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1 Introduction

Melanoma is a malignancy of melanocytes which are located in the basal layer of
epidermis. Melanocytes are derived from the neural crest, and produce several factors that
promote migration and metastasis of melanoma [1,2]. Melanoma is divided into the
following major subtypes based on their histopathological characteristics; superficial
spreading melanoma (SSM), nodular melanoma (NM), lentigo maligna melanoma (LMM)),
and acral lentiginous melanoma (ALM). SSM is the most common subtype and usually
refers to melanoma in a radial or horizontal growth phase. SSM is especially common
among fair-skinned individuals and tends to carry a good prognosis due to a low Breslow
thickness if diagnosed at an early stage. NM generally occurs in the vertical growth phase
and has a poorer prognosis. LMM commonly occurs in skin showing significant signs of
chronic UV radiation, and has cells individually distributed alongside the dermal—-epidermal
junction and skin appendages. ALM histologically presents as tumor cells in single units
along the dermal—epidermal junction, as confluent foci, and commonly occurs at acral sites.
ALM is a more common subtype in darker skinned ethnicities. There are also some other
subtype variants defined by clinical or histological characteristics including ocular,

mucosal, amelanotic, spitzoid, and desmoplastic melanoma [3].

Melanoma will have 350 171 expected new cases globally in 2025 according to
GLOBOCAN with an incidence rising in developed countries with predominantly fair-
skinned population [4]. An estimated 63 271 people will die globally of melanoma in 2025,
according to GLOBOCAN, and melanoma accounts or over 80% of skin cancer deaths [5].
The 5-year survival rate (2011-2017) according to Surveillance, Epidemiology, and End
Results Program was 93.3% for melanoma, up from 81.9% in 1975, the earliest recorded.
The 5-year survival between 2011-2017 in the US was 99.4% for stage I-1I melanoma,
decreasing to 68.0% for stage III and 29.8% for stage IV [5]. Although overall melanoma
survival rates are increasing with the introduction of new immuno- and targeted therapies,

survival rates for metastatic melanomas remain low.

Low survival rates for metastatic melanoma can be not only due to tumor cells but also

other cells in the tumor microenvironment (TME). Melanoma TME consists of many cells
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like regulatory T lymphocytes, melanoma-associated fibroblasts (MAFs), myeloid-derived
suppressor cells, tumor-associated macrophages (TAMs), CD4" and CD8" T lymphocytes.
Growing evidence has demonstrated that TME plays an important role in melanoma
progression [6,7]. TME influences tumorigenesis and metastasis through various biological
processes. Furthermore, TME heterogeneity also plays a predictor of prognosis and

sensitivity to immuno- and targeted therapies in various cancers [8].

Cancer-associated fibroblasts (CAFs) (and in case of melanoma, MAFs) are characterized
by markers such as o smooth muscle actin (a-SMA), fibroblast activation protein (FAP),
vimentin, fibroblast specific protein 1 (FSP1), and platelet-derived growth factor receptor
(PDGFR)-a and B [9-11]. CAFs are involved in many cellular processes, such as
extracellular matrix remodeling, angiogenesis, cell-to-cell interactions and some studies
showed that interactions between tumor cells and CAFs can promote tumor progression,
metastasis and drug resistance. Melanoma cells when co-cultured with MAFs or incubated
with MAF-derived conditioned media exhibited greater invasion and migration capability
[12-15]. Studies also demonstrated that MAFs’ activation is essential for melanoma
metastasis, inhibition of MAFs by B-catenin suppression in mice resulted in a decreased
tumor mediated neo-vascularization [16]. The cross-talk between melanoma cells and the
MAFs can lead to drug resistance. It was found that the role of hepatocyte growth factor
(HGF) is important in the development of acquired resistance to BRAF inhibitors. HGF
secreted by MAFs in co-culture systems induces activation of mitogen-activated protein
kinase (MAPK) and phosphoinositide 3-kinase (PI3K) pathways leading to resistance to
BRAF inhibitor therapy [17]. Neuroregulin 1 (NRG1) secreted by MAFs may also affect
resistance to BRAF inhibitors via v-erb-b2 avian erythroblastic leukemia viral oncogene
homolog3 (ErbB3). ErbB3 is upregulated in melanoma treated with BRAF inhibitors and
its deactivation decreases the resistance of melanoma cell lines to therapy [18]. It was also
demonstrated that treatment with BRAF inhibitors boost the production of transforming
growth factor B (TGF-B) by melanoma cells, which leads to MAF activation and increased

fibronectin production causing resistance to BRAF therapy [19].
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Furthermore, CAFs are important regulators of the anti-tumor immune response. Some
studies have suggested that CAFs have immunomodulatory capabilities that potentially
regulate both innate and adaptive anti-tumor immune responses [20-22]. CAFs promote
recruitment and differentiation of pro-tumorogenic immune cells in TME such as myeloid-
derived suppressive cells (MDSC), regulatory T cells (Tregs) or TAMs and inhibit
proliferation and activity of anti-tumorogenic immune cells, like cytotoxic CD8" T cells
and natural killer (NK) cells [23-28]. In melanoma, MAFs play an essential role in immune
escape of tumor cells. MAFs modulate NK cell phenotype and anti-tumor cytotoxicity

[20,29] and they also impair cytotoxic activity of CD8" T cells [30,31].

Macrophages are derived from bone marrow myeloid progenitor cells and are part of the
mononuclear phagocytic immune system among others monocytes and tissue resident
macrophages. Monocytes can be accumulated in tissues and they can differentiate into
macrophages. Macrophages can exhibit different phenotypes according to the stimuli they
receive in their microenvironment. Macrophage polarization can be towards either pro-
inflammatory M1 or anti-inflammatory M2 subtypes [32,33]. M1 macrophages secrete high
amounts of pro-inflammatory cytokines, such as tumor necrosis factor-o (TNF-a),
interleukin-1 (IL-1), IL-6, IL-12, and IL-23, through which they elicit anti-microbial and
anti-tumor effects, while they inhibit tissue regeneration and wound healing. On the other
hand, M2 macrophages produce anti-inflammatory cytokines such as IL-10 and TGF-p,

through which they promote tissue repair, wound healing, angiogenesis and fibrosis [34].

Macrophages are recruited to the tumor stroma via cytokines produced by the cells of TME.
Tumor-associated macrophages are present in large amounts in tumor stroma of many
cancers and are associated with tumor development process [35-37]. Phenotypic
characteristics of TAMs in TME are not in a steady state but rather related to current
condition of tumor. TAMs that share functional similarity to pro-inflammatory M1
phenotype, are important for the early stages of the inflammatory response in tumor. On the
other hand, M2-like TAMs are the predominant macrophage phenotype in TME and
correlate with tumor progression and poor prognosis [38]. TAMs produce cytokines such as

IL-10, TGF-B, prostaglandin E2, out of which IL-10 promotes immune escape and
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progression of tumors via inhibiting the pro-inflammatory/anti-tumor milieu [39].
Furthermore, IL-10 inhibits the function and differentiation of antigen-presenting cells [40],
cytotoxic CD8* T cells and NK cells, and it mediates the immunosuppressive activity of
Treg cells [41,42]. Elevated IL-10 levels in serum and also elevated IL-10 mRNA levels in
freshly excised tumors were found in various cancer types, including melanoma [39,43—

48].

The cross-talk between the CAFs and TAMs have been intensively studied. CAFs recruit
monocytes from peripheral blood and increase their adhesion to the tumor stroma, promote
differentiation to tumor-associated macrophages and phenotypical change of TAMs from
M1 to M2-like phenotype [49,50]. Macrophages, on the other hand, assist the epithelial-
mesenchymal transformation and give rise to CAFs and TAMs also help mesenchymal
stem cells differentiate into CAFs [26,51]. All these observations suggest that the cross-talk

between CAFs and TAMs may result in tumor progression.

Previous works of our research group found out that bone marrow-derived stromal cells
(BMSCs) cause macrophages to increase their IL-10 production in a prostaglandin E2
dependent manner [52]. Based on previous studies which showed that CAFs share
characteristic similarity to mesenchymal stromal cells [53], my research focused on the
immunosuppressive effects of MAFs and in particular on the cross-talk between MAFs and

macrophages as well as IL-10 production assisted by this cross-talk.
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2 Objectives
The objective of my research was to investigate the interactions between MAFs,
macrophages and melanoma cells in particular to immunosuppressive IL-10 production. In

order to achieve this objective, we examined if

1.1. MAFs were in close contact with macrophages in melanoma microenvironment

1.2. MAFs caused an increase of IL-10 production of macrophages,

1.3. The increase of IL-10 production were affected by MAFs cell count,
macrophage phenotype and co-culture incubation time,

1.4. There were a correlation between the IL-10 increasing ability of MAFs and
clinicopathological factors of melanoma,

1.5. The IL-10 increasing ability of MAFs could be enhanced when pretreated with
conditioned media from BRAF inhibitor- and chemotherapy treated melanoma,

1.6. Melanoma tumor cells had improved chemoresistance against BRAF inhibitors
when co-cultured with MAFs,

1.7. Indoleamine 2,3-dioxygenase (IDO), inducible nitric oxide synthase (iNOS)
and cyclooxygenase (COX) pathways played a role in MAF-mediated IL-10

production of macrophages.
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3 Methods

Between 2015 and 2019, 32 stage-III/TV melanoma patients were enrolled in our study, which was
conducted at the Department of Dermatology, Venereology and Dermatooncology, Semmelweis
University, Budapest, Hungary. After obtaining informed consent, freshly excised tumors from
melanoma patients were collected and retrospectively analyzed as approved by the Hungarian
Scientific and Research Ethics Committee of the Medical Research Council (ETT TUKEB; Decree
No. 32/2007, supplements 32-2/2007 and 32-3/2007). The study was conducted in accordance with
the ethical standards as dictated by the Declaration of Helsinki.

3.1 Cell Culture

The human monocytic cell line THP-1 (TIB-202), and BRAF mutated human malignant melanoma
cell lines SK-MEL-28 (HTB72) and MALME-3M (HTB64) were purchased from American Type
Culture Collection (ATCC; Rockville, MD, USA). THP-1 monocytes were cultured in Roswell
Park Memorial Institute (RPMI) 1640 (Gibco™) medium supplemented with 10% fetal bovine
serum (FBS) (Gibco™ Thermo Fisher Scientific, Inc., Waltham, MA, USA), 1% penicillin—
streptomycin (P/S) (Gibco™), and 1% I-glutamine (Gibco™). BRAF mutated melanoma cells
isolated from the excised tumors (MM-55) as well as SK-MEL-28 and MALME-3M were
maintained in standard Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich, St. Louis,
MO, USA) supplemented with 10% FBS, 1% penicillin—streptomycin (P/S), and 1% L-glutamine.
MAFs were propagated in MAF medium (DMEM supplemented with 20% FBS, 1% penicillin—
streptomycin (P/S) and 1% L-glutamine), and half of the medium was refreshed every other day.

3.2 MAF Isolation and Generation of MAF-Derived Conditioned Media
MAFs were isolated from either primary or metastatic tumors of melanoma patients and
characterized as previously described [30]. First, the inner tumor mass was minced into =1 mm?®
pieces and digested in 20 mL DMEM supplemented with 200 U/mL type IV collagenase and 0.6
U/mL dispase (Thermo Fisher Scientific, Waltham, MA, USA). MAFs were then separated from
melanoma cells by utilizing a differential adhesion/trypsinization method. This protocol is based on
the observation that fibroblasts such as MAFs adhere better to plastic than melanoma cells. In brief,
the dispase/collagenase-digested tumor cell suspension was plated in a plastic cell culture dish.
Then, 30 min later, floating cells were removed, and adherent cells were cultured (differential
adhesion). Subconfluent cell cultures were trypsinized for 1 min, detached cells were removed, and

still adherent cells enriched in MAFs were subcultured (differential trypsinization) [54]. Cultured

10
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MAFs were shown to be void of the melanoma markers melan-A and gpl100 and positive for

fibroblast-associated protein (FAP).

MATF cultures with 75—-80% confluence were washed twice in phosphate-buffered saline (PBS) and
further cultured in 10 mL basal medium (BM) consisting of DMEM, 1% P/S, 1% L-glutamine, and
0.5% BSA (Sigma-Aldrich). After 48 h, conditioned media (CM) derived from MAFs was

collected.

3.3 Immunostaining of Melanoma Samples for FAP and Iba-1
After surgical excision, the tissue was fixed in buffered 10% paraformaldehyde and embedded in
paraffin. Sections were cut onto positively charged slides at 6 pm thickness, baked overnight in a 65
°C oven, deparaffinized, and then antigen retrieval was performed in citrate buffer (pH 9) in a
microwave oven. The sections were then blocked with BSA to inhibit non-specific binding of the
antibodies, and endogenous peroxidase activity was also blocked in order to not interfere with the
staining procedure that followed. First, the tumor stroma was labelled using antibody to fibroblast
activation protein (FAP) (ABCAM ab207178, rabbit monoclonal antibody) in 1:1000 dilution at 4
°C overnight, followed by 1 h incubation with a rabbit IgG VisUCyte HRP polymer (VC003 R&D
Systems), and then an Alexa-594 conjugated Tyramide at 1:10,000 dilution. Following a second
microwave session (to eliminate the primary antibody and inactivate the added HRP), the second
primary antibody, Iba-1 (WAKO 019-19741), was applied to the sections at 1:2000 dilution,
followed by the rabbit Visu-cyte polymer (R&D Systems, VC-003) and an Alexa-488 conjugated
Tyramide (1:10,000 dilution). Finally, DAPI was used for nuclear staining. Negative controls
included no primary antibody and/or no HRP conjugate. Visualization was performed with a Leica

DMI6000 inverted fluorescence microscope using the LAX software.

3.4 MI1/M2 Differentiation Assay

THP-1 monocytes were differentiated into macrophages of M0, M1, and M2-like phenotype, as
described by Genin et al. [55]. First, THP-1 monocytes (2 x 10° cells/well) were plated in 96-well
plates and differentiated into MO-like macrophages by 24 h incubation with 20 ng/mL phorbol 12-
myristate 13-acetate (PMA, Sigma-Aldrich), followed by 24 h incubation in fresh RPMI 1650
medium. MO0-like macrophages were polarized into M1-like macrophages by 24 h incubation with
20 ng/mL of interferon-y (IFN-y) (R&D System) and 10 pg/mL of lipopolysaccharide (LPS)
(Sigma-Aldrich). Macrophage M2-like polarization was achieved by 72 h incubation with 20 ng/mL
of interleukin 4 (PeproTech) and 20 ng/mL of interleukin 13 (PeproTech).

11
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3.5 Cell Culture Assays
For MAF-macrophage co-culture assays, THP-1 monocytes (2 x 10° cells/well) in 96-well plates
were differentiated into macrophages of various phenotypes as described above. Following a PBS
wash, 5 x 10* MAF or pre-conditioned MAF cells (see below) per well were added and incubated in
DMEM supplemented with 10% FBS, 1% penicillin—streptomycin, and 1% L-glutamine for 24 h.
To enhance cytokine production, cells were stimulated with 1 ug/mL LPS for an additional 18 h.

Lastly, the plates were centrifuged, and supernatants were collected and stored at —20 C.

For MAF titration (dose curve) assay, MAFs at 2 x 10° cells per well with a twofold decreasing
titration were added to a constant number of differentiated THP-1 macrophages at 2 x 10° cells per

well and incubated as described above.

For MAF monocultures, MAFs at 5 x 10° cells per well were incubated in 96-well plates with
DMEM supplemented with 10% FBS, 1% penicillin—streptomycin, and 1% L-glutamine for 24 h,
followed by LPS treatment, as described previously.

3.6 Cytotoxicity assay
MALME-3M and SK-MEL-28 melanoma cell line cells were transduced with the fluorescent
protein expressing lentiviral supernatants produced with pRRL-EF1-eGFP-WPRE expression
plasmid as described by Radai et. al. and Windt et. al. [56,57]. After the transduction, cell lines

were sorted by flow cytometry based on fluorescent intensity.

2.5 x 10° cells/well MAFs and 2.5 x 10* cells/well either green fluorescent protein (GFP) positive
MALME-3M or GFP-positive SK-MEL-28 were plated in 96-well plates and either vemurafenib or
dabrafenib were added in twofold dilution series starting with highest concentration of 5 uM. 72h
after incubation, fluorescence was recorded by Perkin Elmer EnSpire microplate reader (Perkin

Elmer, Waltham, MA, USA) at 485 nm excitation and 510 nm emission wavelengths for GFP.

Area under curve (AUC) was calculated with Graphpad Prism 7.0 software using the normalized

data of fluorescence measurements described above.

3.7 Generation of Conditioned Media from Untreated and Chemotherapy or
Small-molecule Inhibitor Treated Melanoma Cells
Melanoma cell cultures reaching 75-80% confluence were washed twice in PBS and further

cultured in 10 mL basal medium (BM) consisting of DMEM, 1% P/S, 1% L-glutamine, and 0.5%
BSA (Sigma-Aldrich). After 48 h, media conditioned by cultured cells (conditioned media, CM)

12
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were collected. Twofold serial dilutions of CM in BM were made, and MAFs were incubated in
diluted CM for 48 h. Subsequently, cells were washed in PBS. Preconditioned MAFs were used in

co-culture assays as described above.

Melanoma tumor cells were treated with 1 of 5 drugs: 1 uM vemurafenib, 1 uM dabrafenib, 1 pM
trametinib, 1 pM dabrafenib + 1 pM trametinib, or 500 pM dacarbazine (DTIC) for 48 h. These
treatment concentrations were selected on the basis of previous cytotoxicity experiments and were
demonstrated to be able to induce cell death in SK-MEL-28 and MALME-3M melanoma cell lines.
Subsequently, cells were washed in PBS and incubated in fresh culture medium for 48 h. The CM
from chemotherapy treated cells were collected and MAFs were incubated in them for 48 h. These

pre-conditioned MAFs were used in co-culture assays as described above.

3.8 Inhibitor Assay
NS-398 (selective COX2 inhibitor), SC-560 (selective COX1 inhibitor), 1-methyl-D-tryptophan
(IDO inhibitor), and L-NG-Nitro arginine methyl ester (L-NAME; iNOS inhibitor) were tested in
twofold dilution series starting with 8 uM, 8 uM, 8 mM, and 8 mM, respectively. These compounds
were added at the initiation of the co-culture with MAFs and macrophages and incubated overnight

before addition of LPS. Supernatants were assayed for IL-10 by ELISA after 18 h of LPS treatment.

3.9 ELISA
Supernatants from macrophage and MAF co-cultures were collected and measured by the R&D
Systems IL-10 ELISA kit (Quantikine; R&D Systems, Minneapolis, MN, USA) according to the
manufacturer’s instructions. Measurements were conducted in triplicate/quadruplicate. Absorbance

was measured at 450 nm.

3.10 Statistical analysis
We examined the differences between the groups for statistical significance by Student’s t-test or
two-way ANOVA (with Tukey’s test as post hoc test) using Prism 7.0; Graphpad Software. A p-
value of <0.05 was accepted as statistically significant. ROUT test (Robust regression and Outlier
removal) was performed for outliers detection using Prism 7.0; Graphpad Software. All experiments

were performed in triplicate/quadruplicate.

13
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4 Results

4.1 MAFs are in Intimate Contact with Macrophages In Vivo
We examined two melanoma samples with combined immunostainings exploring the
spatial distribution of MAFs and macrophages within the melanoma tumor stroma. This
was based on the previous studies exhibiting that intravenously injected MSCs are
eventually surrounded by recipient-derived macrophages, which facilitates the interactions
between these two cell types [58]. MAFs were identified with a commonly used cancer-
associated fibroblast marker FAP, while macrophages were detected using ionized calcium
binding adapter molecule 1, IBA-1 (also known as allograft inflammatory factor 1, AIF1), a
highly specific marker used to detect tumor-associated macrophages [59,60]. We found that
FAP-positive MAFs were readily identified within the cancer stroma, and interestingly, the

majority of these stromal cells were surrounded by macrophages (Figure 1).

14
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Figure 1. Immunohistochemistry of excised melanoma from two different patients. (A,C) Patient 1, (B,D) Patient 2.
(A,B) The 0.5 pm thin optical sections from Z-stacks following deconvolution. (C,D) Images generated from slicing the
three-dimensional Z stack; the arrows point at the intersection of the horizontal and vertical planes to demonstrate the very
close connection between the membranes of Iba-1-positive macrophages (green fluorescence) and FAP-positive MAFs

(red fluorescence). Blue fluorescence (DAPI) labels cell nuclei [61].

4.2  MATFs Increase IL-10 Secretion of THP-1 Cells
CAFs of other cancers were shown to increase IL-10 secretion in monocytes/macrophages
[62—64]. Based on this phenomenon, we hypothesized that MAFs behave similarly. To
examine this, we first co-cultured macrophage-like THP-1 cells with MAFs in various
ratios. While the number of THP-1 cells was kept constant, a gradual increase in the
number of added MAFs resulted in a dose-dependent elevation of THP-1-derived IL-10
output, reaching an almost fourfold increase when equal number of THP-1 cells and MAFs
were co-cultured (Figure 2a). Time curve analysis between 12 h and 96 h following LPS
stimulation (36 h and 120 h total of co-culture time, respectively) demonstrated a peak

stimulatory effect at 24 h (Figure 2b).

15
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To examine if MAFs can elicit IL-10 secretory response in various macrophage
phenotypes, we pretreated monocytoid THP-1 cells with PMA or selected growth factors
and co-cultured uncommitted MO, and polarized M1 or M2-like THP-1 macro-phages with
MAFs. MO and M2 macrophages both responded with a robust increase in their IL-10

production, while M1 cells showed a slight, but not significant, increase in IL-10 secretion

(Figure 2c,d).
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Figure 2. Effect of MAFs on IL-10 secretion in THP-1 macrophages. (a) IL-10 concentration of MAF-THP-1 co-cultures
with a MAF/macrophage cell ratio between 1:2048 and 1:1, n = 4. (b) IL-10 concentration of THP-1 monoculture and
MAEF/THP-1 co-culture at 12 h, 24 h, 48 h, 72, and 96 h of incubation time, n = 4. (c¢) IL-10 concentration of monocytoid
(without PMA pretreatment) and macrophage-like (with PMA pretreatment) THP-1 cells in monoculture and co-culture
with MAFs, n = 6. (d) IL-10 concentration of M0-, M1-, and M2-like differentiated THP-1 macrophages in monoculture
and co-culture with MAFs, n = 5. Representative data from one of two independent experiments. Error bars represent

s.e.m. * p <0.05, ** p <0.005, and **** p <0.0001 [61].
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4.3 Thicker Melanomas Harbor More Immunosuppressive MAFs Compared to
Thinner Tumors
After establishing the boosting effect of MAFs on the IL-10 production of macrophages in
vitro, we wondered if the degree of immunosuppression exhibited by MAFs may correlate
with well-defined clinical parameters of melanoma patients (Table 1). First, we compared
the IL-10-increasing ability of MAFs collected from primary melanoma samples of various
Breslow depths. Interestingly, melanoma-derived MAFs from tumors thicker than 2 mm
provoked a markedly higher IL-10 output in THP-1 macrophages as compared to thinner
melanomas less than 2 mm deep (Figure 3). There was no difference between primary vs.
metastatic melanoma-derived MAFs, and the BRAF status of the melanomas did not seem

to influence the IL-10 increasing ability of MAFs either.

17
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Figure 3. Clinical correlation of ex vivo IL-10 production of MAF macrophage co-cultures. Clinicopathological properties
of melanomas and relative IL-10 concentration in supernatants of THP-1 macrophages co-cultured with MAFs isolated
from tumors of various melanoma patients, n = 33 MAFs (isolated from 32 patients, MAFs from both primary tumor and
metastasis of patient number 2 were isolated). Using ROUT test (Robust regression and Outlier removal) on Graphpad
Prism 7.0 software the cases with relative IL-10 unit of 63,98 and 3,48 were identified as outliers and excluded from all
and one measurement, respectively. cut.met.: cutaneous metastasis, primary mel.: primary melanoma, met.: metastasis.

Data from one experiment. non-significant, ** p <0.005 [61].
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Table 1. Clinicopathological properties of MAF isolated patients and relative IL-10 concentration difference of MAF
macrophage co-culture from macrophage monoculture. ALM: acral lentiginous melanoma, CM: cutaneous metastasis,
DM: distant metastasis, F: female, LMM: lentigo maligna melanoma, LNM: lymph node metastasis, M: male, MI: mi-
tosis index, n/a: information not available, NM: nodular melanoma, PT: primary tumor, SSM: superficial spreading

melanoma, wt: wild-type [61].

Patient. M,A,F Gender Age Primary Melanoma Details BRAF LNM DM Relative IL-10
Origin Change
Subtype Breslow Clark MI  Ulceration
(mm)
1 CM M 90 unclassifiable 5.4 Vv 14 yes wt yes yes 2.14
2 M F 79 SSM 2 \% n/a n/a positive yes yes 1.84
2 PT F 79 SSM 2 \% n/a n/a positive yes yes -0.39
3 M F 80 NM 4 I n/a yes wt n/a yes 1.99
4 CcM M 73 SSM 0.87 1] 6 yes wt n/a yes 0.82
5 M M 69 SSM 1 I n/a n/a positive yes yes -0.29
6 PT M 84 LMM 5.15 \Y 22 no wt n/a yes 0.79
7 PT F 76 NM 4.64 I\ 15 no positive no no -0.27
8 M F 66 NM 9 \% n/a n/a positive yes yes 63.98
9 PT M 23 unclassifiable 7.51 Vv 28 no positive yes n/a 1.15
10 CcM M 70 NM 5.2 \Y) 18 yes positive n/a yes 2.02
11 PT F 50 SSM 2.92 I\ 14 no positive n/a yes 3.48
12 PT M 56 SSM 1.77 1] 4 no n/a yes n/a -0.18
13 PT M 85 unclassifiable 10.26 I\ 24 yes positive no no 0.91
14 PT M 74 NM 6.23 \Y 18 yes wt yes n/a -0.09
15 CM F 62 ALM 9.1 \Y 12 yes positive n/a yes 0.19
16 CM F 54 unclassifiable 18.21 Vv 42 yes wt yes yes 0.15
17 CcM F 62 NM 9 I\ n/a n/a wt yes yes 1.34
18 CM M 75 unclassifiable 3.34 I\ 14 yes wt no yes 1.12
19 CM M 72 unclassifiable 2.71 I\ 18 no positive no yes 0.12
20 CM F 52 SSM 10.58 \Y 28 no positive n/a yes 0.51
21 CM M 43 SSM 0.953 1] 4 yes positive yes yes 0.06
22 CcM F 82 Unknown primary wt yes yes 0.45
23 PT M 48 unclassifiable 1.75 I\ 26-29 yes wt n/a n/a -0.26
24 PT F 90 NM 13.24 I\, 46 yes n/a n/a n/a 0.85
25 CM M 41 SSM 0.9 1] 6 yes positive yes yes 0.28
26 CcM M 67 SSM 6.18 \Y 5 yes positive yes yes 0.01
27 PT M 70 SSM 3.364 I\ 3 yes wt n/a n/a 0.39
28 PT M 51 NM 5.17 \Y) 16 yes wt no no 1.25
29 PT M 81 SSM 5.336 \Y 6-8 yes wt yes yes 0.87
30 PT M 74 NM 13.24 \Y 48 yes positive n/a yes 1.15
31 PT M 57 unclassifiable 12.3 Vv 18 yes positive yes yes 0.56
32 CM F 71 SSM 3.4 I\ 12 no positive no yes 0.46

4.4  Prior Exposure to Untreated or BRAF Inhibitor- or Chemotherapy-Treated
Melanoma Cells Boosts IL-10-Increasing Ability of MAFs
Going further, we wondered if melanoma cells can influence how MAFs interact with
macrophages. To test this, MAFs were incubated with increasing concentrations of

conditioned media collected from either SK-MEL-28 or MALME-3M melanoma cell lines,
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or cultured, differential adhesion-selected primary melanoma cells. Such exposure to
melanoma supernatants augmented the ability of MAFs to increase IL-10 production in
THP-1 cells (Figure 4a). Interestingly, this effect was further facilitated when MAFs were
cultured in conditioned media derived from BRAF inhibitor- or chemotherapy-treated
melanoma cells. When compared to untreated melanoma-conditioned MAFs, the small
molecule inhibitors, vemurafenib, dabrafenib, and trametinib with dabrafenib, enhanced the
ability of both melanoma cell lines and primary melanoma cells to stimulate MAFs, which
ultimately led to an additional increase in THP-1-derived IL-10 secretion. Trametinib
treatment of melanoma cells alone was unable to further potentiate the effect of MAFs on
THP-1 cells. Finally, we treated melanoma cells with dacarbazine, an alkylating
chemotherapeutic agent, and found that drug-treated primary melanoma cells magnified the

IL-10 elevating effect of MAFs on THP-1 cells (Figure 4b—d).
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Figure 4. Preincubation of MAFs with conditioned media of melanoma cells. (a) IL-10 abundance in co-cultures of THP-1
macrophages with MAFs that were pre-incubated with different doses of conditioned media derived from MM-55, SK-
MEL-28, and MALME-3M melanoma cells, n = 3. (b—d) IL-10 abundance in co-cultures of THP-1 macro-phages with
MAFs that were incubated with conditioned media from previously drug-treated MM-55, SK-MEL-28, and MALME-3M
melanoma cells, n = 4. dabr. = dabrafenib, DTIC = dacarbazine, tram. = trametinib. Representative data from one of two

independent experiments. Error bars represent s.e.m. * p <0.05, ** p <0.005, *** p <0.0005, and **** p <0.0001 [61].
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4.5 MAFs do not Affect Survival of Melanoma Cells Against BRAF-Inhibitors
Considering that melanoma cells affected the IL-10 increasing ability of MAFs, we
wondered if melanoma cells and MAFs would interact and also increase survival of
melanoma cells against BRAF-inhibitors. We co-cultured MAFs with BRAF mutated
melanoma cell lines (SK-MEL-28 and MALME-3M) and treated the co-culture with
vemurafenib and dabrafenib. Our results showed that the AUC of MAF/melanoma co-
culture was not greater than that of melanoma monoculture. This indicated that MAFs do

not directly increase melanoma survival when treated with BRAF-inhibitors (Figure 5 and

table 2)
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Figure 5. Cytotoxicity of BRAF inhibitor treatment. Viability of MALME-3M and SK-MEL-28 monocultures as well as
MAF/melanoma cell line co-cultures when treated with vemurafenib (a and b) and dabrafenib (¢ and d), n=4.

Representative data from one of the three independent experiments.
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Table 2. Area under curve of melanoma cell lines and MAF/melanoma co-cultures when treated with either vemurafenib

or dabrafenib. Representative data from one of the three independent experiments.

MALME-3M MAF + MALME-3M SK-MEL-28 MAF + SK-MEL-28
vemurafenib 205.8 167.7 247.8 240.5
dabrafenib 218 177.1 215.6 209.7

4.6 Cyclooxygenase (COX) Pathway Plays a Critical Role in MAF-Driven IL-10
Increase

Finally, we set out to explore the molecular mechanisms involved in the
immunosuppressive effect of MAFs. MAF monocultures on their own did not produce IL-
10. To determine if cell-cell contact with macrophages is needed for the observed IL-10
stimulatory effect, we cultured THP-1 cells with MAFs with or without direct cellular
contact. Although the observed IL-10-increase was greater in the direct co-culture setting,
treatment of THP-1 cells with MAF-conditioned medium was able to increase IL-10
production as well, suggesting a role for soluble factors (Figure 6). Given the similarity
between BMSC-mediated and MAF-derived immunosuppression, we utilized selective
pathway inhibitors known to interfere with BMSC immunomodulatory effects. In MAF-
THP-1 co-cultures, inhibition of IDO affected both untreated and MAF-exposed THP-1
cells, and therefore a co-culture-specific effect of IDO loss could not be observed (Figure
7a). COX-1 and -2 inhibition abrogated IL-10 increase in THP-1 cells (Figure 7c, d). iNOS
inhibition had no effect on MAF-mediated IL-10 elevation (Figures 7b).
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Figure 6. IL-10 concentration in supernatants of MAF monoculture, THP-1 monoculture, MAF-derived conditioned
media (MAF CM)-treated THP-1 monoculture, and MAF/THP-1 co-culture, n = 5. Representative data from one of two

independent experiments. Error bars represent s.e.m. ** p < 0.001 and **** p <0.0001 [61].
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Figure 7. Inhibitors of IL-10 production in MAF/THP-1 macrophages co-culture. Ratio of IL-10 concentration of
MAF/THP-1 co-cultures to THP-1 monocultures treated with different concentrations of 1-methyl-d-tryptophan (IDO
inhibitor) (a), NG-nitro-L-arginine methyl ester (L-NAME) iNOS inhibitor (b), SC-560 COXI1 inhibitor (c), and NS-398
COX2 inhibitor (d), n = 4. Representative data from one of two independent experiments. Error bars represent s.e.m. ** p

<0.005 and *** p <0.0005 [61].
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5 Discussion
In our experiments, we demonstrated that MAFs possess potent immunoregulatory abilities
when cultured with monocyte/macrophages and they are in close contact with these

immune cells in tumor stroma.

MAFs are important elements of the melanoma microenvironment [65,66]. They are able to
directly influence the growth and metastatic potential of melanoma cells, and mounting
evidence suggests that they are also capable of modulating intra-tumoral immune responses
by suppressing T cells and NK cells [20,29-31]. In our study, we found that MAF-exposed
macrophages change character and increase their production of IL-10, the potent

immunosuppressive cytokine.

The M1/M2 paradigm of macrophages was first described a long time ago [67]. MI
macrophages are believed to be pro-inflammatory, promoting anti-cancer immune
responses, while M2 macrophages exhibit an immunosuppressive phenotype, dampening
intra-tumoral inflammation and thus promoting evasion of anti-cancer immunity [68].
Although the M1/M2 polarity and the corresponding cell surface markers and secreted
molecules are well established, a homogenous population of these two phenotypic extremes
is rarely seen in vivo. Rather, a heterogeneous mixture of macrophages is found in the
tumor microenvironment, representing a continuum between M1 and M2 cells [69,70].
Determining the net immunosuppressive effect of these macrophages is difficult, but the
amount of select immunosuppressive molecules made by these cells may be suggestive of

their role in evading anti-neoplastic immunity.

One such signature molecule is IL-10, which is considered to be one of the most potent
immunosuppressive cytokines [71]. In fact, IL-10 production by tumor-associated
macrophages in various cancers has been shown to correlate with disease progression and
decreased survival [63,72]. Moreover, intra-tumoral IL-10 expression has been
demonstrated to correspond with invasion depth and the metastatic potential of primary
melanoma cells, while an increased serum level of IL-10 seems to render poor prognosis in
advanced melanoma patients [48,73]. Therefore, we decided to study IL-10 secretion as our

primary read-out of macrophage function in the presence of MAFs.
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To examine the increase of IL-10 production of macrophages triggered by MAFs, we
decided to utilize a modified co-culture system that we previously developed in our
previous studies focused on bone marrow-derived stromal cells (BMSCs) — macrophage
interactions [52,74] to quantify the immunosuppressive potential of macrophages. The
responder cells in this model can be either a macrophage cell line, such as THP-1 cells, or
primary macrophages. THP-1 cells are readily available and easy to culture [75], providing
a robust system to test our hypothesis. This is why we chose them to use in our
experiments. As expected, the presence of MAFs resulted in a marked increase in
macrophage IL-10 secretion. This held true for both monocytoid and uncommitted
macrophage-type THP-1 cells as well as M1- and M2-polarized THP-1, although in case of
M1-like polarized THP-1 cells, the increase was not statistically significant. These data
suggest that MAFs are capable of influencing all stages of monocyte/macrophage
development. CAFs secrete various chemokines such as MCP-1 and SDF-1 and are able to
recruit monocytes to the tumor microenvironment [50]. Once in the cancer stroma, CAFs
can directly interact with monocytes and instruct them to adopt a pro-tumorigenic,
immunosuppressive phenotype, partly by inducing their IL-10 secretion. After these
monocytes have committed to become tumor-associated macrophages, MAFs can continue
to influence their behavior and promote IL-10 secretion in their unpolarized MO and more

committed M1 and M2 states as well.

One of the shortcomings of the above model is that MAF-macrophage interactions are
studied outside of the context of melanoma. To address this issue, we repeated our
experiments using MAFs previously exposed to melanoma. Prior exposure to primary or
cell line-derived melanoma cells greatly promoted the MAFs IL-10 increasing ability. Our
experiments showed that MAFs when co-cultured with melanoma cells are not capable to
increase the tumor survival against the BRAF inhibitor therapy. In our cytotoxicity assay,
melanoma monocultures had better viability than those tumor cells co-cultured with MAFs.
This suggests that MAFs do not interfere directly with melanoma therapies and need further
mechanisms to increase tumor survival. And so, interestingly when MAFs were

preconditioned with chemotherapy-treated melanoma cells, the IL-10 increasing ability of
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MAFs were enhanced. These observations imply that melanoma cells communicate with
MAFs and facilitate their tumor-protective role in steady state and, even more so, under
stress. The communication appears to be bidirectional. Once MAFs sense local danger
signals and stress-induced melanoma molecules they can confer protection against
chemotherapeutic agents and immune recognition via various mechanisms. These may
include production of soluble factors such as HGF or neuregulin-1 that protect against
chemo-therapeutic drugs [76], or upregulation of programmed death ligands (PD-Ls) via
the CXCLS5/CXCR2 pathway that facilitate immune evasion [77]. Our results shed light on
a possible new protective MAF-initiated pathway, governed by macrophage-derived IL-10.
Once IL-10 is secreted, it has complex effect on cancer growth. It has been shown to
directly support melanoma proliferation, stimulate angiogenesis, and suppress anti-tumor

immune responses [78,79].

The degree of immunosuppression exerted by MAFs may differ greatly in individual
patients. Capturing these differences is challenging, but our ex vivo co-culture system may
offer a possible tool to predict the immunosuppressive ability of these cells. Our
preliminary data show that MAFs derived from thicker melanomas are more
immunosuppressive than MAFs obtained from thinner melanomas. This observation is in
line with other studies demonstrating increased overall IL-10 expression in thicker
melanomas [80,81]. Although our findings are limited by the small number of cases we
could examine, if validated by larger studies, our assay may serve as an ex vivo tool to
measure the immunosuppressive capacity of MAFs in patients. This could ultimately help
predict disease prognosis and potential response to various targeted molecular and

immunomodulatory treatments.

The communication between various stromal fibroblast types such as BMSCs and immune
cells—mostly T lymphocytes—has been studied extensively. There are several molecular
pathways that have been proposed to play an important role in mediating these interactions.
The role of cyclooxygenase and nitric oxide pathway has been implicated in BMSC
lymphocyte/macrophage interactions in murine models, while the IDO pathway was found

to be critical in human BMSC/lymphocyte interactions [82—85]. Similarly, the same
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molecules have been implicated before in orchestrating a cancer-supportive

microenvironment [86,87].

The COX1 and COX2 enzymes are both capable of making prostaglandins such as PGE2,
PGF2, or prostacyclins [88]. COXI is expressed ubiquitously, while the expression of
COX2 is inducible under inflammatory conditions or in cancers [89]. The role of COX2 in
melanoma has been suggested by various studies [90-93]. COX2 expression in melanoma
cells seems to correlate with invasion depth, and the role of COX2 has been also implicated
in tumor angiogenesis, BRAF resistance, and immune evasion during check-point inhibitor

therapy [94,95].

IDO is another key immunoregulatory molecule expressed in melanoma [96,97]. Its
enzymatic function converts the amino acid tryptophane into kynurenin, which in turn
inhibits cytotoxic CD8" T cells and NK cells and helps recruit immunosuppressive
regulatory T cells and myeloid-derived suppressor cells into the tumor microenvironment
[98,99]. Intriguingly, it has been recently shown that PGE2 drives the expression of IDO in
human melanoma cells, and inhibition of COX2 results in immune destruction of IDO-

expressing tumor cells [100].

Last but not least, the iNOS pathway has been recently reported to support melanoma
growth via the upregulation of the oncogenic PI3K-AKT pathway, and increased intra-
tumoral iINOS activity has also been linked to poor outcomes in melanoma patients

[101,102].

During our examinations, we interrogated all three above pathways and found that intact
function of cyclooxygenases are critical in the immunomodulatory effect elicited by MAFs
using THP-1 cells. Blocking the iNOS and IDO pathways, on the other hand, seemed to
have no bearing on the MAF-mediated IL-10 increase of THP-1 macrophages. Although
not part of this dissertation, experiments of our team using primary macrophages instead of
THP-1 cells showed a critical role of IDO pathway in IL-10 increasing ability of MAFs as
well. Although the idea to target CAFs has been around for decades, CAF-specific
therapies have not yet led to a breakthrough [103—105]. This is mainly because there are too
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many similarities between normal tissue fibroblasts residing in various organs and CAFs,
recruited by cancers. An alternative approach could be to identify molecular pathways that
are involved in multiple oncogenic processes, including cancer proliferation, angiogenesis,
and CAF-mediated support of cancer cells. The more mechanisms we find that depend on a
certain unique molecular pathway, the higher the likelihood that antagonizing this master
regulatory pathway may be therapeutic as a monotherapy or together with other targeted
molecular or immunomodulatory treatments. Our data add an important piece to the puzzle
of the complex picture of melanoma biology. The fact that MAF/macrophage interactions
are driven by the cyclooxygenase pathway may boost the efforts to repurpose already

existing COX inhibitors to treat melanoma patients.
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6 Conclusions

To our best knowledge, this is the first study that demonstrates complex interactions

between MAFs, macrophages and melanoma cells culminating in increased macrophage-

derived IL-10 production.

1.

Using combined immunostainings, we demonstrated that FAP-positive MAFs
are surrounded by IBA-1-positive macrophages in melanoma stroma, suggesting
that these two cell types are indeed in close contact in TME.

Utilizing MAF/macrophage co-culture assays, we found that IL-10 secretion in
co-cultures was significantly higher than that of macrophage monocultures. IL-
10 concentration was dependent on MAF cell count in the co-culture and it was
highest at 24 hours of co-culture incubation time. MAFs increased IL-10
production in various phenotypes of THP-1 cells robustly, such as in
monocytoid, M0-like macrophage and M2-like macrophage phenotypes.

When IL-10 increasing capacity of MAFs from different patient samples were
compared to the well-known melanoma clinicopathological factors, we found
out that MAFs isolated from thicker melanomas (Breslow depth: >2mm) caused
a higher IL-10 output than those from thinner melanomas.

Conditioned media derived from melanoma cells enhanced the IL-10 increasing
ability of MAFs, which was further facilitated when melanoma cells were
pretreated with BRAF/MEK inhibitors and chemotherapy.

Incubation of BRAF mutated melanoma cells with MAFs did not result in a
better viability of tumor cells against treatment with BRAF inhibitors.

Inhibitors of COX1 and COX2 enzymes hampered the cross-talk between
MAFs and THP-1 macrophages resulting in a decrease of IL-10 concentration in
co-cultures. Inhibitors of IDO and iNOS pathways did not affect the cross-talk
and accordingly the IL-10 concentration of co-cultures did not change in
comparison to the macrophage mono-cultures.

In our experiments, MAFs were shown to play an important role in regulating

macrophage functions, promoting a pro-tumorigenic, IL-10-rich environment.
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MAFs in the presence of macrophages may help us to better understand the role
of stromal microenvironment in fostering tumor-immune privilege, and new
data can ultimately lead to the development of novel prognostic tools and

innovative therapies.
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7  Summary

Melanoma is the deadliest skin cancer. Although the overall prognosis of melanoma
became better in the past decade with the new targeted and immunotherapies, the prognosis
of metastatic melanoma remained poor. Extensive research has been done focusing not only
on the melanoma tumor cells but also on the other elements of tumor microenvironment.
MAFs are integral parts of tumor microenvironment, providing a protective network for

melanoma cells.

The aim of this thesis was first to elucidate the interactions between MAFs, melanoma cells
and macrophages, second to investigate the immunosuppressive effects of MAFs in this

context.

Using immunohistochemistry, we showed that MAFs and macrophages are in intimate
contact within the tumor stroma. We then demonstrated that MAFs alone do not secrete IL-
10, a potent immunosuppressive cytokine, but they are indeed powerful inducers of IL-10
production in various macrophage types in vitro. We found out that MAFs could not
increase the viability of melanoma cells directly when MAF/melanoma co-cultures were
treated with BRAF inhibitors, but IL-10 increasing capability of MAFs is greatly
augmented by the presence of treatment-naive and chemotherapy-treated melanoma cells.
MAFs derived from thick melanomas (Breslow thickness >2mm) appear to be more
immunosuppressive than those isolated from thinner melanomas. The IL-10 increasing
effect of MAFs is mediated, at least in part, by cyclooxygenases, as inhibiting the
cyclooxygenase 1 and 2 enzymes hampered the IL-10 increasing ability of MAFs in MAF-

macrophage co-cultures.

The results showed in this thesis indicate that MAF-induced IL-10 production in
macrophages may contribute to melanoma aggressiveness, and targeting the
cyclooxygenase pathway may abolish MAF-macrophage interactions and decrease levels
of immunosuppressive IL-10. Further research is needed to investigate other elements of

cross-talk between MAFs and cells of immune system.
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