter the local immunosuppressive en-
vironment generated by HPV16.E7 oncoprotein might
lead to better treatment options for patients with persis-
tent HPV infection. Our recent study showed that treat-
ment of K14.E7 skin with DNCB causes a hyperinflam-
matory response, which is associated with enhanced re-
cruitment of myeloid cells producing arginase-1, and that
arginase-1 is required for the development of DNCB-in-
duced hyperinflammation [11]. However, the molecular
mechanisms regulating arginase-1 induction, as well as
how arginase-1 regulates the hyperinflammation in K14.
E7 skin, have not been elucidated.

Th2 cytokines, including IL-4, IL-13 and IL-10, drive
the induction of arginase-1 in myeloid cells through
STAT®6 transcriptional factor [12, 13]. In a murine asth-
ma model, Th2 cytokines induced arginase-1 and allergic
airway inflammation [14]. In addition to Th2 cytokines,
IL-17A, an important cytokine of innate immunity, has
also been shown to induce arginase-1 production in in-
flammatory macrophages in a model of Leishmania ama-
zonensis infection [15] in vascular inflammation [16] and
in a tumour environment [17].

Although IL-17A is primarily produced by T helper 17
cells and other lymphocyte subsets (y8 T cells, invariant
natural killer T cells), recent studies have reported that
innate immune cells, including neutrophils [18] and mac-
rophages [19], are important cellular sources of IL-17A.
IL-17A, which signals through a receptor complex com-
posed of IL-17RA/IL-17RC, mediates skin lesions through
induction of chemokines and recruitment of innate im-
mune cells [20].

Since arginase regulation is dependent on a cytokine
milieu, the present study aimed to investigate the involve-
ment of these cytokines in the induction of arginase-1 and

IL-17 and Arg-1 Enhanced DNCB
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the enhanced inflammation in K14.E7 skin. Here, we
show that suppression of IL-17A and not Th2 cytokines
caused a significant reduction in the production of argi-
nase-1 in K14.E7 skin exposed to DNCB, indicating in-
volvement of IL-17A in arginase-1-mediated hyperin-
flammation in K14.E7 skin.

In addition, we show that IL-17A is induced by
CD11b*F4/80* macrophages in the absence of lympho-
cytes and that IL-17A together with its downstream me-
diator, arginase-1, participates in ongoing DNCB-in-
duced hyperinflammation in K14.E7 skin through en-
hanced recruitment of neutrophils. Taken together, our
findings demonstrate that IL-17A promotes DNCB-in-
duced hyperinflammatory responses in HPV16.E7 skin
concomitant with the induction of arginase activity.

Materials and Methods

Mice

HPV16.E7 transgenic C57BL/6 mice (designated K14.E7), which
express HPV type 16 E7 oncoprotein under control of keratin 14
promoter, were generated from inbred C57BL/6 mice [21]. Ragl ™~
and IL-17A~"~ mice were obtained from the Animal Resources Cen-
tre (Perth, W.A., Australia) and Prof. Helen Thomas (The Univer-
sity of Melbourne), respectively. E7.Rag”~ and E7.IL17/~ were gen-
erated by crossing male K14.E7 mice with female Ragl™~ or
IL17A~"~ knockout C57BL/6 mice, heterozygous K14.E7 mice were
crossed and then backcrossed with homozygous Ragl™~ or IL177/~
mice to an F2 generation [21]. K14.hGH mice were purchased from
the Animal Resources Centre. All mice on C57BL/6 background
were maintained under specific pathogen-free conditions at the
Translational Research Institute-Biological Research Facility. Ex-
perimental mice were matched for sex and used at 6-9 weeks of age.
All animal procedures complied with guidelines approved by the
University of Queensland Animal Ethics Committee (AEC 367/13).

Media and Reagents

Complete medium was DMEM supplemented with 10% heat-
inactivated FCS, 1% penicillin/streptomycin, 1% L-glutamine, 1%
sodium pyruvate and 1% HEPES (Gibco, Victoria, S.A., Australia).

Neutralising monoclonal antibodies (mAbs) against IL-4 (rat
IgGl1, clone 11B11) and IL-10 (rat IgG1, clone JES5-2A5) and iso-
type-matched control mAb (rat IgG1, clone eBRG1) were pur-
chased from eBioscience (San Diego, Calif., USA). mAb (rat IgG1)
against murine IL-17A (LA426) and control isotype-matched rat
mAb (2405001) were obtained from Lilly Research Laboratories
(Indianapolis, Ind., USA).

Mouse IL-17A (homodimer) enzyme-linked immunosorbent
assay (ELISA) Ready-SET-Go kits with a sensitivity limit of 4 pg/
ml were purchased from eBioscience.

DNCB Treatment

DNCB (Sigma, Castle Hill, N.S.W., Australia) was dissolved in
acetone:olive oil (4:1) immediately prior to use. For IL-17A neu-
tralisation in vivo, 6- to 9-week-old mice were intraperitoneally
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Table 1. PCR primer sequences

Gene Forward 5'-3' Reverse 3'-5’

RPL32 GGTGAAGCCCAAGATCGTC TTGGGATTGGTGACTCTGATG
Arginase-1 AAGAATGGAAGAGTCAGTGTGG GGGAGTGTTGATGTCAGTGTG
Arginase-2 GATCTCTGTGTCATCTGGGTTG AATCCTGGCAGTTGTGGTAC
1L-4 CGAATGTACCAGGAGCCATATC TCTCTGTGGTGTTCTTCGTTG
1L-10 GGAGTCGGTTAGCAGTATGTTG AGCCGGGAAGACAATAACTG
IL-17A TCCAGAATGTGAAGGTCAACC TATCAGGGTCTTCATTGCGG
CXCL1 AACCGAAGTCATAGCCACAC CAGACGGTGCCATCAGAG
CXCL2 GAAGTCATAGCCACTCTCAAGG CTTCCGTTGAGGGACAGC
CXCL5 GTTCCATCTCGCCATTCATG TTAAGCAAACACAACGCAGC

administered a dose of 10 mg/kg of anti-IL-17A blocking antibody
or isotype-matched control antibody. After 24 h, the treatment was
repeated for 30 min before applying 20 pl of 1 or 10% (m/v) DNCB
on the left ear and 20 pl of vehicle (acetone:olive oil 4:1) on the
right ear. The ear tissues were harvested for mRNA, protein and
histological analysis 24 h following DNCB treatment. Ear thick-
ness was measured within 5 consecutive days by using a digital
calliper, and change in ear swelling was determined by calculating
the mean increase in ear thickness compared to untreated ears.
For arginase suppression, mice were injected with 500 pg of
arginase inhibitor, nor-NOHA (Cayman, Ann Arbor, Mich., USA)
or saline buffer 1 day prior to DNCB treatment and daily for 5 days.

Skin Explant Culture

Four hours after DNCB exposure, ear skin was excised and split
into dorsal and ventral halves, and each ear half was placed dermis
side down on 2 ml of complete DMEM, 24-well tissue culture
plates at 37°C, 5% CO,. To reduce the effect of cell death-related
release of cytokines and danger signals, after 1 h, the culture me-
dium was exchanged with 2 ml of fresh complete DMEM. For in
vitro cytokine neutralisation, culture medium was supplemented
with 10 ng/ml of anti-IL-4, anti-IL-10 or anti-IL-17A neutralising
mAbs and rat IgG1 isotype-matched control mAb. Ear skin ex-
plant supernatant was collected after 20 h and used for bone mar-
row-derived macrophage (BMDM) stimulation or cytokine pro-
duction analysis by ELISA.

Preparation and Cultivation of BMDM

Bone marrow cells were flushed from femurs and tibias of
C57BL/6 mice and cultivated in complete DMEM supplemented
with 20% L-cell conditioned medium (kindly provided by Dr. Antje
Blumenthal) and cultured at 37°C, 5% CO»; 5 ml of fresh medium
were added to the culture every 2 days. After 6 days, BMDMs were
harvested and seeded in complete DMEM at a concentration of 5 x
10° cells/ml, then allowed to recover for 2 h before performing in
vitro stimulation. mAbs against IL-4, IL-10 or IL-17A and isotype-
matched control antibodies were added to culture medium 30 min
before stimulating BMDMs with 20% skin explant supernatant.
After 24 h, BMDMs were harvested by using cold 0.05% EDTA in
PBS. Total protein was isolated from sorted cells by resuspending
cells in 50 pl of lysis buffer containing 20 mM Tris, 100 mM NaCl,
1 mM EDTA, 0.5% Triton X-100, EDTA-Minicomplete protease
inhibitor (Roche Diagnostics, Castle Hill, N.S.W., Australia) and
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incubation for 30 min. After centrifugation at 13,000 g at 4°C for
20 min, the supernatant was collected for protein quantification
determined using the Pierce™ bicinchoninic acid protein assay
(Thermo Fisher Scientific, Rockford, Ill., USA) and then 100 pg of
protein lysate were used to determine arginase activity.

Arginase Enzymatic Assay
Arginase activity was measured by colorimetric determination
of urea formed from L-arginine as previously described [22].

IL-17A ELISA

IL-17A production in skin explant supernatant was deter-
mined following the manufacturer’s instructions. IL-17A concen-
tration in supernatant was normalised to the weight of the skin
explant (shown as pg/mg tissue).

Real-Time PCR

Total RNA was isolated from homogenised tissues using the
RNaeasy mini kit (Qiagen, Clifton Hill, Vic., Australia). RNA ex-
tracts were quantified using absorption of light at 260 and 280 nm.
For cDNA synthesis, 500 ng of total RNA were reverse transcribed
in 20 pl of reaction mixture containing 5 mM MgCl,; 1.6 mM ANTP
mix, 2.5 mM oligo-dT, 1 pl of MuLv reverse transcriptase (5,000
units, U; Applied Biosystems, Mulgrave, Vic., Australia) and 10 U
RNaseOUT (Invitrogen, Mount Waverley, Vic., Australia) at 42°C
for 60 min. The reactions were heated at 70°C for 15 min to inac-
tivate reverse transcriptase enzyme. cDNA was diluted (1:4), and
2.5 ul were subjected to real-time PCR using the SYBR TAKA kit
(Thermo Fisher Scientific, Scoresby, Vic., Australia) and primers
(Integrated DNA Technologies, Coralville, Iowa, USA) listed in
table 1. The relative expression was determined by normalising
against the house keeping gene RPL32 (L32 ribosomal protein
gene).

Flow-Cytometric Analysis

Single-cell suspensions were prepared by incubating minced
ear skin tissue in 2 mg/ml dispase (Roche Diagnostics) for 1 h and
0.3 mg/ml collagenase D (Roche Diagnostics) for 30 min and
grinding through a 70-pm cell strainer. After adding Fcy receptor
blocking antibody (Fcy III/II receptor, 1/50; BD Biosciences,
Auckland, New Zealand) and incubating on ice for 10 min, cells
were stained with live/dead aqua dyes (live/dead fixable aqua dead
cell stain kit, 1/1,000; Invitrogen) and antibodies specific for the
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following surface markers for 30 min at 4°C: CD45.2-PerCP5.5
(clone 30-F11; eBioscience); CD11b-Pacific Blue (clone M1/70;
eBioscience), F4/80-FITC (clone BM8; eBioscience), Gr1(Ly6G/
Ly6C)-APC (clone RB6-8C5; eBioscience), MHCII-APC.Cy7
(clone M5/114.15.2; Biolegend), CD11¢-PE.Cy7 (clone HL3; BD
Pharmingen) and CD3-PE (clone 17A2; eBioscience). Cells were
fixed and permeabilised using the BD Cytofix/Cytoperm kit (BD
Pharmingen) according to the manufacturer’s instructions before
intracellular staining with mAb against IL-17A or isotype-matched
control antibody (1/100; eBiosciences) for 45 min. For absolute cell
counting, Flow-Count fluorospheres (Beckman Coulter, Lane
Cove, N.S.W., Australia) were added to stained cells before cell ac-
quisition was performed on an LSR Fortessa II cytometer (BD Bio-
sciences). Data were analysed using Kaluza software (version 1.2;
Beckman Coulter).

Histological Analysis

Ear tissues were fixed in 4% paraformaldehyde for 24 h. Tissues
were embedded in paraffin, and 7-um sections were prepared and
stained with haematoxylin and eosin. Immune cell infiltration was
evaluated by light microscopy using NIS-Elements Basic Research
3.2 software (Nikon Instruments Inc., New York, N.Y., USA).

Paraffin sections were dewaxed and rehydrated through xylol
and descending graded alcohol series to Tris-buffered saline (TBS;
pH 7.6). Endogenous peroxidase activity was blocked by incubating
the sections in 2.0% hydrogen peroxide in TBS for 10 min. After
rinsing slides in distilled water, sections were transferred to Biocare
Medical Diva retrieval buffer (Biocare Medical, Concord, Calif,,
USA) and subjected for 15 min to heat antigen retrieval at 105°C
using the Biocare Medical Decloaking Chamber. Samples were al-
lowed to cool for 20 min and washed three times in TBS before
anti-mouse F4/80 (1/350; abcam, Cambridge, UK) was added for
90 min at room temperature. Sections were washed in TBS before
adding secondary antibody and the Rat-on-Mouse HRP-Polymer
kit (Biocare Medical, Concord, Calif., USA). Colour is developed in
DARB for 5 min and sections were lightly counterstained in Mayer’s
haematoxylin, then dehydrated through ascending graded alcohol
series, cleared in xylene and mounted using DePeX.

Statistical Analysis

Data represent means + SEM and are representative of two in-
dependent experiments with at least 4 mice/group. Prism (Graph
Pad Software, La Jolla, Calif., USA) was used for graphs and statis-
tical analysis: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
Multiple comparisons of ear swelling data were performed by two-
way ANOVA. For other data, statistically significant differences
between groups were analysed by non-parametric test (Wilcoxon-
Mann-Whitney test).

Results

DNCB-Induced IL-17A, but Not IL-4 or IL-10, in

K14.E7 Skin Promotes Macrophage-Induced Arginase

Production

We have previously shown that DNCB treatment of
skin expressing the E7 protein of HPV.16 as a transgene
induces hyperinflammation when compared with similar

IL-17 and Arg-1 Enhanced DNCB
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treatment of non-transgenic skin, and that this is associ-
ated with the induction of Th2 cytokines, including IL-4
and IL-10. Th2 cytokines have been described as potent
inducers of arginase-1 in monocytes/macrophages, so we
assessed the link between each of these cytokines and ar-
ginase-1 production in DNCB-treated K14.E7 skin using
an in vitro skin explant model. BMDMs were cultured in
supernatants harvested from explant cultures of vehicle-
or DNCB-treated skin from C57BL/6, Rag‘/‘, K14.E7 or
E7.Rag”~ mice. BMDMs exposed to supernatant from
DNCB-treated K14.E7 or E7.Rag”~ skin explants ex-
pressed more arginase activity than those exposed to su-
pernatant from vehicle-treated skin explants. By contrast,
there was no change in arginase activity when BMDMs
were stimulated with supernatants from DNCB-treated
wild-type C57BL/6 and Rag™/~ skin explants (fig. 1a).
These observations confirmed in vitro our previous ex
vivo observation that DNCB treatment of K14.E7 skin
leads to enhanced arginase activity in inflammatory mac-
rophages by a mechanism independent of T and B lym-
phocytes.

We next tested whether IL-4 or IL-10 released by
DNCB-treated K14.E7 ear skin is involved in the induc-
tion of arginase-1 in BMDMs by exposing the BMDM
cultures to anti-IL-4 and anti-IL-10 neutralising antibod-
ies. Neutralisation of IL-4 and IL-10 did not change the
level of arginase activity in BMDMs stimulated with su-
pernatant from DNCB-treated K14.E7 skin explants
(fig. 1b), demonstrating that IL-4 and IL-10 were not nec-
essary for the enhanced arginase activity in DNCB-treat-
ed K14.E7 skin.

Since IL-17A has been shown to induce arginase-1 ex-
pression by macrophages in recent studies [16, 17], we
next investigated whether IL-17A played a role in the in-
duction of arginase in our model. Depletion of IL-17A
with neutralising antibody, in contrast to depletion of
IL-10 and IL-4, significantly reduced the observed level of
arginase activity (fig. 1b). In support of this observation,
BMDMs cultured in supernatant from skin explants from
DNCB-treated E7.IL177/~ animals produced less arginase
activity than those cultured in supernatants from
E7.IL17*~ or from K14.E7 skin explants (fig. 1c).

To further confirm a key role for IL-17A in the en-
hancement of arginase production in response to
DNCB, we assessed the in vivo production of arginase
in K14.E7 skin and E7.IL177/~ skin after DNCB applica-
tion. Consistent with our in vitro data, E7.IL17”~ mouse
skin treated with DNCB demonstrated significantly less
arginase activity and arginase-1 transcription than
K14.E7 mouse skin (fig. 2a, b). Arginase-2 mRNA tran-
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Fig. 1. IL-17A from DNCB-treated K14.E7 transgenic skin con-
tributes to the induction of arginase in BMDMs. a C57BL/6, K14.
E7, Rag”~ and E7.Rag™/~ mice were treated with vehicle or DNCB
for 4 h. Explanted skin was cultured for 24 h and culture superna-
tant was assessed for induction of BMDM arginase activity. b Ar-
ginase activity in BMDMs cultured in vehicle or DNCB-treated
K14.E7 skin explant supernatants and exposed to isotype-matched
antibodies or neutralising antibodies (10 ng/ml) against IL-4, IL-
10 or IL-17A. ¢ Arginase activity in BMDMs cultured in superna-
tants from vehicle or DNCB-treated E7.IL17”~ or E7.IL17*/~ skin
explants. Data are means + SEM and are representative of two in-
dependent experiments, each with 4-6 mice/group. * p < 0.05,
**p < 0.01. n.s. = Non-significant.

scription was reduced to a much lesser extent (fig. 2c).
Thus, IL-17A contributes to the induction of arginase-1
mRNA expression and arginase activity not only in BM-
DMs in vitro but also in K14.E7 skin following DNCB
application.

IL-17A has been suggested to mediate recruitment of
inflammatory macrophages [23]. Therefore, we investi-
gated whether IL-17A mediated the induction of argi-
nase-1 in DNCB-treated K14.E7 skin by enhancing re-
cruitment of the CD11b*Gr1™™F4/80* subset of macro-
phages, which we previously showed to be the main cell
population producing arginase-1 in DNCB-treated K14.
E7 skin. The expected extensive infiltrate of F4/80" cells
in K14.E7 skin in response to DNCB application was
markedly reduced in DNCB-treated E7.IL17~ skin,
demonstrating that IL-17A enhances recruitment of
F4/80" cells in K14.E7 skin in response to DNCB
(fig. 2d). Consistent with this observation, flow-cytomet-
ric analysis showed significantly lower numbers of
CD11b*F4/80*Gr1™ cells in DNCB-treated E7.IL177/
skin compared to K14.E7 skin (fig. 2e).
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Taking these findings together, we conclude that by
increasing the number of CD11b*F4/80*Gr1™™ macro-
phages, IL-17A might be responsible for the increased ar-
ginase-1 mRNA expression and arginase activity in
DNCB-treated K14.E7 skin.

IL-17A Is Specifically Induced in DNCB-Treated

K14.E7 Skin in the Absence of Lymphocytes

As IL-17A contributes to the enhanced induction of
arginase-1 in DNCB-treated K14.E7 mouse skin, we in-
vestigated IL-17A expression in wild-type and K14.E7
mouse skin. Following DNCB application, IL-17A gene
expression was significantly induced in DNCB-treated
K14.E7 skin while it remained unchanged in DNCB-
treated wild-type skin (fig. 3a). Additionally, DNCB-
treated K14.E7 skin secreted more IL-17A into the skin
explant supernatant than wild-type skin (fig. 3b). Baseline
levels of IL-17A in untreated K14.E7 skin were also high-
er than those in C57BL/6 skin, as reported previously
[24]. Thus, in addition to Th2 cytokines, IL-17A was in-
duced in K14.E7 skin in response to DNCB.
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Fig. 2. IL-17A enhances recruitment of arginase-1-producing
CD11b*Gr1'™F4/80" cells to K14.E7 mouse skin following DNCB
application. a Arginase activity in K14.E7 and E7.IL177~ mouse
skin after 24 h of DNCB treatment. b, ¢ Expression of arginase-1
(b) and arginase-2 (c) mRNA transcripts in K14.E7 and E7.IL177/
mouse skin following DNCB application determined by real-time
PCR. d Immunohistochemical analysis of F4/80" macrophages in

Aswe previously reported that the hyperinflammatory
response in K14.E7 mice exposed to DNCB is indepen-
dent of lymphocyte function, we investigated the produc-
tion of IL-17A in E7.Rag”~ skin. Interestingly, IL-17A
mRNA expression was significantly induced by DNCB in
E7.Rag™" skin, although at a lower level than in E7 skin,
but not in Rag™~ skin (fig. 3a). Consistent with this, the
level of IL-17A protein released into the skin explant su-
pernatants from both Rag™~ and E7.Rag™'~ mice was un-
detectable by ELISA (fig. 3b), suggesting a significant
contribution of lymphocytes to the enhanced IL-17A
production in DNCB-treated E7 transgenic skin.

To establish the role of E7 protein in the induction of
IL-17A, we examined the induction of IL-17A in another
K14 transgenic mouse line (K14.hGH) and in C57BL/6
mice treated with a 10-fold higher dose of DNCB to in-
duce ear swelling comparable to that observed in K14.E7

IL-17 and Arg-1 Enhanced DNCB
Response

K14.E7 or E7.IL177~ skin exposed to DNCB. Stained sections are
representative of 4 mice/group, original magnification x200, scale
bar =100 um. e Absolutenumbersofinfiltrating CD11b*Gr1*F4/80*
cellsin K14.E7 and E7.IL17~ skin 1 day after DNCB treatment was
determined by flow cytometry. Data are means + SEM and are
pooled from two independent experiments, each with 4-7 mice/
group. *p <0.05, ** p <0.001, *** p < 0.0001. n.s. = Non-significant.

mouse skin exposed to a lower level of DNCB (fig. 3¢). In
both the K14.hGH transgenic and the C57BL/6 mouse
skin, no production of IL-17A was observed. Thus, in-
duction of IL-17A by DNCB is dependent on the expres-
sion of HPV16.E7 in skin.

Taken together, these data suggest that expression of
HPV16.E7 in skin facilitates IL-17A induction in both
lymphocyte and ‘non-lymphocyte’ immune subsets in re-
sponse to DNCB.

CD11b*F4/80* Macrophages Contribute to IL-17A

Production in DNCB-Treated K14.E7 Skin

Recent studies have reported that in addition to Th17
cells, various myeloid cells, including neutrophils [18]
and macrophages [19], can produce IL-17A under in-
flammatory conditions. Our observation of induction of
IL-17A by DNCB in E7.Rag™/~ skin prompted us to test
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and represent two independent experiments, each with 4-5 ani-
mals/group. * p < 0.05, ** p < 0.001. n.s. = Non-significant.

whether myeloid cell subsets as well as lymphocytes
contributed to IL-17A production in this model. Intracel-
lular staining confirmed expression of IL-17A in
CD45.2*CD11b" myeloid cells and CD45.2*CD11b~ cells
isolated from C57BL/6, K14.E7, Rag”~ and E7.Rag™/~
mice after DNCB treatment (online suppl. fig. 1a; for all
online suppl. material, see www.karger.com/doi/10.1159/
000374115). As expected, flow-cytometric analysis
showed a significant increase in the percentage (online
suppl. fig. 1b) as well as absolute number of IL-17A*
CD11b" cells (fig. 4a) in K14.E7 skin after DNCB treat-
ment, whereas the number of these cells remained un-
changed in E7.Rag™~, C57BL/6 and Rag~”~ mouse skin.
Thus, while in K14.E7 skin lymphocytes induced a sig-
nificant amount of IL-17A after DNCB treatment, in both
K14.E7 and E7.Rag”~ mice there was an increase in the
proportion (online suppl. fig. 1¢) and number of IL-17A*
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CD11b" cells compared to C57BL/6 and Rag™~ mice
(fig. 4b). Also, DNCB-treated K14.E7 mice had approxi-
mately 6-fold more IL-17A* CD11b* cells (12,026 + 1,234
cells/ear, mean += SEM) than IL-17A* CDI11b™ cells
(1,925 £ 354 cells/ear, mean + SEM), indicating that
CD11b* myeloid cells were also a major source of IL-17A
in these mice (fig. 4a, b). To further indentify which my-
eloid cell subsets produce IL-17A in DNCB-treated K14.
E7 and E7.Rag”~ mice, we analysed the expression of IL-
17A in macrophage (F4/80%), neutrophil (Gr1M) and den-
dritic cell (CD11ct MHCIIY) fractions of the CD11b" cell
population. F4/80* macrophages from both K14.E7 and
E7.Rag™~ skin, but not from their counterpart controls
(C57BL/6 and Rag™"), showed increased production of
IL-17A after DNCB treatment (fig. 4c, d). Furthermore,
the average number of IL-17A* CD11b*F4/80" cells
(12,487 + 2,810 cells/ear, mean + SEM) in DNCB-treated
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K14.E7 skin was 6-fold greater than that of IL-17A* Suppression of IL-17A or Arginase-1 Attenuates the

CD11b™ cells (1,925 + 354 cells/ear, mean + SEM), con- DNCB-Induced Inflammation in K14.E7 Skin
firming that IL-17A-producing macrophages markedly To address whether IL-17A expression is sufficient to
outnumber IL-17A-producing lymphocytes. trigger the enhanced acute inflammation in K14.E7 and

Interestingly, neither neutrophils nor dendritic cells E7.Rag™~ skin, we applied DNCB to E7.IL17”~ or [L-17A
showed staining for IL-17A in K14.E7 mice after DNCB  neutralising antibody-treated K14.E7 and E7.Rag ™'~ mice.
treatment (online suppl. fig. 1d). Thus, CD11b*F4/80* Pre-treatment of mice with IL-17A neutralising antibody,
macrophages were major contributors of IL-17A induc- when compared to isotype control antibody, caused a sig-
tion in DNCB-treated K14.E7 skin, and this increased nificant reduction in ear swelling (fig. 5a). Further histo-
production occurred in the absence of T and B lympho- logical examination also showed a significant reduction
cytes. in ear thickness and the number of infiltrating leucocytes
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Fig.5.IL-17A promotes ear swelling induced by DNCB in K14.E7
skin. a Ear swelling of isotype or anti-IL-17A neutralising anti-
body-treated K14.E7 and E7.Rag™/~ or E7.IL177~ mice following
DNCB application. Data are means + SEM and representative of 2
independent experiments, each with 4-7 animals/group. * p <0.05,

within the dermis of E7.IL17/~ mice or K14.E7 and
E7.Rag™'~ mice pre-treated with anti-IL-17A neutralising
antibody, as compared with K14.E7 and E7.Rag™~ mice,
respectively, 1 day after DNCB treatment (fig. 5b).

IL-17A and Arginase-1 Mediate Enhanced

Recruitment of Neutrophils in DNCB-Treated K14.E7

Skin via CXCLI and CXCL5 Production

Neutralisation of IL-17A in K14.E7 mice reduced the
DNCB-induced ear swelling on day 5 after treatment to a
greater extent than suppression of arginase activity (fig. 6).
AsIL-17A was shown to promote arginase production, we
assessed whether simultaneous inhibition of arginase and
IL-17A suppressed ear swelling to a greater extent com-
pared to blockade of IL-17A alone. If both IL-17A and
arginase were inhibited, ear swelling levels were similar to
mice in which only IL-17A was depeleted (fig. 6).
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** p <0.01, ** p < 0.001. n.s. = Non-significant. b Histological
analysis of isotype antibody or anti-IL-17A neutralising antibody-
treated K14.E7 and E7.Rag™/~ skin or E7.IL177/~ skin (representa-
tive of 4 mice/group). HE. Original magnification x200. Scale
bar =100 um.

We have demonstrated that the hyperinflammatory
response in K14.E7 skin is manifested by increased re-
cruitment of myeloid cells, particularly neutrophils,
which account for a significant proportion of total infil-
trating myeloid cells (online suppl. fig. 2). Deficiency in
IL-17A or blockade of arginase-1 production significant-
ly reduced the number of neutrophils (CD11b*Gr1M
cells) but not of other cell types in DNCB-treated K14.E7
skin (fig. 7a—c). Recruitment of neutrophils is driven by
chemokines, including CXCL1, CXCL2 and CXCLS5.
Chemokine production is highly elevated in K14.E7 skin
following DNCB treatment. Conversely, the expression
level of CXCL1 and CXCL5, but not CXCL2, was signifi-
cantly reduced in E7.IL177/~ skin and in arginase inhibi-
tor-treated K14.E7 skin, suggesting that both IL-17A and
arginase were required for the induction of these chemo-
kines (fig. 7d-f).
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mice 1 day after DNCB application were determined by flow cytom-
etry. d—f Quantitative real-time PCR analysis of CXCL1 (d), CXCL2
(e) and CXCLS5 (f) transcripts in these mice. Data are means + SEM
and are pooled from 2 independent experiments (>4 mice/group).
*p <0.05, ** p< 0.01, *** p < 0.001. n.s. = Non-significant.
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Taken together, our data show that IL-17A contrib-
uted to the enhanced production of arginase-1 and that
IL-17A together with arginase-1 contributed to DNCB-
induced hyperinflammatory responses in HPV16.E7-ex-
pressing skin, possibly by promoting the production of
CXCL1 and CXCL5 chemokine-mediated recruitment of
neutrophils.

Discussion

Here, we show that induction of IL-17A contributes to
a significantly enhanced chemokine-mediated recruit-
ment of neutrophils and arginase-1-producing macro-
phages in skin expressing the E7 protein of HPV16 treat-
ed with DNCB when compared with non-transgenic skin
similarly treated with DNCB. We have previously dem-
onstrated that HPV16.E7-expressing skin exposed to
DNCB develops a hyperinflammatory response, which is
associated with recruitment of myeloid cells producing
arginase-1, and that arginase-1 activity contributes to the
enhanced inflammation [11]. Here, ex vivo skin explant
culture supernatants induced enhanced arginase activity
in BMDMs in immunocompetent and Rag™~ mice, con-
firming that arginase-1 induction in K14.E7 skin exposed
to DNCB was dependent on innate immune cells rather
than T and B lymphocytes [11].

Th2 cytokines, including IL-4 and IL-10, which were
described as potent inducers of arginase-1 in macro-
phages [12] as well as important regulators of cutaneous
inflammation [14], were found to be induced in K14.E7
skin but not in wild-type C57BL/6 skin, suggesting a pos-
sible involvement of these cytokines in arginase-1 regula-
tion. Consistent with previous reports [13, 25], we found
that BMDMs treated with IL-4 and LPS significantly in-
duced arginase activity and that arginase-1 induction was
completely abrogated in the presence of anti-IL-4 or anti-
IL-10 neutralising antibody (online suppl. fig. 3). How-
ever, IL-4 and IL-10 blockade failed to reduce arginase-1
activity in BMDMs treated with skin explant supernatant
from DNCB-treated K14.E7 skin. Furthermore, the in-
duction of Th2 cytokines IL-4 and IL-10 was abrogated in
DNCB-treated E7.Rag ™~ skin (online suppl. fig. 4), argu-
ing against a role for these cytokines in arginase-1 induc-
tion in K14.E7 skin since the enhanced production of ar-
ginase-1 also occurred in the absence of lymphocytes.

Our observation that blockade of IL-17A caused a sig-
nificant reduction in arginase-1 is consistent with a recent
study which suggested that IL-17A indirectly mediates
arginase-1 production in macrophages via the induction
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of cyclooxygenase-2 production by HeLa, a human cervi-
cal cancer cell line [17]. Moreover, IL-17A has been
shown to mediate arginase-1 induction by promoting in-
filtration of inflammatory monocytes to the site of in-
flammation [26]. In support of this, blockade of IL-17A
in DNCB-treated K14.E7 skin significantly decreased the
number of arginase-producing CD11b*Gr1"F4/80*
cells. IL-17A might act as an upstream enhancer of local
arginase activity by enhancing recruitment of inflamma-
tory macrophages.

IL-17A and arginase-1 were not induced in the hyper-
inflammation established in non-transgenic skin exposed
to 10% DNCB, suggesting the involvement of HPV16.E7
oncoprotein or HPV16.E7-induced hyperproliferative ep-
ithelium in the induction of these molecules. A recent
study in our laboratory suggested that expression of
HPV16.E7 oncoprotein leads to elevated production of
IL-17A in the skin of K14.E7 mice and hyperplastic cervi-
cal tissue [24]. To date, there isno evidence in the literature
that HPV16.E7 protein can directly affect the transcrip-
tion of arginase. Furthermore, the E7-associated mecha-
nisms that are responsible for IL-17A or arginase-1 induc-
tion in association with DNCB treatment remain un-
known. It is speculated that E7 oncoprotein expression
interacts with DNCB as an inflammasome activator, which
subsequently drives the secretion of active IL-1p and IL-6
[27]. These inflammasome-derived cytokines have been
shown to promote IL-17A production not only by Th17
but also by ‘non-T cell’, innate lymphoid cells [28]. In sup-
port of this hypothesis, we previously demonstrated the
induction of both IL-1p and IL-6 in K14.E7 skin but not in
non-transgenic skin following DNCB treatment.

IL-17A production was produced by CD11b*F4/80*
macrophages in DNCB-treated E7.Rag™~ skin in which
Th17 and y§ T cells are absent, confirming the findings of
others that lymphocyte subsets are not exclusive sources of
IL-17A [19, 28]. The proportion of IL-17A-producing
macrophages was significantly reduced in E7.Rag™" skin
compared to K14.E7 skin, suggesting that lymphocytes
contributed significantly to the induction of IL-17A in
these cells. However, this subset appeared to be a major
producer of IL-17A in K14.E7 skin, as IL-17A" macro-
phages markedly outnumber IL-17A* T cells in K14.E7
skin. Thus, it is possible that IL-17A-secreting macro-
phages might stimulate themselves in an autocrine manner
leading to enhanced production of arginase-1. Alternative-
ly, IL-17A and arginase-1 are produced by two different
subsets of CD11b*Gr1™F4/80* cells. Indeed, further char-
acterisation of the IL-17A-producing subset showed that
they do not express MHCII, while arginase-1-producing
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cells express MHCII (data not shown). Further, suppres-
sion of IL-17A in K14.E7 mice could not completely abro-
gate arginase-1 induction, suggesting that IL-17A is not the
only factor promoting arginase-1 induction.

IL-17A neutralisation in K14.E7 skin as well as E7.
Rag™" resulted in reduced DNCB-induced ear swelling,
suggesting that macrophage-derived IL-17A contributed
to the hyperinflammation induced by DNCB in K14.E7
skin. Although Th17 and other lymphocyte subsets are
regarded as primary sources of IL-17A and have been im-
plicated as effector cells of cutaneous inflammation, our
findings are in agreement with a recent study that shows
alveolar macrophages as a source of IL-17A, which medi-
ated allergic lung inflammation in a murine model of
asthma [19]. Furthermore, innate lymphoid cells, which
are present in DNCB-treated E7.Rag”~ animals, might
also be implicated in the induction of IL-17A and DNCB-
induced hyperinflammation. In a recent study using a
mouse model of obesity-induced airway hyperreactivity,
secretion of IL-1P by activation of NLRP3 inflamma-
somes was shown to promote IL-17A production in type
3 innate lymphoid cells, leading to the development of
airway hyperresponsiveness [28].

The mechanisms driving the initiation of inflamma-
tion in this model remained unidentified so far, as the
induction of ear swelling, measured 1 day after DNCB
application, did not change regardless of whether IL-17A
or arginase was suppressed. However, our data clearly
show that IL-17A and arginase are significantly required
for the ongoing hyperinflammation in K14.E7 after day 2.
Simultaneous blockade of both IL-17A and arginase ac-
tivity did not further suppress the ear swelling response
in DNCB-treated K14.E7 compared to either blockade
alone. In addition, suppression of arginase activity did
not reduce IL-17A production in DNCB-treated K14.E7
skin, further confirming that arginase-1 and IL-17A act
in the same pathway and IL-17A is likely to be an up-
stream mediator of arginase-1.

DNCB-induced hyperinflammation in K14.E7 skin is
manifested by the infiltration of myeloid cells, particularly
neutrophils. Blockade of either IL-17A or arginase resulted
in a decrease in the number of infiltrating neutrophils,
thereby reducing neutrophilic inflammation caused by
DNCB in K14.E7 skin. CXCL1, CXCL2 and CXCLS5, which
signal through CXCR2 receptors, are the most potent neu-
trophil chemo-attractants and appear to selectively pro-
mote neutrophil infiltration [20]. These chemokines were
all induced in K14.E7 skin after DNCB treatment, and
IL-17A deficiency and suppression of arginase-1 in K14.E7
skin significantly reduced the expression of CXCL1 and

IL-17 and Arg-1 Enhanced DNCB
Response

CXCL5, suggesting that CXCL1 and CXCL5 are important
mediators for IL-17A and arginase to promote hyperin-
flammation in K14.E7 skin. Our findings are supported by
previous studies showing that IL-17A promotes neutrophil
infiltration via CXCL1 [29] or CXCL5 [30] induction dur-
ing acute inflammatory responses. Further, arginase-spe-
cific inhibitor treatment significantly ameliorated pulmo-
nary inflammation and airway fibrosis in guinea pigs re-
peatedly exposed to LPS. The alleviated inflammation in
these animals was concomitant with decreased neutrophil
infiltration [31]. However, whether IL-17A has a direct
role in neutrophil recruitment and chemokine induction
or acts through arginase-1 remains unknown.

In summary, the present study shows that DNCB ap-
plication to HPV16.E7-expressing skin results in acute
hyperinflammation through a previously undescribed
pathway which involves IL-17A, an enhancer of argi-
nase-1 production. This study also identifies the E7-asso-
ciated proinflammatory roles for IL-17A and arginase-1
that might be considered potential targets to stimulate
innate immunity, which is speculated to support antigen-
specific immune therapies for the treatment of HPV-as-
sociated diseases.
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