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Abstract

Macrophages are essential for the progression and maintenance of many cancers, but their role
during the earliest stages of tumor formation is unclear. To test this, we used a previously
described transgenic mouse model of wound-induced skin tumorigenesis, in which expression of
constitutively active MEK1 in differentiating epidermal cells results in chronic inflammation
(InvEE mice). Upon wounding, the number of epidermal and dermal monocytes and macrophages
increased in wildtype and InvEE skin, but the increase was greater, more rapid, and more sustained
in InvEE skin. Macrophage ablation reduced tumor incidence. Furthermore, bioluminescent
imaging in live mice to monitor macrophage flux at wound sites revealed that macrophage
accumulation was predictive of tumor formation; wounds with the greatest number of
macrophages at day 5 went on to develop tumors. Gene expression profiling of flow-sorted
monocytes, macrophages, and T cells from InvEE and wildtype skin showed that as wound healing
progressed, InvEE macrophages altered their phenotype. Throughout wound healing and after
wound closure, InvEE macrophages demonstrated sustained upregulation of several markers
implicated in alternative macrophage activation including arginase-1 (ARG1) and mannose
receptor (CD206). Notably, inhibition of ARG1 activity significantly reduced tumor formation and
epidermal proliferation in vivo, whereas addition of L-arginase to cultured keratinocytes
stimulated proliferation. We conclude that macrophages play a key role in early, inflammation-
mediated skin tumorigenesis, with mechanistic evidence suggesting that ARG1 secretion drives
tumor development by stimulating epidermal cell proliferation. These findings highlight the
importance of cancer immunotherapies aiming to polarize tumor-associated macrophages towards
an antitumor phenotype.
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INTRODUCTION

The notion that the local microenvironment is actively involved in tumor development has
gained wide acceptance in the recent years. Interactions between cancer cells and
surrounding non-malignant cells are crucial determinants of cancer development (1-3). It has
been suggested that the construction of a pre-cancerous niche is required for initiated cancer
cells to survive and evolve into a tumor (4). This niche is typically shaped by resident or
recruited stromal cells, bone marrow derived cells and signals or secreted factors (cytokines,
chemokines, exosomes) from all these populations (5).

We have previously described a mouse model of wound-induced, inflammation-mediated
skin tumorigenesis (6, 7). In this model non-dividing cells in the suprabasal layers of the
epidermis express constitutively active MEK1 (InvEE transgenics), resulting in epidermal
hyperproliferation and a chronic inflammatory skin infiltrate. Between 40-60 % of InvEE
transgenics develop benign tumors (papillomas and keratoacanthomas) at the site of a full-
thickness circular wound, several days after the wound has healed (6). In this model MEK1
expressing, non-dividing cells stimulate keratinocytes in the basal layer to divide and form
the proliferative compartment of the tumor (6). MEK1 expressing suprabasal cells recruit an
inflammatory infiltrate via secretion of pro-inflammatory cytokines including IL-1a (7),
which in turn induces expression of CD26 on stromal fibroblasts (8).

The presence of an immune infiltrate in InvEE skin is essential for wound-induced tumor
formation, since treatment with the broad-spectrum anti-inflammatory drug Dexamethasone
protects against tumor formation (6). Depletion of circulating v T cells, but not af T cells
or B cells, reduces the incidence of tumors and leads to a reduction in the number of skin
macrophages (6). Depletion of skin macrophages by treatment of the wound site with
clodronate liposomes also decreases tumor incidence (6).

The identification of macrophages as key contributors to InvEE tumor formation is
consistent with studies in a wide variety of other tumor types (9). Macrophages are highly
specialized to support established neoplastic lesions, by promoting immunosuppression,
proliferation, angiogenesis, and metastases (10). Correlations between persistent,
macrophage-mediated chronic inflammation and cancer have been noted (11, 12). However,
little is known about the role of macrophages in the earliest stages of tumor development.
Initiating events, such as tissue or DNA damage caused by the release of cytotoxic factors
through inflammatory cells (12), are difficult to identify as they may occur long before overt
tumor development and in most experimental systems the precise site of the tumor cannot be
predicted. Our model allows the observation of events that ultimately lead to tumor
formation in a well-defined pre-cancerous niche, the wound.
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MATERIALS AND METHODS

Animals

Mice from the InvEE founder line 3376A (7) were maintained on an F1 (CBA x C57BL/6)
background as heterozygotes. Transgene-negative littermates were used as controls. PU.1-
YFP mice (13), kindly donated by Claus Nerlov (The Weatherall Institute of Molecular
Medicine, University of Oxford, UK), were crossed with InvEE F1 mice and maintained on
an F1 background as homozygotes for PU.1-YFP. Homozygote CD11b-DTR mice from a
BL/6 background (Jackson Laboratory) were crossed with CBA mice and used as bone
marrow donors only. Animal procedures were subject to ethical approval from Cancer
Research UK and King’s College London and performed under a UK Government Home
Office license.

Animal procedures

Wounding was performed as previously described (6). A single 8 mm (diameter) wound was
made into the back skin with a punch biopsy (Stiefel). The following drugs were
administered before or immediately after wounding: Dexamethasone (400 pg/day; s.c.,
Organon), Diphtheria Toxin (10 ng/g, i.p, 3x/week, Sigma Aldrich), nor-NOHA (40 mg/kg/
day, Bachem, in an s.c. implanted Alzet® osmotic pump, model 1002), Lucigenin (20
mg/kg, i.p., 3x/week, Sigma Aldrich) and Luminol (100 mg/kg, i.p., 3x/week, Sigma
Aldrich). Bone marrow transplantations were performed between MHC-matched mice as
described previously (6, 14). Sublethally irradiated (2 x 5 Gy, separated by 3 h rest) 6- to 12-
week-old InvEE females were reconstituted within 24 h by i.v. injection with 200 pL saline
containing 2-5 x 108 bone marrow cells freshly isolated from tibia and femur of male
CD11b-DTR donor mice. Chimerism was detected by Y-chromosome in situ hybridization.
Bioluminescent imaging was performed on anaesthetized mice previously wounded and i.p.
injected with either 200 L of Luminol or Lucigenin. Sequential bioluminescence imaging
was performed on an VIS Lumina Il (Perkin Elmer) at 5-10 minute intervals. Each imaging
step comprised a 1 min acquisition time, f/stop = 1, binning = 16 (large), fovD and 0 sec
delay. The imaging procedure was repeated approximately 9x in 2-3 day intervals to monitor
wound healing.

Histology and immunohistochemistry

The following antibodies were used: Alexa 647/488-conjugated anti-F4/80, anti-CD11b (all
eBioscience), anti-GFP (Invitrogen, for YFP expression), anti-CD68 (Abcam), anti-CD206
(Serotec), anti-K14 (Covance), uncoupled NOS2-rabbit polyclonal (Santa Cruz), anti-Ki67
(rabbit polyclonal, Novocastra, NCL-Ki67p), anti-K14 (LL002, in house) and species-
specific antibodies conjugated with Alexa 488, 555, or 647/633 (Molecular Probes). For
EdU stainings the Click-iT® EdU Alexa Fluor® 488 Imaging Kit (Molecular Probes) was
used. Frozen sections were fixed at —20 °C in 4% paraformaldehyde or acetone for 15 min.
Dewaxed paraffin sections were subjected to heat-mediated antigen retrieval (citrate buffer,
pH 6). Sections were blocked in 1% BSA, 10% goat or donkey serum before antibody
labeling and counter-stained with DAPI. Images were captured with a bright field (Nikon),
Nikon Al Upright confocal microscope or Leica SP5 confocal microscope and cells were
counted manually using ImageJ 1.49 software (NIH). Epidermal Ki67™* cells were counted
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and stated relatively to the length of the epidermis (mm) in a 20X magnification field.
Quantification was performed on both wound edges of each animal (if available).

Cell quantifications and flow cytometry

Frozen skin sections were stained with antibodies and scanned on the Ariol scanning system
at 20x magnification. Regions were drawn at both edges of the wound with a minimum area
of at least 50,000 pm?2, which is equivalent to three 40x fields on a microscope (field of view
of 0.4 mm). Immune cells were counted manually and extrapolated to number of cells/mm?.
At least 2 regions per wound and animal were analyzed and a minimum of 3 mice used per
data point. For quantifications using flow cytometry a 1.5 x 2 cm piece of back skin was
harvested; dermal and epidermal cells were isolated as described previously (8) and labelled
with the following antibodies: CD45-APC Cy7, CD3-PerCP (both BD), CD11b-PacBlue
(Invitrogen), CD11b-AF594, MHC class Il-brilliant violet 421 (all Biolegend), F4/80-PE,
F4/80-alexa 647, Grl-alexa 660 (RB6-8C5) and Ly6C-eF780 (all eBioscience). Labeled
cells were sorted on a BD FACSARIA 11 cell sorter. DAPI or LIVE/DEAD Fixable Violet
Dead Cell Stain (Life Technologies) was used to exclude dead cells.

Cell culture and proliferation assay

Primary mouse keratinocytes were isolated from InvEE and WT back skin and cultured
feeder-free in calcium-free DMEM medium supplemented with 10% chelated fetal calf
serum, hydrocortisone (0.5 pg/mL), insulin (5 ug/mL), cholera toxin (8.4 ng/mL), 1%
Sodium Pyruvate (100 mM), Glutamine (450 pg/mL), penicillin (100 U/mL), streptomycin
(100 pg/mL) and epidermal growth factor (10 ng/mL) in culture flasks (15). Cells were
passaged 4-7 times before they were plated in uClear 96-well plates, treated with L-Arginase
(Sigma Aldrich) every 10 hours for 2 days and subsequently labelled with EAU (1 hour
pulse), fixed (4% PFA) and labelled with antibodies to K14 (Covance), EdU (Molecular
Probes) and DAPI. Plates were analyzed using the Operetta High Content Imaging System
(PerkinElmer) and single cell population distributions were quantified based on standard
algorithms for nuclear labelling and cell shape.

Western blots

Skin lysates were run on 4-15% Precast polyacrylamide gel (Biorad, 4561085), transferred
to P\VDF membrane (Biorad, 1704156), and blocked for 1h at RT in 5% skimmed milk and
0.1% Tween-20 in PBS. Membranes were incubated with primary antibodies overnight at
4 °C and with secondary antibodies for 1h at RT. Membranes were washed in 0.05%
Tween-20 in PBS. Protein bands were visualized using Clarity Western ECL Substrate
(Biorad, 1705061) and the Chemidoc Touch Imaging System (Biorad). Quantification of
protein levels was performed using Biorad software. The following antibodies and were
used: goat anti-arginase | Antibody (V-20) (Santa Cruz; 1:400), donkey anti-goat igG HRP
(Santa Cruz, 1:10000), mouse anti-alpha tubulin (Sigma-Aldrich, 1:5000), donkey anti-
mouse HRP (Jackson Immuno Research Inc., 1:10000). Bovine L-Arginase (Sigma) was
used as positive control.
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Arginase activity and NO analysis

Arginase activity in skin lysates and plasma samples was assessed by measuring urea
production using the Quantichrome Arginase Assay Kit (Bioassay Systems) according to
manufacturer's protocol. Serum samples were filtered through a 10 kDa molecular weight
cut-off filter before measurement to deplete urea that could interfere with the assay, and
diluted 1:50 in dH50. Skin lysate samples were diluted 1:40. To determine the concentration
of nitrate and nitrite, the supernatant of cultivated and Arginase-treated keratinocytes was
collected and analyzed. To normalize the samples, protein concentration in cell lysates was
measured using a BCA Protein Assay Kit (Thermo Scientific).

Quantitative real-time PCR

Statistics

RESULTS

For RNA analysis of specific cell populations, cells were FACS sorted into RNA later
reagent (Amgen) and pelleted at 7,000 g for 10 minutes, RLT lysis buffer was added and
cells were homogenized using a 1 mL syringe and a 21-gauge needle by passing them
through the needle at least 5-10 times. RNA was extracted using the RNeasy micro kit®
(Qiagen) according to manufacturer’s instructions. RNA concentration and quality was
assessed using an Agilent 2100 Bioanalyzer and cDNA was generated using the QuantiTect
Reverse Transcription Kit (Qiagen). Quantitative PCR was performed on a 7900HT Fast RT-
PCR system (Applied Biosystems) at CR-UK CI or on a CFX 384 Touch RT-PCR detection
system (Bio-Rad) at KCL. For each sample expression ratios were normalized to the
reference primer GAPDH. Full primer sequences are listed in Supplementary Table S1.

Statistical analyses were performed using GraphPad Prism (GraphPad Software). Statistical
differences were determined using either student’s #tests or Wilcoxon tests for paired,
nonparametric data. A p-value of <0.05 was considered significant.

Elevated numbers of macrophages in InvEE skin

Immunofluorescent staining has previously shown that the immune infiltrate in unwounded
InvEE skin consists primarily of CD11b*™ monocytes, F4/80* macrophages and CD3* T cells
(Fig. 1A-C, CD45: p = 0.0067, CD11b/F4/80 p = 0.0141) (6, 7). To facilitate analysis of
myeloid cells we used a PU.1-YFP reporter mouse (13) (Fig. 1D-E). This strain expresses
yellow fluorescent protein (YFP) attached to the C terminus of the PU.1 transcription factor.
PU.1 is an etsfamily transcription factor required for the development of multiple lineages
of the immune system (16). Differentiation into the myeloid lineage requires PU.1
expression, with high expression levels being linked to macrophage differentiation (17). In
tissues with small numbers of earlier hematopoietic progenitors PU.1 expression can
therefore be used as a marker for myeloid cells, in particular of the monocyte and
macrophage lineage. YFP signal strength is correlated with PU.1 expression levels (13), and
cells that express low levels of PU.1 (such as B cells or certain subtypes of T cells (18))
cannot be detected on the basis of YFP expression. The fusion of YFP to PU.1 does not
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affect PU.1 function, as mice homozygous for the allele are viable and do not show any
detectable hematopoietic defects (13).

When tested by flow cytometry and immunostaining, the majority of YFP™ cells isolated
from skin were positive for the pan leukocyte marker CD45 and common monocyte and
murine macrophage markers such as CD11b, F4/80 and CD68 (Fig. 2 E-F). No YFP™ cells
co-expressed the T cell marker CD3 or the granulocyte/monocyte marker Gr-1 (this clone
reacts predominantly with Ly6G but can also stain cells with highest Ly6C expression) (Fig.
1F) and few expressed markers of inflammatory monocytes (Ly6Cint/high MHC-11'ow) (Fig.
S1A).

We next generated PU.1-YFPXInvEE double transgenic mice and analyzed PU.1high
expressing monocytes and macrophages in the dermis and epidermis. In unwounded skin, a
mean of 93.3% InvEE (PU.1-YFP*/*InvEE*/") and 63.8% WT (PU.1-YFP**InvEE~")
YFP* F4/80* cells were Ly6C!° and MHC 11'°W/high mature macrophages (Fig. S1A). We
conclude that the YFP signal in PU.1-YFP skin is primarily attributable to F4/80*
monocytes and macrophages (Fig. 1G).

There was a significant increase in YFP* leukocyte infiltration in unwounded InvEE skin
compared to WT (Fig. 1H, Fig. S1A). In addition, an increase in YFP* cells in spleens of
unwounded InvEE mice was evident (Fig. 11), correlating with the previously reported
splenomegaly (6).

To induce tumors in PU.1-YFP**InvEE*/~ mice we used 8 mm punch biopsies to make a
full thickness wound in the back skin of each mouse. This typically results in 40-60% of
mice developing a tumor at the site of the wound (6). We then determined the number of
F4/80* cells in immunostained skin sections (Fig. 2A-D, S2A) and FACS sorted YFP™ cells
(Fig. 2G, S1B-C) at intervals following wounding InvEE (7= 19) and WT (7= 17) mice.

YFP* monocytes and macrophages were more abundant in InvEE than WT skin at all time
points examined (Fig. 2G, Fig. S1), both in epidermis and dermis. The number of Ly6Chigh
MHC-11'"W inflammatory monocytes was slightly increased during early wounding healing
stages in InvEE skin (Fig. S1B). Ly6CNh MHC-11'oW cells represented 28.3% (InvEE) and
10.1% (WT) of YFP* F4/80* cells 5 days after wounding, but did not show substantial
differences at 10 days, with 24.5% (InvEE) and 24.1% (WT), respectively (Fig. S1B-C).
Five days after wounding, 65.42% of InVEE and 74.72% of WT YFP* F4/80" populations
consisted of Ly6C'° and MHC 11'o%/high matyre macrophages (Fig. S1B) and ten days after
wounding this number was maintained at 60.01% in InvEE and decreased to 45.93% in WT
skin (Fig. S1C). The peak in macrophage infiltration was at day 5 after wounding (Fig. 2G),
but it was notable that at day 12 macrophage numbers remained elevated in InvEE epidermis
and dermis while declining in WT (Fig. 2G, UW p = 0.0097, d12 dermis p = 0.0045, d12
epidermis p =0.0007).

The number of dermal CD3* T lymphocytes was also significantly elevated in unwounded
InvEE skin (Fig. 2H, p = 0.0048), correlating with previously published results (7). At day
12 after wounding there were significantly more CD3* T cells in InvEE than in WT dermis
(p = 0.0076). In contrast, the number of epidermal T cells increased at day 5 and 12 after
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wounding in InvEE epidermis but remained relatively unchanged in WT epidermis (Fig. 2H,
day 5: p = 0.0126, day 12: p = 0.0019).

Depletion of monocytes and macrophages reduces tumor incidence

To investigate whether macrophages are required for wound-induced tumor formation, we
used the CD11b-DTR mouse model (19). This transgenic strain allows specific ablation of
CD11b™ cells (monocytes and macrophages) on administration of 10 ng/g Diphtheria Toxin
(DTx) three times a week (20), without any depletion of neutrophils (19). To avoid
previously reported toxicity to the liver and lungs (20), we irradiated InvEE mice (6-12
weeks old) and transplanted them with bone marrow from CD11b-DTR donor mice at 5-6
weeks of age. Five weeks after bone marrow reconstitution, InvEE mice were treated with
DTx to ablate CD11b* cells in the transplanted bone marrow. Three days after the start of
treatment full thickness wounds were made in the back skin and treatment with DTx (n =
14) or saline (control, n = 10) was continued. To confirm successful chimerism, male bone
marrow was transplanted into female recipients and the spleen of recipient mice were
subjected to Y probe in situ hybridization (Fig. S2B).

Analysis of the skin of treated animals 2 days after the start of treatment and 12 days after
wounding showed successful CD11b* cell depletion, while CD3* cell numbers remained
unchanged (Fig. 3A, Fig. S2C-E, p = 0.0285 for CD45, p = 0.00005 for CD11b and p =
0.00005 for F4/80). Ablation of monocytes and macrophages had no effect on wound
closure time (Fig. 3B, CD11b-DTR), concurring with previous findings (21). Similarly, no
difference in wound closure timing was observed between untreated InvEE and WT skin
(Fig. 3B, untreated), with wound closure in both cases typically occurring at day 14 (x1d).

Treatment of InvEE mice with DTx for 21 days after wounding revealed a significant
reduction in tumor incidence on macrophage ablation (Fig. 3C, p = 0.0004). We conclude
that macrophages are required for wound-induced tumor formation.

Increase in macrophage populations at the wound site predicts tumor risk

To determine whether the abundance of macrophages in InvEE wounds was predictive of
whether a wound would develop a tumor, we set up a Lucigenin-based bioluminescence
assay to monitor macrophage influx at sites of wounded InvEE (n = 9) and WT skin (n = 7).
Lucigenin detects superoxide (O,7) production by NADPH oxidase (Phox) in phagocytic
cells (22). This non-invasive /n vivo imaging approach allows detection and tracking of
macrophages in the same animal from prior to wounding up to wound-induced tumor
formation (23). Because Phox is also enzymatically active in other phagocytes, such as
neutrophils (24), we used Luminol as a second reagent to monitor neutrophil behavior.
Luminol interacts with myeloperoxidase (MPO), an enzyme that is predominantly active in
neutrophils and monocytes in the acute phases of inflammation (25). Lucigenin signal
contamination by neutrophils is unlikely since they translocate the enzyme to the phagosome
after assembly, whereas macrophages present it on the plasma membrane (26). Due to its
structure and the two positive charges, Lucigenin is barely membrane-permeable (23). It can
therefore be assumed that the imaging agent is selective in its detection of the macrophage
population.

Cancer Res. Author manuscript; available in PMC 2016 August 15.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Weber et al.

Page 8

After intraperitoneal (i.p.) injection of 100 mg/kg of Luminol into wounded InvEE (n=4)
and WT (n=2) mice, bioluminescence was found within and in close proximity to the wound
site, demonstrating peak intensity 4 hours after wounding (Fig. 3D, d0). Signal strength then
dropped profoundly and after day 7 only a weak residual signal could be detected in either
InVEE or WT mice, confirming that there were few neutrophils present at that stage (Fig.
1F). In line with these results, there was no difference between Luminol signal intensity in
InvEE and WT mice, suggesting that neutrophil populations are of similar size (Fig. 3D).
Likewise, no correlation could be found between InvEE tumor risk and Luminol signal
intensity. Signal saturation typically occurred 10-15 minutes after Luminol injection (Fig.
S2F).

Following i.p. injection of 20 mg/kg of Lucigenin 4 hours after wounding (d0) we detected a
robust bioluminescent signal in all wounds (Fig. 3E). Signal saturation typically occurred 30
minutes after injection in InvEE mice and 10 minutes after injection in WT mice, which
were selected as measuring points (Fig. S2G). Macrophage-ablated CD11b-DTR mice (Fig.
3E, CD11b-DTR, p = 0.0078) showed little signal above baseline (Fig. 3E, uninjected). In
WT mice with an intact immune system the initial signal decreased progressively until by
day 10 it was the same as in macrophage-depleted mice (Fig. 3E, WT). Importantly, in those
InvVEE mice that did not develop a tumor, the Lucigenin signal was constant for
approximately 5 days and declined thereafter. In contrast, in those mice that went on to
develop a tumor signal intensity increased substantially, with a peak 5 days after wounding
(Fig. 3E, InvEEP, p = 0.0078), decreasing to WT level at day 10. We conclude that an
elevated number of macrophages recruited to the wound correlates with an elevated tumor
risk (Fig. S2H).

Macrophage polarization in InvEE wounds

Classically, two distinct functional classifications have been defined for macrophages based
on their activation states: classically activated (M1) macrophages have the role of
inflammatory, cytotoxic effector cells in Th1 immune responses, while alternatively
activated (M2) macrophages are involved in immunosuppression, scavenging of debris and
tissue repair (27). The current consensus is that these classifications represent extreme states
in a spectrum of activation profiles and cannot fully reproduce the complex nature of most
macrophages /n vivo (28). In response to signals from the microenvironment macrophages
show remarkable plasticity and while they transiently adopt M1- or M2-‘like” activation
profiles (29), respective subtypes and functions may vary based on external signals received
(28). Reportedly, alternatively activated macrophages express high levels of scavenger
mannose (CD206, also known as MRC1) and galactose receptors, release anti-inflammatory
cytokines (such as IL-10, IL-1ra or TGF-B) and downregulate pro-inflammatory cytokines in
different settings (such as TNF, IL-1p, IL-12, IL-6 and CCL3)(30). In some alternatively
activated phenotypes expression of MHC-I1 and/or Arginase is also upregulated (30).
Classically polarized macrophages typically express pro-inflammatory cytokines such as
TNF, IL-1, IL-6 (also present in some M2-like subtypes (31)), IL-12 and I1L-23. The
antimicrobial functions of M1 macrophages are linked to upregulation of inducible nitric
oxide synthase (iNOS, also known as NOS2), which converts Arginine into nitric oxide
(NO)(32).
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To characterize their polarization status, YFP* F4/80* monocytes and macrophages were
isolated from PU.1-YFPxInvEE and PU.1-YFPXWT mice and FACS sorted (Fig. S3A). The
cells were collected from dermis and epidermis of unwounded skin and at different times
after wounding. Specific gene expression was analyzed using gRT-PCR (Fig. 4A-B). Most
macrophage polarization markers, including IL-10, were not altered between InvEE and WT
macrophages (Fig. 4A). A conventional marker of classical activation, iNOS, was expressed
at similar levels in both InvEE and WT mice, with a slight increase in the first days of
wound healing (Fig. 4A), an observation that was supported by immunofluorescent labelling
of skin sections (Fig. S4B). Additional markers of alternative macrophage activation that
were elevated on wounding to the same extent in WT and InvEE mice were Ym1, a murine
M2 marker, TGF-3, VEGF and MCP1 (also known as CCL2) (Fig. S3B). Pro-inflammatory
cytokines such as IL-6 and TNFa were significantly decreased during mid- and late InvEE
wound healing stages compared to WT (Fig. 4A, p = 0.0094 for IL-6 at day 5; p = 0.0051 for
TNFa at day 12).

Although some markers did not differ significantly between WT and InvEE skin, mannose
receptor (Cad206) expression steadily increased in dermal InvEE macrophages from 3 days
after wounding with significant differences at day 12 while it peaked in WT mice at around
day 3 and then decreased again (Fig. 4A, p = 0.0030). The gene expression data were
supported by immunofluorescent labelling of skin sections (Fig. S4).

Similarly, Arg1 expression increased during the late wound healing stage in InvEE dermis
and epidermis while it showed only a slight upregulation during WT wound healing (Fig.
4A; p = 0.0231 for day 5, p = 3.44E-08 for day 12 in the dermis) (Fig. 4B; p = 0.0146 for
day 5 and p = 0.0105 for day 12 in the epidermis). Arginase-expressing macrophages were
also elevated in the blood of InvEE mice following wounding (Fig. S5A). Additionally,
integrin a6* basal keratinocytes expressed only low levels of ARG1 in healthy InvEE skin
and an insignificant increase after wound healing (Fig. S5B).

Dermal T cells also contributed to the wound environment. In early and later stages of InvEE
wound healing they exhibited increased /L-10and decreased Tnfa expression relative to WT
macrophages, suggesting a Th2 phenotype (Fig. 4C, p = 0.0022 for IL-10 at day 3). Most
strikingly, T cells also upregulated CsfZ expression throughout InvEE wound healing,
indicating a vital role as macrophage attractors (Fig. 4C, p = 0.0003 at day 5 and p = 0.0035
at day 12).

We conclude that InvEE macrophages undergo marked phenotypic changes during wound
healing response. They do not, however, correspond with the full phenotypes of M2a, M2b
or M2c macrophages (30).

In vivo inhibition of ARG1 in wounds reduces tumor formation

Given the strong expression of ARG1 in wound-recruited macrophages, we examined its
effect on wound healing and tumor development in InvEE transgenics. Human and murine
ARG1 activity can be blocked by the selective inhibitor N(omega)-hydroxy-nor-I-arginine
(nor-NOHA\) (33), which was delivered using a subcutaneously implanted osmotic pump.
Pumps were inserted in close proximity to the wound 5 days after wounding (Fig. S5C), at
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the time when ARG expression typically started to increase in InvEE animals (Fig. 4A-B).
Continuous dosing at a rate of 0.25 pl per hour ensured constant compound levels.
Successful ARG1 inhibition was confirmed in blood plasma and wounded skin samples
taken 5 days after implantation (Fig. 5A, Fig. S5D, n = 4). Although the abundance of
ARG1 was greatly increased in InvEE skin relative to WT, both at the mRNA (Fig. 4A-B)
and protein level (Fig. S5E), enzyme activity normalized to the amount of protein was the
same (Fig. 5A).

When InvEE and WT animals were treated with nor-NOHA 5 days after wounding, the rate
of wound healing was unaffected (Fig. 5B). When monitored for 33 days, inhibitor-treated
InvEE mice developed significantly fewer papillomas (Fig. 5C, p = 0.0078, n = 21) than the
control group, which had received saline (n = 20) even though pump-administered nor-
NOHA lost its Arginase inhibiting activity 10 days after implantation (Fig. 5A, n =4). In
InvEE mice treated with saline tumors occasionally appeared at the site where an incision
had been made to implant the osmotic pump (Fig. S5C), whereas inhibitor-treated mice were
protected in these areas. Those papillomas that did develop in nor-NOHA-treated mice had a
similar size to those of untreated animals (Fig. 5D). We conclude that increased ARG1
activity in the late stages of wound healing is required for wound-induced papilloma
formation.

Arginase activity stimulates keratinocyte proliferation

To examine whether ARG activity affected epidermal proliferation /in vivo, we quantitated
the number of Ki67* keratinocytes in skin sections (Fig. S6). In InvEE mice, the numbers of
Ki67* keratinocytes were elevated in undamaged skin, as reported previously (6, 7) and
throughout all wound healing stages, compared to WT (Fig. S6A). Nor-NOHA treatment of
InvEE mice led to a significant decline in Ki67* keratinocytes 10 days after wounding,
compared with samples from saline-treated InvEE mice (Fig. S6B).

To examine whether ARG activity can directly influence keratinocyte proliferation, we
added L-Arginase to cultures of primary mouse keratinocytes (passage 4-7). The presence of
active Arginase during a 48 hour incubation period promoted keratinocyte proliferation in a
concentration-dependent manner, as evaluated by cellular EdU incorporation into the DNA.
While the addition of 0.05 Units/mL of L-Arginase did not lead to a significant change in
EdU incorporation, concentrations of 1 Unit and 0.2 Units per mL were stimulatory (Fig.
5E-F, p < 0.0001 for 0 vs 1 U/mL, p <0.0001 for 0 vs 0.2 U/mL, n = 3). This correlates well
with the observation that 200 Units per liter correspond to enzyme levels in a murine wound
environment (Fig. 5A). In addition to stimulating EdU incorporation, ARG1 treatment
increased total cell numbers significantly (Fig. 5, Fig. S5F, p = 0.0073 for 0.2 vs 0 U/mL, p
=0.0432 for 1 vs 0 U/mL).

We next investigated the metabolic mechanism behind the growth-promoting effect of
Arginase. It has long been known that the main enzyme substrate Arginine is metabolized by
two opposing pathways: nitric oxide synthase (NOS) and Arginase (34), which have
contrasting biological effects. NOS activity creates a cytotoxic wound environment via nitric
oxide (NO) production (35), whereas the Arginase pathway promotes cell growth and
proliferation by increasing the availability of ornithine, which is the precursor for the
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synthesis of polyamines and collagen (34). If Arginase out-competes NOS for the substrate
Arginine, the additional effect is a reduction in NO production, which has been shown to
promote keratinocyte and fibroblast proliferation (36, 37). When we measured the NO
content of keratinocyte conditioned medium, we found that concentrations in the wells of
highly proliferating, Arginase-treated cells (1 Unit/mL and 0.2 Units/mL) were significantly
lower than in untreated wells (Fig. 5G, p < 0.0001, n = 2). In line with a study published by
Krischel et al. (37), we found that keratinocytes proliferated in the presence of low NO
concentrations (5-10 pmol/L) in wells that had been treated with 0.2 or 1 Unit of bovine
Arginase (Fig. 5G). Medium that was conditioned by untreated cells showed a higher NO
concentration (35-50 umol/L) (Fig. 5G), which was previously reported to induce
differentiation (37).

We conclude that the most likely explanation for the anti-tumorigenic effect of ARG1
inhibition is that ARG1 expression by macrophages stimulates keratinocyte proliferation by
reducing NO production.

DISCUSSION

The role of macrophages in tumor maintenance and progression is well established in many
tumor types, but whether they also contribute to early events in tumor promotion and, if so,
how, is obscure. Here we show that in a mouse model of chronic epidermal
hyperproliferation and skin inflammation the level of macrophage accumulation 5 days after
wounding is predictive of which wounds will convert into tumors. This correlates with a
peak in expression of the alternative macrophage activation marker, Arginase 1. Arginase 1
stimulates keratinocytes to proliferate by reducing the availability of Nitric Oxide (NO) (Fig.
5E-F) (37) and pharmacological inhibition of Arginase prevents tumor formation.

Increased ARG expression during normal murine and human skin wound healing has been
reported previously (38, 39) (Fig. 4A-B). However, InvEE macrophages differ from WT in
that the level of ARG1 following wounding is considerably higher and expression remains
elevated for at least 12 days, whereas in WT macrophages it declines after day 5. In addition
to ARGL directly stimulating keratinocyte proliferation it is likely to be immunosuppressive,
dampening the effects on T lymphocyte activation and proliferation, as observed in other
tumor models (40, 41). However, the primary focus of this study was on its growth-
promoting potential. As a consequence of sustained and elevated ARG1 expression, anti-
inflammatory, proliferative stimuli are intensified and extended after wound re-
epithelialization in InvEE skin. In psoriasis, ARG1 overexpression in keratinocytes leads to
a substantial increase in proliferation (36) and ARG has also been reported to be expressed
in wound-activated fibroblasts (42). However, in the InvEE model macrophages are the
predominant source of ARG1, which is only detectable at low levels in keratinocytes (Fig.
S5B) and fibroblasts (Esther Hoste, unpublished data) before and after wounding.

By monitoring macrophages at different times after wounding, we demonstrated that at day
5 they switch their phenotype from pro-inflammatory to an alternative activation state. While
they upregulate Arginase-1 and other common M2 markers such as CD206, increases in
markers associated with M2c alternative macrophage activation (CD163, CD206, TGFf)
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were not statistically significant. Thus InvEE wound macrophages do not display all the
typical markers of M2 polarization. The markers they do express mostly correlate with tissue
repair macrophages (43), which downregulate IL-10 and upregulate CD206 and exhibit
highly context-dependent iNOS expression. Nevertheless, upregulation of ARG1, CD206,
TGFp and VEGF is also typically found in tumor-associated macrophages in established
lesions (27, 44). Some of the phenotypic variation evident during gene expression profiling
could reflect the contribution of Ly6CNi9" MHC 11'°% inflammatory monocytes to the YFP*
F4/80* populations, constituting around 10-28% of sorted cells during intermediate and late
wound healing stages.

Macrophages are not the only immune cells that accumulate in InvEE skin, as increased
numbers of CD4* T cells, v8 T cells, mast cells and neutrophils are also present (5-7, 41)
and deletion of bone marrow derived v6 T cells leads to a reduction in the abundance of
macrophages in InvEE skin (6). We speculate that T cells attract macrophages at least in part
by releasing CSF-1, which could also promote an M2-like skewing of macrophage functions
(45). Wound-recruited T cells in InvEE mice could further exert an immunosuppressive
effect on the microenvironment via IL-10 expression. In mice, IL-10 is typically an indicator
of Th2 polarization in T lymphocytes and downregulates the Th1 response (46).

The overall picture that emerges from our studies of wound-induced tumor formation is of
tumorigenesis via collaboration between multiple cell types and signaling molecules,
including upregulation of IL-1a in differentiating keratinocytes driving increased expression
of the dipeptidyl peptidase CD26 in fibroblasts (6, 8), recruitment of macrophages and other
immune cells and a pivotal role of macrophages in both creating an immunosuppressive
environment and stimulating keratinocytes to proliferate.

There are interesting parallels between the role of macrophages in our model and in other
tumor settings. In mouse models of Lewis lung carcinoma and melanoma, expression of
ARGI mRNA by tumor-associated macrophages promotes tumor growth, possibly via the
production of polyamines or an influence on the nitrogen metabolism (an exact mechanism
was not presented).(47) In a murine model of glioma, carcinogenesis is initiated through a
persistent CNS wound environment that recruits local macrophages and stimulates
prolonged inflammation and growth factor secretion, thereby activating local neural stem
cells to hyperproliferate (48). Macrophage-dependent tumor initiation is observed in colitis-
associated cancer in mice (49) and is dependent on NF-xB signalling in macrophages (49).
In the InvEE model ablation of MyD88, an adapter protein for NF-xB signalling, in
radiosensitive leukocytes also prevents tumour formation (50). The importance of
macrophages in gastric cancer progression and invasion is now well established (51), and
infection with H. pylori, a major risk factor for gastric cancer, causes prolonged macrophage
infiltration and activation (52). In good agreement with this observation, we have recently
established a tumor-promoting role for flagellated bacteria in the wounds of InvEE mice
(50). Thus, a common characteristic of macrophage-dependent epithelial cancers is
prolonged exposure to a pathogenic agent and/or repeated injury, resulting first in acute and
then sustained chronic inflammation and an aberrant regenerative response of recruited
macrophages (53). These studies highlight the growing importance of cancer
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immunotherapies, where attempts to reeducate macrophages have already shown some
success in glioma (54) and ovarian cancer (55).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Tr?e inflammatory infiltrate in unwounded InvEE mice. (A-B) Immunofluorescent staining
of back skin sections of unwounded InvEE and WT mice stained with a F4/80 antibody and
DAPI. (C) Flow cytometric quantification (% of total counts) of leukocytes (CD45),
monocytes (CD11b) and macrophages (F4/80) and T cells (CD3) in unwounded PU.1-
YEPXInvEE ™~ (WT) and PU.1-YFPxInvEE*~ (InvEE) skin. Significant differences (*p <
0.05, **p < 0.01; Student’s ttest) are indicated by asterisk. Data are presented as the mean +
SEM (WT n =5, InvEE n = 5). (D-£) Immunohistochemical staining with an antibody
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against nuclear YFP in unwounded skin sections of (D) WT and (£) PU.1-YFP skin. High-
magnification images of red boxed area shown in the lower, right image corner. () Flow
cytometric analysis of YFP™* cell populations in PU.1-YFP**, PU.1-YFP~™~ (WT) and PU.
17~InvEE*"~ (control) mice. Populations were analyzed for co-expression of T cell (CD3) or
granulocyte (Gr-1) markers. Cells gated for viable cells, singlets and CD45*. (G) Flow
cytometric analysis of YFP* populations in the dermis and co-labelling with CD11b and
F4/80. Cells gated for viable cells, singlets and CD45*. Cells in the third panel also gated for
YFP. (H) Flow cytometric analysis of YFP*CD45* populations in WT and InvEE dermis
and epidermis. (/) Flow cytometric quantification of YFP* populations in PU.1-YFPXInvEE,
PU.1-YFPXWT and PU.1-YFP~/~ control spleen. Dashed lines denote basement membrane
of IFE & hair follicles. Scale bars = 100 pm.
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Fig. 2.

Cell quantifications in wounded skin. (A-D) Immunofluorescent stainings of InvEE and WT
backskin sections from (A, B) 3 and (C, D) 10 day old wounds with a F4/80 antibody and
DAPI. (E£-F) Horizontal flat mounts of PU.1-YFPxInvEE skin 3 and 8 days after wounding,
immunostained with F4/80, CD68 and DAPI. (G) Quantification of YFP* cells in the dermis
and epidermis of PU.1-YFPxInvEE*~ (InvEE) and PU.1-YFPxInvEE ™~ (WT) skin during
different wound healing time points and in unwounded skin. Cells were gated for viable
cells, singlets and CD45* YFP* populations. Significant differences (*p < 0.05, **p < 0.01;
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Student’s #test) are indicated by asterisk. Data are presented as the mean + SEM (n =6
biological replicates per time-point and group. (/) Quantification of CD3* cells in the
dermis and epidermis of InvEE and WT skin during different wound healing time points and
in unwounded skin. Cells were gated for viable cells, singlets and CD45* CD3* populations.
Significant differences (*p < 0.05, **p < 0.01; Student’s £test) are indicated by asterisk.
Data are presented as the mean + SEM (7= 4 biological replicates per time-point and group.
Arrowhead denotes the wound edge. Dashed line in A-D represents the basement membrane
of IFE and hair follicles, in E-F the wound edge. Scale bars = 100 um.
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Fig. 3.

Macrophage ablation and tumor prediction. (A) Flow cytometric analysis of CD3* and
CD11b* cell populations in WT (CD11b-DTR™"), untreated and DTx treated CD11b-
DTR** mice after administration of 2 x 10 ng/g DTx. For quantifications see Fig. S2C.
Cells gated for singlets and viable cells. 7= 3 biological replicates. (8) Wound closure

duration in untreated InvEE and WT mice and in untreated and DTx treated InvEE chimeras

that received CD11b-DTR bone marrow. (C) Tumor incidence rates (% of mice with 1
tumor) in InvEE CD11b-DTR bone marrow chimeras treated with DTx (7=14) and saline
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(untreated, /7=10) for 3 days before and 21 days after wounding. Wilcoxon test: p = 0.0004.
(D) Luminol bioluminescent signal intensities in WT (n = 3) and InvEE (n = 4) mice during
different wound healing time-points, starting 4 hours after wounding/ injection (d0). (£)
Lucigenin bioluminescent signal intensities in uninjected (n = 3), DTx-treated CD11b-DTR
(n=3), WT (n=9), InvEE mice which do not develop tumors (InVvEE, n = 7) and InvEE
mice which develop tumors (InVEEP, n = 7) during different wound healing time points.
Wilcoxon-test: p = 0.0078 (WT vs InvEEP), p = 0.0391 (InvEE vs InvEEP), p = 0.0078
(CD11b-DTR vs InvEEP), p = 0.0234 (InvEE vs WT).
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Fig. 4.

nge expression profiling of wound macrophages & monocytes and T cells. (A) Analysis of
MRNA expression in sorted YFP*F4/80* dermal wound macrophages/monocytes during
different wound healing time points, in unwounded skin (UW) and papillomas (pap). (5)
Analysis of mMRNA expression in sorted YFP*F4/80* epidermal wound macrophages/
monocytes during different wound healing time-points and in unwounded skin (UW). (C)
Analysis of mMRNA expression in sorted CD3*F4/80~ dermal wound T cells during different
wound healing time points and in unwounded skin (UW). Data are presented as the mean +
SEM (n =4 for InvEE, n= 4 for WT per time point). Ct values normalized to GAPDH.
Significant differences (*p < 0.05, **p < 0.01; Student’s #test) are indicated by asterisk.
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Fig. 5.

In vivo Arginase inhibition and regulation of keratinocyte proliferation. (A) Arginase
activity assay from isolated wound tissue (measured through urea production in Units per
liter) in Nor-NOHA (+inh) or saline (-inh) treated mice, 5 and 10 days after wounding. Data
are presented as the mean £ SEM (InvEE n=4, WT n=4). (B) Time to completed wound
closure in Nor-NOHA and saline treated WT (7= 5 per group) and InvEE (7= 8 per group)
mice, days after wounding. (C) Effects of the Arginase-inhibitor nor-NOHA (40 mg/kg/d) on
InvEE tumor incidence following a 5d treatment, starting 5d after wounding (7= 21),
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compared to saline (7= 20). Wilcoxon-test: p = 0.0078. (D) Effects of nor-NOHA on tumor
sizes (mm?2) in InvEE mice, days after wounding. (£) Immunofluorescent staining of murine
keratinocytes cultured feeder-free and substituted for 48 hours with saline (untreated), 0.05,
0.2 and 1 Unit of bovine L-Arginase. Cells were stained with antibodies against K14, Edu
and DAPI. Scale bar = 100 um. (F) Percentage of Edu™* proliferating keratinocytes after 48h
Arginase treatment in different concentrations (Units per mL). Data are presented as the
mean + SEM (n = 4 independent experiments, 12 replicates). (G) Measurement of /n vitro
nitric oxide (NO) production by keratinocytes following treatment with 0, 0.2 and 1 units of
L-Arginase. Data are presented as the mean £ SEM (7= 2 independent experiments, 12
replicates). Significant differences (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001;
Student’s #test) are indicated by asterisk.
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