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Abstract

In animal models, IL-12 and IL-23 participate in the development of malignant neoplasms of
keratinocytes. However, the role of these cytokines in pigmented lesion development and their
progression to melanoma has received little attention. IL-12p35, 1L-23p19, and IL-12/IL-23p40
knockout mice on a C3H/HeN background, subjected to a melanomagenesis protocol,
demonstrated profound differences in susceptibility to nevus initiation, transformation,
tumorigenicity and metastatic potential. IL-23 was found to be essential for melanocyte
homeostasis, whereas 1L-12 supported nevus development. A direct action of 1L-23 on primary
melanocytes, shown to be IL-23R+, demonstrated that DNA repair of damaged melanocytes
requires IL-23. Further, IL-23 modulated the cutaneous microenvironment by limiting regulatory T
cells and IFNy and inhibiting IL-10 production. Neutralizing antibody to IFN+y, but not IL-17,
inhibited nevus development (p<0.01).
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Introduction

Melanomas are an aggressive, treatment resistant cancer of melanocytes (1, 2) that often
begin as benign pigmented nevi. Families have been described who often have >50 nevi,
many of which have atypical clinical and pathological features (3). Individuals from these
families have a substantially increased risk of melanomas and frequently have multiple
melanomas. The melanomas in these patients often begin at a younger age (3-6). Up to 40%
of melanoma prone families have germ-line mutations in the CDKN2A gene (4). In families
with this syndrome, the melanomas do not have a clear relationship to ultraviolet radiation.
CDKNZ2A mutations are present in all melanocytes, but not all melanocytes go on to become
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melanomas, because dysplastic nevi, and their progression to melanomas, require additional
molecular hits. Among the other genes commonly mutated in melanoma is the ras gene (7).
Activating mutations in codon 61 of N-ras have been identified in 95% of primary
melanomas in these patients; these same mutations are also present in dysplastic nevi and
metastatic melanomas (7). Activating N-ras mutations have been found in congenital
melanocytic nevi and H-ras mutations have been identified in Spitz nevi (8), highlighting
their importance in the genesis of melanocytic neoplasms.

There has been great interest in manipulating immunologic factors to treat melanomas.
Clinical trials of antibodies to CTLA-4 and PD-1 have provided positive results in
prolonging the life of patients with metastatic melanoma. In contrast to the advances for
therapy of melanoma, there has been little progress in melanoma prevention.

Interleukin (IL)-12 and IL-23 are heterodimeric cytokines that share a common beta subunit,
the IL-12p40 molecule (9). The alpha subunits, 1L-12p35 and 1L-23p19, provide specificity
for IL-12 and IL-23, respectively (10). In animal models, 1L-12 protects against
development of squamous cell carcinomas of the skin and its administration reverses UVB-
induced immunosuppression (11-13). These positive effects have, in large part, been
attributed to its participation in the induction of Th1 and Tc1 cells that produce IFN-vy. In
addition, IL-12 stimulates DNA damage repair mechanisms, and this function has been
shown to play a key role in protection against UV carcinogenesis and immunosuppression
(11, 12). 1L-23 was described some years after the discovery of 1L-12. IL-23 promotes the
generation of Th17 cells that produce IL-17 and 1L-22 (14). IL-23-induced DNA repair has
also been reported (15).

In this study, we evaluated the role of IL-12 and IL-23 in the development of pre-malignant
dysplastic nevi, melanoma and their lymph node metastases. The role of these two cytokines
in cutaneous squamous cell carcinoma (SCC) development has been the focus of many
investigations, but their role in melanomagenesis has not been tested. We initially
hypothesized that, like 7,12-dimethylbenz(a)anthracene (DMBA)-induced SCC models, the
loss of 1L-23 would inhibit melanoma development. Contrary to our hypothesis, we found
that IL-23 plays an important role in controlling nevus development and in inhibiting
melanoma progression through direct activation of DNA repair in melanocytes, and
indirectly by reducing regulatory T cell infiltration and IFN-y production.

Animals and Reagents

The study was approved by the UAB Institutional Animal Care and Use Committee. Female
C3H/HeN mice aged 6-8 weeks were obtained from Charles River Breeding Laboratories
(Wilmington, MA), NIH-bg-nu-xid mice 6-8 weeks old were obtained from NCI-Frederick.
IL-12p35 KO and IL-12/IL-23p40 KO on a C57BL/6 background were purchased from
Jackson laboratories. IL-23KO were provided by Dr. Daniel Cua (Merk Research
Laboratories). 1L-12p35KO0, IL-12/1L-23p40KO and IL-23KO mice were backcrossed for
10-11 generations on to the C3H/HeN background by the University of Alabama at
Birmingham (UAB) genetically engineered mutant mouse (GEMM) core. The C3H/HeN
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character was greater than 99% as detected by 2 microsatellite markers for C3H/HeN. All
animals were housed in the UAB pathogen-free animal facility, fed a normal diet, and given
water ad libitum. The study was approved by the UAB Institutional Animal Care and Use
Committee.

Chemicals and antibodies
7,12-dimethylbenz(a)anthracene (DMBA) (= 95% purity), N6, 2’-O-dibutyryladenosine 3:5-
cyclic monophosphate (dbcAMP) and Sodium orthovandate (Na3VO4) were purchased from
Sigma Aldrich Chemical Co. (St. Louis, MO). 12-O-tetradecanoyl-phorbol-13-acetate (TPA)
was obtained from LC laboratories (Woburn, MA). Rat anti-mouse I1L-12Rp2 and IL-23R
were purchased from R&D; Rabbit anti-mouse VEGF, TRP2, Mouse anti-human S100, Rat
anti-mouse vimentin were obtained from Santa Cruz Biotechnology, Inc. Rat anti-mouse
pERK was from BD biosciences. CD4-PE, CD4-FITC, FOXP3-PE, FOXP3-v450, IA/IE-
FITC, IL-17-Percp-Cy5.5, IL-10-PE, CD45.2-Percp-Cy5.5, CD45.2-FITC were obtained
from eBiosciences. IFNy-PE-Cy7, CD8-Alexa-647, and CD8-PE were obtained from BD-
pharmingen.

Carcinogenesis protocol

Mice were shaved and naired on the back skin. After a 5 day rest, they were painted with
100pg DMBA in 100ul acetone and then treated twice weekly with topical 12.5ug TPA
(20nmol) (16). Before isolation of nevi or LNs, mice were rested for 5 weeks and then
sacrificed (16).

Histological evaluation and melanin bleaching

Nevus biopsies or lymph nodes were processed for hematoxylin and eosin (H&E) staining
(16). Corresponding sections were also melanin bleached using 0.25% potassium
permanganate and 5% oxalic acid solutions and were processed for H&E or fluorescent
staining (16). Images were captured with an Olympus DP70 digital camera and further
analyzed using ImagePro Plus software v6.0 (Media Cybernetics, Inc., Silver Springs, MD.

DMBA-specific contact hypersensitivity (CHS) and adoptive transfer

Mice were sensitized on the abdomen with DMBA (100pl; 0.1% w/v DMBA in acetone).
Elicitation of responses was assessed 5 days after sensitization by painting ears with DMBA
(20 ul; 0.1% w/v DMBA in acetone) as described (17). To assess the extent of suppression
by DMBA specific regulatory T cells, mice were sensitized as described above. Five days
later, single cell suspensions of lymph node (LN) cells were obtained. CD4 T cells were
isolated using Miltenyi beads according to the manufacturer's instructions. 10x106 CD4 T
cells were adoptively transferred into WT mice. After 24h, mice were sensitized with
DMBA. Elicitation and assessment of ear thickness was performed as described above.

Flow cytometry and fluorescence staining

Lesional tissues and adjacent skin from carcinogen treated mice or age matched untreated
skin were collected for histological examination or were subjected to digestion and
processing into single cell suspensions for flow cytometric staining (16).
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T cell cultures and cytokine assay

For analysis of cytokines and T cell subsets during CHS, mice were sacrificed on day 3 after
DMBA challenge, ear draining LNs were removed, minced with scissors and digested in
HBSS containing collagenase D (1mg/ml, Roche Applied Sciences, Indianapolis, IN) and
20pg/ml DNAse | (Sigma, St. Louis) for 45 minutes. Cells were counted and 2x10° cells/
mouse were stimulated with PMA (50ng/ml) and ionomycin (250ng/ml) for 6h in the
presence of Brefeldin A (2uM) for intracellular cytokine staining. Staining profiles were
obtained using a LSRII flow cytometer (BD Biosciences) and FlowJo v9.5.2 for Mac or
v10.0 for Windows computers.

RNA extraction, RT-PCR and gPCR

Total RNA was extracted from individual samples using Trizol reagent (Invitrogen,
Carlsbad, CA\) as described elsewhere (16). Primers for Gapah, Mut-Hras, p16/VK42,
P19°RE Tyr, MelanA, Trp2 (16), IL-10(18), IL-12p35(19), IL-12p40(19), /L-23p19 (20),
1L-17(20), IFNY (21) are described in detail elsewhere. Primers for /L-23r (NM_144548),
IL-12rb1 (NM_008353) and /L-12rb2 (NM_008354) were retrieved from the primer bank
(22).

Soft agar anchorage-independent growth assay

The soft agar colony-forming assay was performed as described (16, 23).

Tumorigenicity in nude mice

Cell lines cultured for no more than 5 generations were injected subcutaneously with 2x10°
cells in PBS:matrigel (1:1) into immunocompromised mice (NIH-bg-nu-Xid). Triplicate
groups of mice were injected at two sites/animal. Tumors were counted weekly and tumor
volume measured using the formula for a hemiellipsoid (Molume = 1/2 x (47w/3) x (1/2) x
(wW/2) x h, where |, length, w, width, and h, height).

Normal Melanocyte preparation, melanocytic cell lines from nevus tissue and lymph nodes

(LNs)

Melanocytes were prepared using standard protocol for melanocyte isolation. Skin from 1-2
day old pups (WT or KO) was excised, washed with 70% ethanol followed by PBS. The
subcutaneous tissue was dissected away and the skin sheet was incubation in dispase 11 (25
mg/ml, Roche Applied Science) overnight at 4°C. The epidermis was peeled off and placed
in 0.05% trypsin-EDTA for 10 min at 37°C under shaking. The mixture was passed through
70 um screen and centrifuged. The pellet was washed with serum-containing media and then
cells were resuspended in Opti-MEM medium containing 7% horse serum, 1% penicillin-
streptomycin-glutamine, 0.05 pg/ml Fungizone, 25 ng/ml phorbol 12-myristate 13-acetate, 1
UM sodium vanadate, and 100 uM dbcAMP (all from Sigma, St. Louis, MO). The medium
was changed twice weekly, and fresh phorbol 12-myristate 13-acetate was added each week.
After melanocytes started to be confluent, they were divided for various experiments and
used within 1-2 generations. To access their melanocytic origin, cells were stained with anti-
Tyrosinase, Anti-TRP2, Anti-gp100, anti-CK14 antibodies.
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Nevus tissue biopsies and LNs were digested in 200pl digestion buffer [collagenase D
(Roche) (Img/ml) and DNAse (20 pg/ml)] for 30 minutes. Cells were washed twice and then
cultured in melanocyte growth medium [OptiMEM with dbcAMP (0.1mM), Na3VvVO4
(1uM), horse serum (7%), and phorbol 12-myristate 13-acetate (25ng/ml). Medium was
changed three times a week as described (16). To access their melanocytic origin, cells were
stained with anti-Tyrosinase, Anti-TRP2, Anti-gp100, anti-CK14 antibodies. For in vitro
studies, the established cells lines were used within 2-3 generation. Cells were analyzed for
mycoplasma using Mycoplasma detection kit (Thermo Fisher).

Statistical analysis

Results

Data were processed by the GraphPad Prism 6.0 program (GraphPad Software for Mac).
Two tailed paired Student's t-test, Two-way ANOVA, and Tukey multiple comparison tests
were applied for statistical significance. Any p value <0.05 was considered significant.

IL-23 prevents nevus initiation and growth

To test the influence of IL-12 and I1L-23 in controlling nevus development, we treated
cohorts of mice deficient in expression of IL-12p35, IL-23p19, and IL-12/IL-23p40
engineered by gene knockout (KO). Each knockout locus was backcrossed onto the nevus
susceptible C3H/HeN strain for at least 10 generations. During DMBA/TPA treatment,
compared to WT mice no significant differences in the latency of nevus development among
the four groups, which started to appear at 6 weeks, was observed. However, in the absence
of 1L-23p19, an increased number and enhanced growth of nevi was observed. By 24 weeks,
IL-23p19-deficient mice developed 70% more nevi, which grew 40% larger than the nevi of
WT mice (Fig. 1A-D). To our surprise, we observed that both the number and growth of nevi
were inhibited in mice deficient in 1L-12p35 (p>0.05, WT versus IL-12p35K0), suggesting
that IL-12 promotes pigment cell dysregulation. In the absence of both IL-12 and IL-23, an
intermediate effect on initiation and growth of nevi was present, supporting the concept that
the two cytokines play opposing roles in regulating melanocyte growth (Fig. C & D). A
scatter plot of the mean size of individual nevi measured per group illustrates that loss of
IL-23 has a dominant effect in promoting lesion growth, as 50% and 46% of nevi were >2
mm? in the double and single KO mice, respectively (p<0.001), while only ~20% of nevi
reached that size in the IL-12p35KO group (Fig. 1E-F). Individual lesions were seen as dark
spots on the skin surface and were easily discernible, even in shaded areas of hair follicle
cycling (Fig. 1G).

To determine if nevi contained stably transformed cells or remained dependent on
continuous promation stimuli, TPA treatment was discontinued in some animals at 15 weeks
and regression or growth of individual nevi was evaluated over the following 10 weeks. We
observed that a subset of nevi in all groups underwent regression (Supplementary Fig. 1A
& B). However, a greater proportion of nevi remained and continued to grow when IL-23
was absent in single or double KO mice (Supplementary Fig. 1C). Therefore, nevi did not
depend on continued TPA treatment for autonomous growth. An IL-23p19KO mouse, left
untreated for up to 8 months after treatment, developed a melanoma that had vertical growth
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in addition to radial growth (data not shown). This was not observed for control age-
matched mice treated only with TPA.

IL-23 promotes epithelial tumor development

It has been reported that IL-23 promotes DMBA/TPA-induced epithelial tumor development
in C57BL/6 mice by reducing tumor-specific CD8 T cells and increasing angiogenesis (24).
Therefore, we analyzed whether IL-23p19KO mice on the C3H/HeN background affected
the outcome. Similar to results reported for C57BL/6 mice, C3H/HeN mice demonstrated
increased resistance in IL-23p19KO mice and enhanced susceptibility in 1L-12p35KO mice
to development of keratinocyte-derived papillomas and squamous cell carcinomas (SCCs)
(Supplementary Fig. 1E & 1F). The average tumor volume in IL-12p35K0 and WT mice
was comparable (Supplementary Fig. 1G). However, rather than the complete inhibition of
epithelial tumors reported for IL-12/23p40KO in C57BL/6 mice (24), deficiency of both
cytokines in C3H/HeN mice resulted in an intermediate number of epithelial tumors. Our
results suggest that IL-23 and IL-12 have differential effects on development of epithelial
versus melanocytic tumors.

IL-23 modulates the tumor microenvironment

We examined nevi by histologic and immunofluorescence staining. Lesions from all groups
contained a mixture of pigmented epithelioid and spindle cells, the majority with abundant
intra-cytoplasmic melanin pigment, and largely uniform nuclei (Supplementary Fig. 2A).
Melanocyte S100 stained large areas of nevi from IL-23p19KO and IL-12/I1L-23p40KO mice
with a dense, bright pattern, but weakly in lesions from WT and 1L-12p35KO mice
(Supplementary Fig. 2B). Quantitative PCR specific for MelanA and tyrosinase ( 7y7)
mRNA confirmed that melanoma-associated gene expression was increased in lesions from
IL-23p19KO and IL-12/IL-23p40KO mice compared to IL-12p35K0O and WT mice
(Supplementary Fig. 2C, D).

Since angiogenesis is a hallmark for tumor progression, we co-stained tissue sections with
anti-mouse VEGF and S100 and observed that within lesions of IL-23p19KO there was
elevated VEGF compared to 1L-12p35KO and WT mice. This suggests that IL-23 normally
inhibits angiogenesis in the melanoma tumor microenvironment (Fig. 2A, 2B & 2C). In
addition, the proliferation marker Ki67 prominently stained S100+ cells in lesions from
IL-23-deficient but not IL-12p35-deficient mice (Fig. 2A). In addition, an increase in
tyrosinase-related protein (TRP)+ cells co-expressing the epithelial-to-mesenchymal (EMT)
marker vimentin was observed in IL-23p19KO samples (Fig. 2B). In addition, fewer MHCI|I
+ antigen-presenting cells (Fig. 2B), reduced CD45.2 cells (Fig. 2D), and increased CD4
and CD8 cells were detected in lesions from mice deficient in 1L-23p19 (Fig. 2E).

IL-23 reduces metastasis to lymph nodes

H&E stained sections of skin draining lymph nodes (dLNs) from IL-23p19KO and IL-12/
IL-23p40KO mice contained clusters of pigmented cells, which were less evident in
IL-12p35KO0 and WT dLNs. Benign nevus cells do occasionally accumulate in sinuses of
the LN capsule and parenchyma (25), but the presence of pigmented cells in deep
parenchyma can be diagnostic for melanoma metastases (26, 27) (Fig. 3A). Nuclear
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morphology examined in pigment-bleached serial sections indicated round nuclei with
prominent nucleoli, characteristic of melanocytic cells rather than pigment-laden
macrophages. (Inset Fig. 3A). LNs from IL-23p19KO and IL-12/IL-23p40KO mice with
pigmented skin lesions were laden with intense black pigmentation; this was less evident in
LNs from WT and IL-12p35K0O mice (Fig. 3C). Flow cytometric analysis of LN cells from
nevus bearing mice corroborated visual assessments of LNs, where a 3-fold increase in
TRP2+/MelanA+ cells was present in IL-23p19KO versus 1L-12p35K0 LN cells (Fig. 3B).
Real-time gPCR also suggested higher numbers of tumor cells had invaded LNs as revealed
by levels of 7rp2, Tyrand MelanA mRNA expression (Supplementary Fig. 3A). To
distinguish melanocytic cells from melanophages (pigment-laden macrophages), we used
double immunofluorescent staining with S100 and myeloid CD11b or lymph node
macrophage specific CD169 Abs. The majority of stained cells were non-overlapping
distinct populations — further supporting that S100+ cells were melanocytic in origin.
Interestingly, we observed more macrophage infiltration in LNs from mice deficient in
IL-23p19 in contrast to LNs from WT or IL-12p35-deficient mice (Supplementary Fig.
3B). This finding is consistent with the known role of macrophages in establishing
microenvironments that favor tumor growth (28).

IL-23 reduces prolonged survival of transformed melanocytic cells

Nevus cells can be cultured for only a limited time, and proliferate for little more than one
passage before they undergo senescence (29). However, immortalized or transformed cells
provide continuous cultures, and ultimately establish cell lines. Thus, we assessed the
proportion of nevi, and dLNs that contained cells that could seed continuous melanocyte
cultures. Lesional tissue was carefully isolated, and dLNs harvested, then processed into
single cell suspensions to seed cultures. The percentage of lesions and LNs producing
immortalized cell lines was significantly increased when derived from I1L-23p19-deficient
mice (Fig. 3D & E). It was very difficult to establish a cell line from LNs and lesions taken
from IL-12p35-deficient mice. Further, it took 5 times more nevi to generate slow growing
cell lines from 1L-12p35KO0 mice.

Tumorigenicity is increased by IL-23-deficiency

We characterized the tumorigenic potential of cell lines derived from all groups of mice.
First, their ability to grow /n vitro as attachment-independent colonies in soft agar
demonstrated that the cell lines derived from mice deficient in 1L-23p19 were able to
generate a greater number of colonies, which grew to a size comparable to colonies formed
by the positive control melanoma line B16/F10 (Fig. 3F). Their tumorigenicity /n vivo was
determined by their ability to form growing tumors following subcutaneous injections into
nude mice. Like the /in vitro colony growth forming profile, cell lines from IL-23p19-
deficient mice exhibited enhanced tumor-growth, with increased mitotic indices (Fig. 3G,
3H). In contrast, cell lines derived from WT or IL-12p35KO mice were unable to form large
tumors in nude mice and contained fewer mitotic cells.
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IL-23 inhibits proliferation of melanocytic cell lines

We noted that the cell lines established from the nevi of 1L-23p19-deficient mice tripled
their cell numbers in 2 days, while cell lines from WT or IL-12p35-deficient mice less than
doubled (Supplementary Fig. 3C). These data are consistent with the observed increase in
proliferative index by the respective tumors grown in nude mice (Fig. 3G, 3H). To test
whether IL-23 can directly act on melanocytes and tumor cell lines, primary cultures of
normal WT melanocytes and tumor cell lines were incubated in the absence or presence of
riL-23 or rIL-12 for 48h. In normal melanocytes, the number of cells doubled in cultures in
which either rIL-12 or rlL-23 was present (Supplementary Fig. 3D), indicating that these
cytokines directly stimulate normal melanocyte proliferation. However, when melanoma
cultures contained rIL-23, recovery of cells was greatly reduced (approaching 50%
reduction), while there was a modest inhibition (~20%) of melanoma growth in the presence
of IL-12 (Supplementary Fig. 3D). These data suggest that IL-23 acts directly on
melanocytic cells to differentially regulate the growth of normal melanocytes and melanoma.

Normal melanocytes and nevus cells express IL-12 and IL-23 receptors

To confirm that IL-12 and IL-23 can act directly on melanocytes, we analyzed expression of
their receptors. We observed that normal melanocytes express both IL-12 and IL-23
receptors (Supplementary Fig. 3E). Interestingly, riL-23 upregulated mRNA expression
(Supplementary Fig. 3F-G) for both IL-23 and I1L-12 receptors, while IL-12 only modestly
reduced IL-12 receptor mRNA expression, but IL-12 receptor expression was low on cells.
(Supplementary Fig. 3F). gRTPCR analysis in lesion biopsies and adjacent skin
demonstrated ubiquitous IL-23 receptor expression in WT and all the cytokine KO mice.
IL-12 receptor expression was lower in all three strains of KO mice compared to WT mice
(Supplementary Fig. 3H & 3l) and this may account for our inability to detect prominent
effects by riL-12.

Robust melanocyte DNA repair is induced by IL-23

Using allele-competitive blocker (ACB) PCR, we have previously shown that nevi in this
model often contain mutations in the 615t codon of the H-ras oncogene. Detection of that
particular mutation, as well as the loss of cyclin-dependent kinase inhibitor 2a (CdknZa)
gene expression (encoding p194/7and p16/744) which is associated with melanoma, were
employed to provide readouts for the mutation burden and indirectly, the efficiency of DNA
repair (Fig. 4A). Melanocytic cell lines established from IL-12p35 KO mice possessed fewer
H-ras mutations compared with cell lines derived from 1L-23p19 KO and WT mice (2/8
versus 5/8, respectively). Further, expression of p2194"and p16"42 was weak or
undetectable in cell lines from IL-23p19-deficient mice, compared to lines from WT or
IL-12p35-deficient mice (Fig. 4A). Loss of p16/k4a expression was found at an increased
frequency in nevus-derived cell lines from 1L-23p19-deficient mice, supporting a role for
IL-23 in maintaining DNA integrity. Therefore, we investigated whether 1L-23 or IL-12
played a direct role in melanocyte DNA repair. Primary melanocytes were isolated from the
skin of WT or cytokine KO mice pre-treated with DMBA. Following overnight recovery in
culture, the level of nuclear DNA-damage, indicated by yH2AX red immunofluorescence,
was evaluated. Thus, the absence of nuclear yH2AX stain is an indication of successful
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DNA repair. DNA repair of DMBA-treated primary melanocytes from 1L-12p35K0 mice
was augmented, while nuclei of treated melanocytes from 1L-23p19KO mice remained
highly positive for yH2AX, indicating poor repair of DNA (Fig. 4B). It should be noted that
this contrasts with studies on photo-damage repair of DNA in keratinocytes (11, 15, 30).
Further, the presence of rIL-23 in the culture medium promoted DNA repair (Fig. 4C), while
neutralizing IL-23 in cultures inhibited repair (Fig. 4D). The modest impact of IL-12 on
melanocyte DNA repair suggests that the augmented DNA repair observed for IL-12p35
KO-derived melanocytes may be due to other factors. To determine if IL-23 mRNA
expression is dysregulated (i.e., increased) in IL-12p35KO melanocytes, qPCR was used.
IL-23 specific p19 mRNA expression levels in IL-12p35K0O and WT melanocytes were
comparable. IL-23p19KO melanocytes overexpressed mRNA for the IL-12-specific p35
subunit mMRNA, but mRNA for the shared IL-12 p40 subunit was reduced compared to WT
and IL-12p35K0 melanocytes (Fig. 4E). We next analyzed expression of DNA repair
enzymes and observed that 1L-23 induces DNA repair enzyme Xpc (Fig. 4F), while Xpais
induced by both IL-12 and IL-23 (data not shown).

IL-23 alters immune responses during DMBA initiation

Since IL-23 enhances DNA repair and DNA damage suppresses immune responses, we
sought to determine whether there is an indirect role for IL-23p19 deficiency in the
development of nevi and/or progression to melanoma. We employed allergic contact
hypersensitivity (CHS) assays to measure T cell-mediated CHS responses to DMBA, the
compound responsible for nevus development in this system. Recent work from our lab has
shown that a significant portion of DMBA-specific T cells is raised to an epitope containing
the codon 61 point mutation that activates H-ras (17). CHS responses were exaggerated in
IL-12p35K0O mice, but were significantly reduced in 1L-23p19KO mice (Fig. 5A). An
intermediate response was observed in 1L-12/23p40KO mice, which may reflect opposing
roles of 1L-12 and 1L-23.

CD25+CD4+Foxp3+ regulatory T cells inhibit CHS (31). In contrast to the reduced CHS
response by IL-23p19KO mice, we observed that the cellularity of LNs from 1L-12p35KO0O,
IL-23p19KO0 and IL-12/23p40KO mice increased at least 2-fold compared to WT mice (Fig.
5B). Flow cytometry revealed that the percentage of CD25+CD4+Foxp3+ regulatory T cells
in IL-12p35K0 mice was reduced by 25% compared to WT (Fig. 5C). However, after
adjusting for differences in cellularity, the absolute number of regulatory T cells was not
significantly different from WT mice (Fig. 5D). IL-23p19 deficiency led to a modest
increase in the percentage of CD8 T cells compared to WT or IL-12p35K0O mice (Fig. 5C).
The numbers of CD8 T cells, CD4 T cells and CD4+CD25+Foxp3 were higher in
IL-23p19KO mice compared to IL-12p35K0O mice (Fig. 5D). The CD4+, CD8+ and Foxp3+
T cells that produced IL-10 increased in CHS responding IL-23p19KO mice (Fig. 5D,
Supplementary Figure 4A-6D), consistent with an immunosuppressive environment. This
was not observed in IL-12p35KO CHS responding mice. CD4+ IFN<y or IL-17 producing
cells were comparable in all groups (data not shown). On the other hand, the percentage of
CD8+ IL-17 producers increased in the absence of I1L-12 (i.e. IL-12p35KO and
IL-12/23p40KO mice) while the absolute number of this cell subset increased in all KO
mice, compared to WT mice (Supplementary Fig. 4E& 4F). A modest but significant
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increase in the percentage and absolute number of CD8+ IFN-y producers was observed in
IL-23p19 and IL-12/23p40KO mice.

Since the magnitude of the CHS response is determined by the subsets of immune cells
infiltrating, we next analyzed ear skin on day 3 after DMBA challenge. We observed that the
absence of IL-23 enhanced infiltration of leukocytes (CD45.2 cells) into the ears of mice.
Further, the percentage of CD45.2 cells that were CD4 or CD8 increased in the absence of
IL-23 (Fig. 5E). The percentage of regulatory T cells was similar in all groups (data not
shown). As expected, effector CD4+IL-17+ cells increased in IL-12p35KO mice and were
reduced in IL-23p19K0O and IL-12/23p40KO mice compared to WT mice, consistent with
the roles for the respective cytokines in T cell subset differentiation.

The majority of CD4+1L-17+ cells were double producers of IL-17 and IFNy (Fig. 5E).
The CD4+IFNvy+ or CD8+IFNvy+ cell percentages were similar (Fig. 5E). We investigated
the function of CD4+ T cells purified from DMBA sensitized WT and KO mice by testing
their ability to inhibit the elicitation of CHS responses following their transfer into WT
sensitized mice. We observed that CD4+ T cells from IL-12p35KO mice were unable to
inhibit DMBA responses. In contrast, CD4 T cells from IL-23p19KO mice contained
functional regulatory T cells that profoundly inhibited responses (Fig. 5F). We assessed the
contribution of CD4 T cells for nevus development and addressed whether IL-23 was
important for elaborating the CD4-dependent mechanism by examining nevus development
in single and double KOs for CD4 and IL-23p19 (Fig. 5G). Without CD4 T cells only a few
nevi developed, which were small in size compared to nevi in WT mice. With IL-23p19KO
mice we reproduced the finding that appreciably more and significantly larger nevi were
generated. However, mice deficient in both 1L-23p19 and CD4 generated an intermediate
number of lesions, falling between the numbers generated by the single knockout mice. This
result suggests IL-23 mediated control of melanocyte dysregulation is operated by both T
cell dependent and independent mechanisms (e.g., DNA repair). Double KO mice for CD8
and IL-23 were similar to single 1L-23p19KO with respect to nevus development, indicating
CD8 T cells may not be involved in IL-23 mediated nevus inhibition (Supplementary Fig.
4G & 4H). In IL-12p35-CD8 double KO mice, we observed increased numbers of nevi and
an increase in average lesion size compared to 1L-12p35K0, indicating IL-12 alters CD8
function (Supplementary Fig. 41 & 4J).

IL-23 blocks tumor promoting IFNy

Since IFN+y has been implicated in melanomagenesis (32), we next investigated whether
IFNy levels were increased in the absence of IL-23 (Fig. 6A), gRT-PCR analysis of skin
MRNA, isolated 24 hours after TPA treatment, revealed IFN-y mRNA levels that were
dramatically elevated in the absence of IL-23, but not in the absence of IL-12. Not
surprisingly, the absence of 1L-23 reduced IL-17 mRNA expression in both the single and
double KO specimens (Fig. 6B). However, in the absence of 1L-12, a modest increase in
IL-17 mRNA was observed. Intriguingly, a four-fold increase in IL-10 mMRNA expression
was observed in TPA treated IL-23p19KO skin (Fig. 6C). The respective roles for IFN-y and
IL-17 in nevus formation were tested by infusion of neutralizing antibody in WT mice
during carcinogenesis. We observe that injection of anti-IFN-y but not anti-1L-17 antibody
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resulted in a reduction in nevus numbers and size, supporting a pro-tumorigenic role of
IFN+y for nevus development (Fig. 6D-G).

Discussion

Basic research and clinical observations over the past several decades have clearly
demonstrated that immunological mechanisms are capable of controlling melanoma growth
and development. This line of investigation has led to the introduction of novel
immunotherapeutic agents that prolong the survival of patients with advanced melanomas.
Most melanomas begin as premalignant dysplastic nevi, which after months to years, may
progress to become invasive melanomas. Thus, there is ample opportunity to prevent
dysplastic nevi from evolving into melanomas. Identification of novel agents that can avert
melanoma development has proceeded slowly, at least in part because of the limited number
of preclinical models that can be used to evaluate potential protective modalities. This is
particularly true for immunological interventions. Existing mouse melanoma models are
largely restricted to transplantable syngeneic melanoma lines, such as B16, compatible only
with C57BL/6 mice, or transgenic mice with enforced expression of mutant oncogenes.
These animal models rapidly develop melanomas without first showing evidence of
dysplastic nevi.

To address these gaps in our knowledge, we created an in vivo model in which mice develop
large numbers of pigmented nevi that progress to become invasive melanomas and then
metastasize to regional lymph nodes (16). The clinical, genetic and biochemical features
closely resemble those that occur in humans. We employed this model to investigate the role
that IL-23 plays in melanoma development. Based on its effect in the development of
chemically-induced cutaneous tumors of epithelial origin, we postulated that IL-23 would
augment melanoma development in our model system, and that IL-12 would have the
opposite effect. In fact, we found exactly the opposite; 1L-23p19-deficient mice had more
numerous nevi that grew more rapidly, resulting in larger melanocytic neoplasms that were
more likely to metastasize. In contrast, IL-12p35 deficient mice, developed fewer
melanocytic tumors than wild type mice.

Figure 7 summarises our finding on how IL-23 affects melanoma and SCC tumor
development. Our observations of the anti-tumor effects of IL-23 in melanoma are consistent
with that of others in different tumor systems. For example, I1L-23 has anti-neoplastic effects
when expressed as a transgene in various tumor cell vaccine models (14, 33). Further, rIL-23
can directly inhibit the proliferation of lung cancer cells in culture (34).

In contrast to the findings in our model of melanoma, there are many studies to support the
concept that IL-23 promotes, rather than retards, the growth of certain types of tumors (24,
35). For example, Langowski ef al., reported that I1L-23 was important for promoting the
development of epithelial squamous cell carcinoma (SCC) induced by chemical
carcinogenesis in mice (24). Mechanisms of tumor promotion were linked with 1L-23-
associated tumor angiogenesis and inhibition of tumor-infiltrating CD8 T cells (24). Further,
our previous results have shown that IL-17 producing Th17 cells promote SCC development
in DMBAJ/TPA treated mice (36-38). Our data confirm those studies with respect to
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squamous cell carcinomas of the skin (see Supplementary Figure 2). The conflicting
literature indicates that the mechanisms relating to IL-23-mediated direct and/or indirect
effects on tumorigenesis remain obscure and confusing (14). The pro- or anti-tumorigenic
activity of these cytokines may be affected by a number of factors, including the tumor type,
the type of induced damage, tissue specific responses, and differences in the concentrations
of IL-12 and IL-23 cytokines in the microenvironment.

Our findings in this system provide convincing evidence that IL-23 and IL-12 produce
different effects depending on the cell type. Melanocytic lesions and keratinocyte-derived
papillomas exhibited a reciprocal relationship. Tumor development was evaluated in the
same mice and in the same treatment area and all of the other conditions were the same.
More melanomas and fewer SCCs were observed in the 1L-23p19 deficient mice; more
SCCs and fewer melanomas were found in the IL-12p35-deficient mice. One explanation for
this may be differences in 1L-12 and 1L-23 receptor expression or response between the two
cell types. We were able to demonstrate that melanocytic cells expressed receptors for IL-23
and those receptors enhanced DNA repair processes in that cell type. In contrast to the
studies in which DMBA was the initiating agent, studies investigating UV-radiation-induced
epithelial tumor development support an inhibitory role for 1L-23. Tumor incidence
increased in 1L-23p19-deficient mice whereas the loss of IL-12 had no effect (39). Further
work showed that like IL-12, 1L-23 induced DNA repair following photo-damage, and this
activity was proposed to contribute to its anti-tumorigenic function (15). Thus, the initial
carcinogenic stimulus also determines the pro- or anti-carcinogenic effect of IL-12 and
IL-23.

There is some evidence in humans suggesting that IL-23 also plays a role in nevus
development. IL-23 plays a pivotal role in the pathogenesis of psoriasis (40) and one study
(41) describes patients with psoriasis who showed a reduction in nevus numbers in the
psoriatic lesions. Another study (42) observed that compared with control subjects, psoriatic
patients had fewer nevi overall, fewer nevi less than 5 mm, and fewer congenital nevi. The
use of biologics in the patients was a risk factor for a higher nevus count, whereas disease
severity did not correlate with number of nevi. Our study provides additional evidence that
IL-23 contributes to nevus development. The data imply that care may need to be taken
when treating autoimmune diseases with IL-23 neutralizing antibodies.

As was mentioned, IL-23 was found to directly block tumor initiation and growth through
augmentation in DNA repair. 1L-23 not only acted at this stage of tumorigenesis, it also
inhibited regulatory T cell expansion, and in so doing, diminished IFN+y responses in the
skin. IFN-y is a double edged cytokine that acts both as an anti-tumor and a pro-tumorigenic
cytokine. Anti-tumor mechanisms of IFN-y are well understood. IFNy inhibits cell-
meditated immune responses through generation of regulatory T cells (43).

Pro-tumor characteristics of IFNvy are also described (44). A melanoma-promoting role for
IFN-y has been reported by Zaidi et a/. Their study employed neonatal UV irradiation in
mice, and identified IFNy producing macrophages during initiation, which played a key role
in making competent melanoma precursors in mice and humans (32). Neutrophils also
secrete IFN+y in response to stimulation (45). We observed that the loss of 1L-12 reduced
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IL-12-dependent IFN-y+ T cells. In addition, IFN+y production from activated NK, Th1 and
CD8 T cells may also play an important role in promoting melanoma. IFNvy receptors are
present on melanocytes, and work by others report that IFN-y can inhibit apoptosis of UVR
damaged melanocytes (46), thus promoting tumor development. Further, IFN+y induces
iNOS in melanocytes (47), which is an important anti-apoptotic and pro-inflammatory
protein (48). IL-23 can also activate gamma delta T cells and NK cells (49, 50). Both cell
types are known to inhibit melanoma development (51). The precise nature of IL-23
mediated mechanisms that maintain melanocyte homeostasis still needs to be addressed in
future investigations. Thus, this study is first to elucidate the importance of IL-23 in
controlling melanomagenesis and indicates that care must be taken when considering anti-
cytokine therapies for treating patients that may have increased susceptibility to melanoma.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. IL-23 inhibits the incidence and growth of pigmented lesions
DMBA (100 pg/mouse) was applied on the shaved and naired backs of mice and one week

later TPA (12.5 pg/mouse) was applied twice weekly for 24 weeks. Lesions were counted
and area measured twice weekly. (A) 1L-23p19KO lesions were significantly greater in
numbers compared with WT, 1L-12p35KO0, IL-12/23p40KO mice. (B) Increased lesion area
per mouse in 1L-23p19KO0 mice but not in IL-12p35K0 or WT mice. Similar to the lesion
number, the lesion area was significantly increased in I1L-23p19KO and 1L-12/23p40KO
mice compared to WT and IL-12p35KO mice. Week 24 representation of nevus numbers (C)
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and mean nevus area (D) per mouse among the groups described above. (E) Lesion area of
each individual lesion at Week 24 for each group. In both 1L-23p19KO and 1L-12/23p40KO
mice average lesion area is larger than the area of lesion from both IL-12p35K0O and WT
mice (p<0.001). (F) Stacked bar graph for lesion area at week 24 from each group, shows
that in both I1L-23p19KO and IL-12/23p40KO mice there is an increased percentage of
lesions larger than 2 mm? or 4 mm? as compared to WT or IL-12p35KO mice. (G)
Representative photos of mice at 15 weeks after DMBA application. Note that individual
lesions are identified as darkened spots on the skin surface and are easily discernible, even in
darkened areas of hair follicle cycling. ** is p<0.01. ***is p<0.001. Data is representation of
one experiment from two independent experiments (n=7-10 mice).
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Figure 2. IL-23 inhibits angiogenic and survival signalsin nevuscells
(A) Tissues were fixed in 10% formalin overnight and paraffin embedded tissues were cut

(4-6 pm). The slides were deparaffinized and bleached to remove melanin as described in the
Materials and Methods. The sections were stained with anti-mouse S100 antibody [clone
4C4.9] (red) and rabbit anti-mouse VEGF (clone A-20) (Green) or rabbit anti-mouse Ki67
(Green). All the slides were incubated with DyLight 594 donkey anti-mouse IgG or DyL.ight
594 donkey anti-rabbit 1gG. After the final wash all sections were counterstained with DAPI
to stain nuclei. The pictures were taken with a 20x objective lens. The red intensity in WT
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and IL-12KO lesions was increased to make the nevus area distinguishable. Two mice from
each group were sacrificed and nevus tissue isolated and treated as discussed in the
Materials and Methods section. The single cell suspensions were counted and stained for
FACS analysis. The cells were gated on the melanocytic marker anti-mouse TRP-2. These
cells were then analyzed for (B) Vimentin, MHCII and (C) VEGF. (D) Percent CD45.2 cells
in nevi of KO mice. Single cell suspension were stained with anti-CD45.2, CD4 and CD8
antibody and analyzed by flow cytometry. The cells were gated on CD45.2 and then
analyzed for CD4 and CD8 staining as shown. For microscopy, 3-5 nevi were stained. Data
is representation of one nevi from one of the experiments. For flow 3-5 nevi were pooled
from 5 different mice. * is p<0.05.
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Figure 3. IL-23 inhibits metastasis and prolonged survival of pigmented cells
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(A) Histologic evidence of migratory pigment cells in LNs. Panels of H&E stained lymph
node serial section pairings of unbleached and bleached (inset) views taken with objective

magnification of 10x or 60x as shown. Patterns differed in enhanced infiltration of

pigmented tumor cells throughout the 1L-12p35KO0 and 1L-23p19KO mice lymph nodes
while only a few small islands of pigmented tumor cells were present in 1L-12p35KO and
WT mice lymph nodes. Age matched normal mice (No Treatment control) contained
minimal numbers of pigmented cells, identified by nuclear morphology (blue arrow). Insets
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highlight nuclei with open chromatin and prominent nucleoli (yellow arrows). (B) Increased
melanoma marker positive cells in LN of IL-23KO mice. LN single cell suspensions (2 x
105) were stained with anti-mouse Trp2 and anti-mouse Melan A antibody, then with the
appropriate secondary antibody for analysis by flow cytometry. The numbers are pooled data
from 4 lymph nodes of two mice from two different experiments. (C) The visual
representation of lymph nodes from all the groups of mice. These are two lymph nodes each
from three different mice in each group. (D & E) Percent nevi and LNs per group that
produced an immortalized cell line. Control skin of each mouse strain, treated only with
TPA, were unable to produce a cell line. This is the mean of 2 experiments with at least 10
nevi or LNs in each group. (F) Nevus cells derived from the 1L-23p19KO grew robustly in
soft agar, and supported high numbers of colony forming cells, capable of forming large
colonies, with characteristics that were indistinguishable from B16F10 melanoma, a highly
aggressive murine melanoma tumor line. In contrast, the IL-12 p35 deficient lesion cells
demonstrated poorer growth in soft agar, producing significantly fewer colonies that were
also smaller in size and were comparable to WT colonies. (G) Cell lines derived from
lesions were injected in nude mice at 1x108 per mouse in triplicate. (H) Increased mitotic
index of tumors formed by IL-23p19 KO-derived nevus lines. Mitotic figures were counted
from 10 fields of duplicate tumors, stained by H&E (example shown in bottom panel) and
read blind by a dermatopathologist. Arrows highlight mitotic figures. *p is <0.05. ** is
p<0.01. ***is p<0.001. Data is representation of one of the two independent experiments.
For growth in nude mice (n=3) were used.
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Figure 4. IL-23 reduces genetic instability and induces robust DNA repair in melanocytes
(A) Selective loss of p16INK4a-p19ARF expression and increased H-ras mutations in

IL-23p19KO cell lines. PCR specific primers detecting mutant H-ras(Q61L) and p16Ink4a
and p19Arf expression. White arrows show primer dimers. (B) IL-23p19KO melanocytes
were unable to efficiently repair after 24h of DMBA treatment as analyzed by yH2AX
staining (red). Nuclei were stained using DAPI (blue). IL-12p35KO melanocytes repaired
faster than WT or IL-23p19KO melanocytes indicating that IL-12 is not necessary for repair
in melanocytes. (C) rIL-23 induces more efficient repair in melanocytes than riL-12. (D)
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Addition of neutralizing IL-12p40 antibody inhibited repair mediated by addition of
exogenous IL-23 confirming the role of IL-23 in DNA repair. Bars in C, D, & E, represent 5
-7 frames from triplicates. All cells as well as yH2AX positive cells counted and percent
damaged cells were calculated by using formula as Percent yH2AX cells =(number of
vYH2AX positive cells /Total cells) x 100. (E) Real-time gPCR analysis of melanocytes that
were treated with DMBA for 12h. Cells were collected, RNA extracted as described in
Materials and Methods. The bars are plotted as fold change against normal WT melanocytes
that received DMSO and no DMBA. (F) Real-time gPCR analysis of DNA repair enzyme
XPC in melanocytes that were treated with DMBA or DMBA + rIL-12 or rIL-23 for 12h.
Cells were collected, RNA extracted as described in Materials and Methods. The bars are
plotted as fold change against normal WT melanocytes that received DMSO and no DMBA.
** js p<0.01. ***is p<0.001. Data is from one experiment representative of two independent
experiments.
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Figure5. IL-12 normally promotes development

of regulatory T-cellsthat areinduced by DM BA

(A) CHS ear swelling responsesto DM BA. Allergic contact hypersensitivity responses to
DMBA is augmented in IL-12p35K0O mice and suppressed in IL-23p19KO mice. This is
combination of two independent experiments with both ears and 3 mice each. (B) Total cell
yields before and after DMBA challenge in each group of mice. (C) Bivariate contour plot
displays of LN subsets. The percent CD4 and CD8 T cells (upper panel) and CD4 gated
CD25+Foxp3+ T-cells in all groups (lower panel) are shown. (D) Absolute cell subset
numbersper LN. IL-23p19KO and 1L-12/23p40KO mice showed enhanced CD4, CD8 &
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regulatory T cell numbers compared to WT and IL-12p35KO mice. Further, a large number
of regulatory T cells produced IL-10 in IL-23p19KO mice than either WT or IL-12p35KO
mice. (E) Bivariate displays of skin infiltrating leukocytes, gated by CD45 staining. Cells
were isolated from ear skin 3 days after DMBA challenge and subset frequencies determined
for each group, as shown. The data is from 3 mice from a single experiment. (F) CHS
suppression assay by adoptive transfer of sensitized CD4 T cells. CD4 T cells from DMBA
sensitized KO or WT mice, as indicated, were adoptively transferred into previously DMBA
sensitized WT mice, then challenged with DMBA on ear skin. Ear swelling was significantly
inhibited in mice that received WT, IL-23p19KO and IL-12/23p40KO CD4 T cells, but
unaffected by I1L-12p35KO CD4 T cells. (G) Altered nevus development in single and
double KOs for CD4 and IL-23. The incidence of nevi in CD4 KO mice is reduced by ~
75%, and increases by almost 50% in IL-23p19KO mice but is at intermediate, WT levels in
the DKO mice. However, the average lesion size in DKO mice is similar to single IL23KO
mice, suggesting a dominant role for loss of IL-23 control. 10 mice were used in a single
experiment. *p is <0.05. ** is p<0.01. ***is p<0.001.
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Figure6. IL-23 inhibitsinduction of IFNy gene expression
Real-time PCR analysis of (A) IFN-y (B) IL-17 and (C) IL-10 using whole skin that was

treated with TPA for 24h. WT and IL-23p19KO mice were treated with DMBA and TPA
with injection of rat isotype antibody, anti-IL-17 and anti-IFN-y antibodies for 5 weeks after
initial treatment with DMBA.. (D & E) Number of nevi and average lesion area in WT mice
after mice received anti-IFNy antibody and IL-17 antibody. (F & G) Number of nevi and
average lesion area in IL-23p19KO mice was reduced when mice were injected with anti-
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IFNy antibody. 5 mice were used to in a single experiment. *p is <0.05. ** is p<0.01. ***is
p<0.001.
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Figure7. Summary of role of IL-23in SCC and M elanoma development
DMBA (mutagen) introduces mutations in cells such as keratinocytes (KCs) and

melanocytes (MCs). These cells along with Langerhans cells (LCs) secrete the cytokines
IL-12 and IL-23. The cytokines can act in an autocrine or paracrine fashion and induce DNA
repair. IL-23 augments DNA repair in melanocytes thereby preventing excess mutations in
the cells. IL-12 increases IFN production by innate cells as well as T-cells resulting in fewer
SCCs due to enhanced CTL. However, high IFN production results in malignant melanocyte
proliferation, angiogenesis and melanoma development. IL-23 on the other hand reduces
IFN production and increases DNA repair, thus resulting in fewer nevi. IL-23 promotes
IL-17 production increases Myeloid Derived Suppressor Cells (MDSCs) in SCCs thus
promoting IL-23 mediated SCC development.
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