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Abstract

Malignant melanoma is often linked to increased angiogenesis and a high infiltration with tumor-
associated macrophages (TAMs). TAMs influence various processes during tumor development,
including immune responses, tumor growth, metastasis and angiogenesis. These immune cells may act
as a local source of Vascular endothelial growth factor (VEGF), thereby stimulating neo-vascularization.
However, the dynamic interactions between macrophages and the tumor environment, including
melanoma and endothelial cells, remain elusive. We utilized a zebrafish allo- and xenograft model to
understand the role of macrophages during melanoma progression and tumor- induced angiogenesis.
Three red fluorescence-labeled melanoma cell lines (zebrafish ZMEL1, human SK-MEL28 and mouse
B16.F10) were injected into transgenic reporter Tg(mpeg:GAL4:UAS:lifeact:GFP) embryos with green
fluorescent macrophages to study the interaction between melanoma cells and host macrophages.
First, we compared the interactions between xeno- and allografted melanoma cells with macrophages,
to ensure the response is not due to cross-species immune recognition. Next, the recruitment of
macrophages to the primary tumor was analyzed. Additionally, the functional significance of these
immune cells was studied by chemical ablation of macrophages in Tg (mpeg:GAL4:UAS:NTR:mCherry)
embryos, using metronidazole (MTZ). The growth kinetics and angiogenic activity of each engrafted cell
line were quantified in the presence and absence of macrophages. Finally, the function of lactic acid
secreted by glycolytic B16.F10 melanoma cells was investigated after chemical inhibition of glycolysis.
We observed that macrophages are attracted to lactic acid, secreted by glycolytic B16.F10 cells and

subsequently promote their angiogenic potential.

Introduction

Cutaneous melanoma is an aggressive type of skin cancer which arises when pigment-producing skin
cells, called melanocytes, become cancerous. Whereas healthy melanocytes respond properly to
growth signals, melanoma cells proliferate, form blood vessels, invade the circulatory system and
spread to distant tissues and organs. A high ability to metastasize makes melanoma one of the deadliest
forms of cancers. Unfortunately, melanoma is becoming more common every year and is now the

second most common cancer type in young people [1].

The progression of cutaneous melanoma can be defined by a multi-phase model, from benign nevus,
dysplastic nevus, radial growth phase, to vertical growth phase and metastatic melanoma [2]. The key
driver behind its development is the accumulation of mutations in crucial genes which regulate cell
growth, differentiation and survival. Mutations are primarily due to prolonged ultra-violet radiation
(UVR) exposure. In the benign nevus stage, oncogenic mutations in the BRAF and N-RAS genes pave the
way for melanoma development. After acquiring these mutations, a dysplastic nevus is shaped, which
is characterized by molecular abnormalities that affect cell growth, DNA repair and survival. In this
stage, loss of function mutations in tumor suppressor genes CDKN2A or PTEN are crucial for initiating
the highly proliferative radial growth phase (RGP) and, henceforth, the migratory vertical growth phase
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(VGP) [3]. In the VGP, melanoma cells loose cell-cell contact and undergo epithelial to mesenchymal
transition (EMT). Finally, vertical growth of the tumor through the basement membrane of the dermis
is followed by periods of increased angiogenesis. As the tumor continues to expand into the dermis,
the need for nutrients and oxygen increases. Through angiogenesis, the tumor stimulates the
development of new blood vessels from existing ones. Additionally, these vessels provide a
transportation route for nutrients and oxygen but also a route for the melanoma cells to the circulatory
system [4]. Before homing of the disseminated melanoma cells (DMCs) at a secondary site, a pre-
metastatic niche is formed as a result of the accumulation of lysis oxidase, placental growth factor
(PIGF) and exomes derived from the primary tumor. The pre-metastatic niche promotes metastatic
colonization upon arrival of the DMCs [5]. The DMCs extravasate from the circulatory system into the

tissue and begin to proliferate, resulting in the formation of a secondary tumor.

It is generally accepted that the tumor microenvironment (TME) is an important factor in
tumorigenesis. The TME is highly heterogeneous and is composed of various cell types which can either
enhance or inhibit tumor growth [6]. Among these are immune cells such as macrophages, neutrophils,
neutral killer cells and T cells. During development, cancers acquire hundreds or even thousands of
mutations in coding exons, promoting the production of tumor specific- and tumor- associated
proteins. These proteins, respectively, may serve as tumor-specific-antigens (TSAs) and tumor-
associated-antigens (TAAs) for recognition by the immune system [7,8]. Upon recognition of these
antigens, attracted immune cells provide immunosurveillance and destroy malignant cells [9].

In contrast, the host’s immune system can also promote tumor survival, growth and metastasis [10].
Some malignant cells are able to secrete molecules which change the cellular composition and function
of the TME, thereby evading immunosurveillance [11]. The established TME shares many similar
features with a chronic wound, inducing a wound-healing-like immune response. When immune cells
are recruited to the TME, they secrete inflammatory cytokines, growth factors and chemokines, which

in turn stimulate tumor growth, angiogenesis and migration [12].

One of the most abundant immune cells in the melanoma TME are macrophages, which are
characterized by their plasticity and flexibility. Owing to their plasticity, macrophages alter their
phenotype continuously, following environmental cues and intercellular interactions [13].
Conventionally, macrophage phenotypes have been classified in two main groups, namely the pro-
inflammatory type | macrophages (M1) and the anti-inflammatory type Il macrophages (M2) [14].
However, these phenotypes should not be seen as binary, but as a spectrum where M1 and M2
macrophages are at the opposite end [15,16]. M1 polarization is promoted by pro-inflammatory stimuli
such as interferon gamma (IFNy), tumor necrosis factor alpha (TNF-a) and toll-like receptor (TLRs)
ligands. Many pro-inflammatory cytokines are secreted by M1 macrophages, including IL-1B, TNF-a,
TNF-B and IL-6. Whereas M1 macrophages are involved in the initial tissue damage response, M2
macrophages dominate later in repair [17,18]. Polarization towards an M2 phenotype is induced by IL-
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4, 1L-13, the immune complex or glucocorticoids. M2 macrophages are characterized by their secretion
of TGF-B, IL-10, VEGF and matrix metalloproteinases (MMPs), thereby assisting in the resolution of

inflammation, and the promotion of tissue remodeling and repair [19].

Melanoma cells secrete several factors that attract monocytes, including lactic acid, VEGF, and colony-
stimulating factor (CSF-1). Upon arrival at the tumor site, monocytes may differentiate into tumor-
associated macrophages (TAMs). In cutaneous melanoma, TAMs exhibit heterogeneous responses
which can be pro- and antitumoral. It has been found that the function and phenotype of macrophages
changes during melanoma progression. During the early neoplastic phase, macrophages play a
proinflammatory role and provide immune surveillance, whereas macrophages in a malignant
melanoma environment can promote angiogenesis and enhance tumor cell dissemination [20,21].

Therefore, pharmacological targeting of the macrophage activity depends on the stage of the disease.

In melanoma, neovascularization is linked to high malignancy and metastasis, and is a crucial
predictive factor in melanoma tumorigenesis [22]. Toriso H. et al. found that the number of infiltrating
macrophages and blood vessels positively correlated with the depth of melanoma invasion. They
suggest that activated macrophages are a local source of VEGF and that these immune cells
upregulate pro-angiogenic factors IL-8 and VEGF in melanoma cells through secreting TNF-a and IL-13
[23]. How activated macrophages dynamically interact with melanoma cells and vascular endothelial
cells remains unknown. However, using zebrafish as a model organism makes it possible to study these
dynamic interactions in vivo. Over the last decade, zebrafish have emerged as a convenient in vivo
model for cancer, immune and stem cell research. More than 70% of all human disease genes have a
functional homolog in zebrafish [24]. Another advantage of this model is breeding efficiency. One
zebrafish pair can produce up to 200 embryos per week, which develop ex vivo and are transparent,
making them easy to study [25]. Additionally, the adaptive immune system is absent in early stage
embryos, allowing tolerance for human tumor cell engraftment and exclusive study of the innate
immune system [26] . In this research we aimed to microscopically trace macrophages in an allo- and
xenograft zebrafish models and dissect their role in the tumor induced angiogenesis. The transgenic
line, Tg(kdlr:GFP/mpeg:NTR:mCherry) with fluorescent blood vessels (green) and macrophages (red)
was employed here to study the interaction between macrophages, vessels and engrafted melanoma
cells (red and far red). Importantly, this transgenic line made possible to deplete macrophages in live
embryos in the inducible fashion by adding metronidazol (MTZ) to the medium, which in turn was
broken down by nitroreductase (NTR) enzyme to toxic compound, ablating macrophages [27].
Melanoma cells were engrafted into the Duct in Cuvier (DOC) or within the perivital space of two days
old embryos, where they settled, formed a primary tumor and induced angiogenesis. Using these
models, we observed attraction of macrophages to engrafted melanoma cells of different origin.
Restrictively, macrophages attracted to lactic acid, secreted by glycolytic B16.F10 cells elevated their
angiogenic response.
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Methods

Transgenic Fish Lines

The transgenic lines Tg(kdIr:GFP/mpeg:NTR:mCherry) and Tg(mpeg:GAL4:UAS:lifeact:GFP) were used
in this study and were handled in compliance with local animal welfare regulations and maintained
according to standard protocols (www.ZFIN.org). Zebrafish embryos were collected and treated with
0.2 mM N-phenylthiourea at 24 hours post fertilization (hpf) to prevent melanization. To deplete
macrophages, Tg(mpeg:GAL4:UAS:NTR:mCherry) fish were exposed to 2.5 mM metronidazol (MTZ) at

48 hpf. The medium of 2.5 mM MTZ treated embryos was refreshed every two days.

Melanoma Cell Lines

Cell lines ZMEL1, a zebrafish melanoma cell line, kindly provided by dr. Richard M. White [28], SK-
MEL28, a human- cutaneous melanoma cell line, and B16.F10, a mouse melanoma cell line from the
ATTC, were used. The cell lines were cultured in DMEM/F12 10% Fetal Calf Serum (FBS; Gibco). Stable

fluorescent cell lines were created using lentiviral vectors expressing GFP or far red.

Cell proliferation assay

Sulforhodamine B (SRB) colorimetric assay was used to evaluate cell proliferation as described
previously [29]. B16.F10 cells were seeded in a 96-well plate and left overnight. Cells were treated with
different doses of 2-Deoxyglucose (2DG) for different times as indicated and then were fixed with 30 pL
50% trichloroacetic acid (TCA, Sigma-Aldrich) for 1 h at 4 °C. Cellular proteins were stained with 60 uL
0.4% SRB (Sigma-Aldrich) for 30 min and unbound SRB was removed by washing with 1% acetic acid 5
times (VWR, Amsterdam, The Netherlands). Protein-bound SRB was dissolved in 200 uL 10 mM
unbuffered Tris (Thermo Fisher) and solution absorbance was measured at 540 nm on an Infinite
M1000 microplate reader (Tecan, Giessen, The Netherlands). Dose response curves and IC50 values

were made in GraphPad Prism (version 8.1.1).

ATP luciferase assay

Following the manual’s instructions of the ATPlite 1 step Kit (PerkinElmer, the Netherlands), optimized
number of cells were seeded on the black screen-star plate (Greiner, the Netherlands) and attached
overnight in the incubator. After staining with Cells Hoechst for 45 mins, cells were treated with
exposure medium. Prior to assay, the images of nucleai were captured on a Nikon Eclipse Ti microscope
using a Plan Fluor 10 objective with 37 °C 5% CO2 incubator chamber, automated stage and perfect
focus. At indicated measurement time, each plate well was replaced with 50 pL fresh medium and then
50 pL of ATP substrate was added. After 2 mins mixture on the shaker, luminescence was measured
with FLUO star plate reader (BMG Labtech, the Netherlands). All graphs were plotted in Graphpad
Prism. The numbers of cells were calculated by custom-made ImagePro macro. All values were

normalized to cell numbers.
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Lactate assay

Cells were cultured and treated with 100 uL indicated compound medium in 96 well plate. At collection
time, cells were removed by spinning down and supernatants were collected to a new 96-well plate. 10
pL of supernatant was mixed with ... of lactate assay regent (including 108 mM Triethanolamine HClI,
10.7 mM EDTA.Naz, 42 mM MgCl2). After 7 mins incubation in the dark, absorbance was measured at
wavelength of 490 nm on FLUO star plate reader (BMG Labtech, the Netherlands). Meantime, cells
were stained with Hoechst and the images of nuclei were captured on a Nikon Eclipse Ti microscope
using a Plan Fluor 10 objective with 37 °C 5% CO:2 incubator chamber, automated stage and perfect
focus. All graphs were plotted in Graphpad Prism. The numbers of cells were calculated by custom-

made ImagePro macro. All values were normalized to cell numbers.

Embryo Preparation and Tumor Injection

Zebrafish embryos at 2 days post fertilization (dpf) were anaesthetized with tricaine and translocated
to a Petri dish coated with 1% agarose. Melanoma cells were trypsinized and collected as a single cell
suspension in a 15ml collection tube. After 5 minutes centrifuging at 1200 rpm the supernatant was
removed and the pellet was resuspended in phosphate-buffered saline (PBS). After second
centrifugation the supernatant was removed, pellet was resuspended in 10ul 2% PVP and kept at room
temperature before implantation. The cell suspension was transferred into glass capillary needles (nr
99.) and the injections were performed with a Pneumatic Pico pump with a manipulator (WPI) within 2
hours. ~50 ZMEL1 cells, ~300 SK-MEL28 or ~300 B16.F10 cells were injected above the ventral end of
the Duct of Cuvier or within the perivital space [30,31]. As a negative control, 2% PVP was injected
instead. ZMEL1 injected fish were maintained at 28°C, whereas SK-MEL28 and B16.F10 injected fish

were kept at 34°C.

Macrophages attraction assay

1 nL of purified CCL2 protein (R&D Systems, The Netherlands) or lactic acid (Sigma Aldrich, The
Netherlands) (10 ng/ml) were injected into the hindbrain ventricle of Tg(kdIr:GFP/mpeg:NTR:mCherry)
larvae at 48 hpf [32]. 1 nL of PBS injected embryos were set as an injected control group. Samples were
fixed with 4% PFA at 3 hours post injection (hpi), and macrophages were counted within the hindbrain
ventricle under a Zeiss Observer 6.5.32 laser scanning confocal microscope (Carl Zeiss) by going through

the z-stacks, comprising the whole hindbrain ventricle.

Microscopy and Analysis

Before confocal live imaging, larvae were anaesthetized with tricaine and positioned on a glass cover
plate before embedding them in 0.5% low melting agarose. The position of larvae was corrected after
embedding with a toothpick to obtain a uniform view of all samples for confocal imaging. For stereo
live imaging, anaesthetized larvae were positioned on a 1% agarose covered Petri dish. After stereo

imaging, embryos were translocated to a 48-wells plate, and were subjected to confocal imaging to
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monitor tumor growth in each embryo at higher magnification. A Leica TCS SPE confocal microscope
and a Leica stereo microscope were used to acquire fluorescent images. Time-lapse movies and three-
dimensional images were reconstructed using Imagel. The stereo xy and confocal xyz images were
analyzed in Imagel. The data generated in Imagel was transferred to excel and Prism 6 software

(GraphPad) for further analysis.

Statistical Analysis

The statistical analysis was performed using Prism 6 software. Comparisons between two groups were
calculated with one-tailed non-parametric unpaired t-tests. Comparisons between more than two
groups were performed with a multi-way ANOVA. Not significant (p > 0.05), *0.01 < p < 0.05, **0.001
<p<0.01, *** p <0.001.

Results

Zebrafish model to study melanoma growth and angiogenesis formation

To study the interactions between macrophages and melanoma cells, we took advantage of the allo-
and xenograft zebrafish model. Injecting fluorescence-labeled tumor cells into the Duct of Cuvier (DOC)
of two-day old transgenic embryos allowed us to follow the growth kinetics of these cells in the
presence of a microenvironment [30]. The head and tail, representing the primary tumor and the
extravasation site, respectively, were imaged at various time points (Figure 1A). We tested three
melanoma cell lines with BRAFV%E and p53-/- mutations, including zebrafish melanoma cell line ZMEL1,
human cutaneous melanoma cell line SK-MEL28 and mouse melanoma cell line B16.F10. The number
of melanoma cells that were injected was optimized by taking into account the survival of the embryos
and tumor cells. We found that all cell lines formed a tumor at the injection site and migrated to the
caudal hematopoietic tissue (CHT) (Figure 1B). ZMEL1 cells were highly proliferative at the injection site
and formed a solid primary tumor surrounding the skin of the embryo at 6dpi. These cells showed low
single cell extravasation from the vessel at the CHT without establishing a secondary tumor in the tail
fin. We found that SK-MEL28 cells induced high extravasation and were more invasive, however they
did not establish a solid primary tumor at the injection site. In contrast, these cells did form a secondary
tumor at the CHT. B16.F10 cells induced a compact primary tumor on the skin, induced angiogenesis
and established a secondary tumor, while SK-MEL28 induced a primary tumor without clear
angiogenesis (Figure 2C). All cell lines were able to form primary tumors in the embryos, which allowed

us to study the role of macrophages during the tumor growth of these cell lines after transplantation.
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Figure 1 Experimental setup and melanoma growth dynamics in zebrafish embryos. An allo- and xenograft zebrafish
model was used to study the role of macrophages on engrafted melanoma development. Around 300 tumor cells
were injected into the Duct of Cuvier at 2 dpf. After injection of fluorescence-labeled tumor cells in the DOC, stereo
and confocol images were taken at various time points of the head and tail respectively (A). Representative images
show the ZMEL1, SK-MEL28 and B16.F10 primary tumor site and extravasation. The mCherry labeled macrophages
are located throughout the entire embryo (B). Negative tumor angiogenesis formation (SK-MEL-28) and positive

tumor angiogenesis formation (B16) at the primary site (C).

Host macrophages recruited to injection site and interact with engrafted melanoma cells

We next asked if host macrophages respond to engrafting of melanoma cells and whether interaction
occurs between these cells. Injecting dTomato-labeled tumor cells into transgenic embryos with GFP-
labeled macrophages allowed us to trace the migration and behavior of the tumor cells and
macrophages for 10 hpi by using time lapse imaging (Figure 2A). The mock injection procedure induced
accumulation of macrophages near the injection site. The macrophage population surrounding the 2%
PVP injection resolved between 3-6hpi, indicating a resolution of inflammation. However, the
macrophage population at the tumor injection site remained high and gradually increased until the
termination of the experiment, suggesting that macrophages are attracted to the primary tumor and
not the injection wound (Figure 2B). To ensure that there were close interactions between these cells,
we reconstructed three-dimensional images of confocal z-stacks from the primary tumor. These images
reveal that macrophages interacted closely with tumor cells and quickly infiltrated the engrafted tumor
(Figure 2C).
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Figure 2 Tracking macrophage migration and their interactions with melanoma cells. Still images from the time
lapse at 1hpi, 6hpi and 10hpi. Each row represents a single embryo, either non-injected or injected with 2% PVP,
ZMEL1 or SK-MEL28. Images were taken with a 10x magnification. Macrophages accumulated near the injection
site, which is marked in yellow (A). Quantification of the macrophage area at the injection site of each frame within
the time lapse. A 175x175 pixels ROl was used to represent the injection site. The fluorescent signal in this ROl was
normalized by dividing it by the total fluorescent expression in the same channel. Macrophages quickly respond to
the injection, but only continued to accumulate near the injection site when tumor cells were present (B). 2D/3D
reconstructed confocal z-stacks of the ZMEL1 and SK-MEL28 primary tumor at 1lhpi, obtained with a 40x
magnification. Right, the 3D image is shown of the 2D images, which is visualized on the left. Macrophages

infiltrated the engrafted tumor at 1hpi (C).

Macrophages continue to accumulate at the primary tumor site

To verify whether engrafted melanoma cells continue to recruit macrophages during the timespan of
our experiments, we analyzed and quantified three-dimensional images of the primary tumor at 1hpi,
1dpiand 4dpi (Figure 3A). At 1hpi and 1dpi, SK-MEL28 had a significantly-larger tumor area than ZMEL1.
However, ZMEL1 showed a trend to have a larger tumor area at 4dpi compared to SK-MEL28, suggesting
that ZMEL1 proliferated more effectively. The number of macrophages in the field of view (FOV) of the
injection site was similar between 2% PVP and tumor-injected embryos at 1lhpi. The number of
macrophages in the FOV of the primary tumor induced by ZMEL1 and SK-MEL28 injection gradually
increased at 1dpi and 4dpi, whereas the population of macrophages at the 2% PVP injection site
remained constantly small throughout the experiment (Figure 3B and 3C). The macrophages in

proximity of the tumor showed a more rounded morphology, characterizing an inflammatory
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phenotype. Occasionally, macrophages and melanoma cells showed overlap between their
fluorescence signal, indicating that macrophages phagocytose tumor cells or debris (Figure 3D). These
results suggest that macrophages are recruited to the engrafted tumor throughout and that these cells

continuously interact with one another during the timespan of our experiments.
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mpeg:lifeact:GFP

- 2% PVP
— 2ZMEL
- SK-MEL28

nr. of macrophages in
FOV injection site
8

lifeact: GFP

Figure 3 Macrophages accumulate at the primary tumor site. Representative confocal images from the injection
site of 2% PVP, ZMEL1 and SK-MEL28 injected embryos at 1hpi, 1dpi and 4dpi, obtained with a 40x magnification.
Macrophages are labelled with lifeact:GFP and melanoma cells with dTomato (A). Quantification of the area of the
ZMEL1 and SK-MEL28 primary tumor. The tumor area represents the z-stacked 2D area of each tumor. Each data
point represents the average area at that time point. The error bars represent the + SD. Non-parametric unpaired
t-test was performed between each group (B). Quantification of the number of macrophages in the field of view
(FOV) of the 2% PVP, ZMEL1 and SK-MEL28 injection site. An object larger than 10.000 voxels within the field of
view (FOV) of the injection site was identified as a macrophage. Each point represents an average of 10 observations
(n=10) and the error bars correspond to the mean + SD. Non-parametric unpaired t-test was performed between
each group. The number of macrophages gradually increased at the tumor site (3C). The characteristic morphology
of macrophages at 4dpi under different circumstances was imaged. The macrophages outside tumor were more
elongated, directional comparing to rounded macrophages inside the tumor. The white arrows mark macrophages

phagocytose tumor cells (3D).
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Metronidazol (MTZ) effectively depletes macrophages in Tg(mpeg:GAL4:UAS:NTR:mCherry) embryos
To study the functional significance of macrophages during melanoma development, we utilized the
NTR/MTZ ablation system to deplete macrophages [33,34]. Embryos from 2dpf until 8dpf were
exposed to various concentrations of MTZ to optimize the efficiency of the macrophage’s ablation
without sign of toxicity. We observed that all MTZ concentrations successfully depleted macrophages
in embryos from 3dpf until the termination of the experiment at 8dpf (Figure 4A). Furthermore,
treatment with 2.5mM, 5mM and 7.5mM MTZ had no effect on the survival of embryos. Embryos
treated with 10mM MTZ showed enhanced lethality, indicating that MTZ is toxic at higher
concentrations (Figure 4B). Increasing the concentration affected the development of the embryos, as
embryos treated with a higher concentration were significantly shorter (Figure 4C). Based on these
findings, a concentration of 2.5mM MTZ was used throughout this study to successfully deplete

macrophages.

A Control 2.5mMMTZ Cc Phenotype at 6dpf

B MTZ Efficiency Survival
100
3 | -
§ 80. — 25 mMMTZ
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58?2 g 60 — 7.5mMMTZ
£5 Z o — 10mMMTZ
2 §1 *®
E - - 20
o] ol
3 4 5 8 7 2 4 6 8
dpf dpf

Figure 4 Efficiency and toxicity of NTR/MTZ Ablation System. We treated Tg(mpeg:NTR:mCherry) embryos with MTZ
at 2dpf to deplete macrophages. Representative images of the macrophage population of untreated and 2.5mM
MTZ treated embryos at 3dpf. Macrophages are labeled in mCherry (A). The macrophage area and survival rate of
various treatments, including 2.5mM, 5mM, 7.5mM and 10mM were quantified. MTZ successfully depletes
macrophages and is lethal at a concentration of 10mM (B). The effect of different MTZ concentrations on the length

of the embryos. Increasing the concentration negatively correlated with the embryo length (C).

B16.F10 ells rely on macrophages for tumor angiogenesis

As macrophages are known to be crucial in angiogenesis, we asked whether macrophage depletion
indirectly inhibits primary tumor growth through impairing neo-angiogenesis. To investigate the effect
of macrophage ablation on vascularization induction by each engrafted cell line, we imaged the primary
tumor and their vascular network at various time points in Tg(kdIr:GFP/mpeg:NTR:mCherry) embryos
in the presence and absence of macrophages. After injection in the DOC, ZMEL1 and B16.F10 formed

solid tumors at 6dpi. In line with previous data, SK-MEL28 cells formed no solid tumor, but invaded the
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tissue where blood vessels were already located (Figure 5A). The neo-angiogenesis was quantified by
calculating the percentage of embryos with a positive phenotype, which is characterized by having a
solid primary tumor with a neo-vascular network. All SK-MEL28 injected embryos had a negative
phenotype, as SK-MEL28 cells were unable to form a solid primary tumor. At 3dpi, all B16.F10 primary
tumors induced neo-vascularization, whereas only 40% of ZMEL1 injected embryos had a positive
phenotype. At 6dpi, B16.F10 had a higher percentage of neo-vascularized tumors compared to ZMEL1.
We observed that macrophage ablation by MTZ severely lowered the percentage of neo-vascularized
B16.F10 tumors at both timepoints. However, the percentage of positive phenotype of ZMEL1 injected
embryos was not affected by macrophage depletion (Figure 5B). This data implies that B16.F10
angiogenesis is macrophage dependent, while ZMEL1 cells initiate angiogenesis in the absence of

macrophages (Figure 5B-D).
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Figure 5 B16.F10 primary tumor relies on macrophages for neo-vascularization. The angiogenesis of the primary
tumor was visualized to investigate the effect of macrophage depletion on the vascular network. Representative

images are shown of each group at 3dpi and 6dpi, and 6dpi in combination with 2.5mM MTZ treatment (n=10).
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The control group, kdIr:GFP, represents the vascular network in the absence of melanoma engraftment (A). The
percentage of embryos with a solid primary tumor with a neo-vascular network. B16.F10 had the highest
angiogenic activity. SK-MEL28 did not form a solid tumor, but invaded the surrounding tissue and nearby blood
vessels. ZMEL1 neo-angiogenesis was not affected by macrophages depletion, whereas ablation of macrophages
did inhibit neo-angiogenesis in B16.F10 primary tumors (B). Unfortunately, in the images depicted in B we are not
able to distinguish macrophages from cancer cells as there were both labelled with red fluorescent marker,
therefore we additionally conducted three colour experiments to confirm these results, using B16 iRFP670 cells
expressing far- red fluorescence (C). The analysis was done by normalizing the blood vessel fluorescent intensity

by tumor size at 2 dpi (D).

Angiogenic activity of B16.F10 is macrophage dependent

To further prove that B16.F10 induced angiogenesis is macrophage dependent, we performed another
in vivo angiogenesis assay, which is used to measure the angiogenic activity of tumor cells in 18hpi [31].
In this assay, the growth of the blood vessels from the sub-intestinal vein plexus (SIV) is analyzed in the
presence of tumor cells. Angiogenic cells are able to induce sprouting or remodel the SIV complex [31].
ZMEL1, SK-MEL28 and B16.F10 cells were injected in the perivitelline space of 48hpf
Tg(kdIr:GFP/mpeg:NTR:mCherry) and macrophage-depleted embryos. Growth of the blood vessels
from the sub-intestinal vein (SIV) was imaged at 1 dpi (Figure 6A). The percentage of positive SIV
phenotypes, which is characterized by tumor induced sprouting or complete remodeling of the
complex, was calculated for each cell line. B16.F10 had the highest percentage of positive phenotypes,
followed by SK-MEL28 and thereafter ZMEL1. Injection of 2% PVP induced no sprouting. The number of
positive phenotypes induced by B16.F10 cells was severely decreased in macrophage depleted embryos
(Figure 6B, 6C). The elongation of the SIV was quantified by dividing the length of the SIV by the width
of the SIV. This parameter gives information about the attraction and sprouting of the SIV, as both
increase the length of the SIV. B16.F10 significantly enhanced elongation of the SIV complex, whereas
ZMEL1 and SK-MEL28 did not. Macrophage ablation significantly reduced the B16.F10 induced
elongated phenotype of the SIV complex (Figure 6D). Additionally, we found that macrophage depletion
overall inhibited the formation of the SIV complex, implying that macrophages are essential in the
establishment of this complex (Figure 6E). In conclusion, these results suggest that B16.F10 has the

highest angiogenic activity and that this activity is macrophage dependent.
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Figure 6 Macrophage ablation inhibits tumor-induced angiogenesis. An angiogenesis assay was performed to study
the angiogenic activity of tumor cells. Tumor cells were injected in the perivitelline space of two-days old
Tg(kdlr:GFP/mpeg:NTR:mCherry) embryos. 2% PVP was injected as a negative control. The SIV complex was imaged
between 24-30hpi (A). Representative images of each injection and treatment groups. Blood vessels are labelled
with GFP, macrophages and tumor cells lines with mCherry and dTomato therefore in these images we are not
able to distinguish macrophages from cancer cells as there both are labelled with red fluorescent markers (B). The
percentage of embryos with a positive phenotype, which is characterized by either attraction of the SIV or the
formation of sprouts (C). Quantification angiogenic capability of tumor cells with (- MTZ) and without macrophages
(+ MTZ). The elongation of the SIV complex was calculated by dividing the length by the width of the SIV complex.
B16.F10, not ZMEL1 and SK-MEL28, induced elongation of the SIV complex towards the tumor, which was partly
rescued through macrophage depletion (D). The total length of the SIV complex represents the total pixels of the
skeletonized SIV complex. The error bars represent the standard error of each group (n=10). Macrophage depletion

impaired SIV development in the presence of the tumor (E).
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Lactic acid secreted by B16.F10 melanoma cells recruit macrophages to drive angiogenesis

To address why macrophages are attracted to the tumor induced by engraftment of high glycolytic
B16.F10 cells, we tested if lactic acid, product of glycolysis can attract macrophages in zebrafish model
[35]. The lactic acid (10 uM) was injected into the zebrafish hindbrain at 2 dpf, which is free of
macrophages at this developmental stage (Figure 7A). As positive control we used human cytokine
hCCL2, as well known chemoattractant of macrophages in zebrafish [36]. To estimate macrophages
response to the local inflammation generated by wound we injected PVP solvent and compared to un
injected control (Figure 7B). At 3hpi, the number of macrophages inside hindbrain was imaged and
quantified (Figure 7B). Injection of hCC2 and lactic acid significantly increased number of accumulated
macrophages in the hindbrain comparing to number of macrophages in the same area of control and
PVP injected embryos (Figure 7C). In order to verify if lactic acid is secreted by tumor cells to attract
macrophages, B16.F10 cells were pre-treated with glycolysis inhibitor 2-deoxyglucose (2DG). The 24h
treatment of cells with 10 mM 2DG sufficiently inhibited lactic acid secretion, without influencing cell
proliferation and cellular ATP production (Figure 7D). After 24h of 10 mM 2DG treatment, around 300
far-red B16 cells were injected into DOC of 2 dpf embryos. Tumor size, macrophages infiltration, and
blood vessels density inside tumor were analyzed at 2 dpi. The relative tumor area in 2DG group was
not statistically reduced comparing to control group (Figure 7F). The fluorescence of macrophages and
blood vessels was normalized by fluorescent tumor area in corresponding embryos and reveled that
2DG treatment impaired the macrophages accumulation and blood vessel intensity (Figure 7F)
suggesting that indeed lactic acid secreted by B16.F10 cells contributes to macrophages accumulation

and tumor blood vessels formation in zebrafish xenograft model.
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Figure 9 Lactic acid inhibition by 2DG in B16 tumor cells impairs macrophages accumulation and tumor
angiogenesis formation. The macrophages attraction assay was performed here. 1 nL of lactic acid (10 uM), 2%
PVP and hCCL2 (negative and positive controls) were injected into hindbrain of zebrafish at 2 dpf (A). After 3h,
the images of macrophages in the hindbrain were taken by fluorescent microscope (B). The number of
macrophages was calculated (C). B16 cells were treated with 2DG (0.1, 2, 3.16, 10 mM) for 24 h. After treatment,
the cell proliferation, cellular ATP per 10000 cells and lactate per well were measured (D). Around 300 B16 cells
treated with 10 mM 2DG for 24 h were injected into Duct of Cuvier of 2dpf embryos. After 2 dpi, the fluorescent
images were taken (E) and relative tumor area, normalized macrophages infiltration and normalized blood vessel

intensity were quantified (E, F).

Discussion

The malignancy of melanoma is often linked to increased angiogenesis and a high number of
infiltrating TAMs [22,23]. Currently, many studies are aimed to understand the interplay between
TAMs, melanoma and endothelial cells. However, the majority of these studies are conducted in vitro
or in vivo using mouse models, which require complicated and invasive procedures to visualize
dynamic interactions between tumor cells and their microenvironment. In contrast, the zebrafish
xenograft model is a powerful platform to investigate dynamic cellular interactions within the tumor
microenvironment, due to its transparency [25]. Injecting fluorescently labeled tumor cells into
transgenic embryos with mCherry labeled macrophages allows us to study their interactions and
behavior. In this work, we elucidated the functional significance of macrophages in primary tumor

growth and neo-angiogenesis. We provided evidence that macrophages can enhance melanoma
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growth by promoting neo-angiogenesis. Thus, we put forth a model which serves as the foundation
for further research aimed to discover the exact molecular mechanism by which macrophages
enhance neo-angiogenesis in melanoma, and thereby contribute to its malignancy.

Initially, we asked if macrophages interact and respond to engrafted tumor cells. Through time lapse
imaging and confocal analysis of the primary tumor, we found no differences between the first
response of macrophages to 2%PVP and tumor injections. Within six hours, we observed a gradual
decrease of macrophages surrounding the 2% PVP injection site, which suggests that resolution of
inflammation occurred after the wound was repaired. Inflammatory responses associated with wound
healing and tumors are remarkably similar. Tumors have been found to behave as wounds that do not
heal, in order to establish a favorable microenvironment [37]. Accordingly, in the presence of
melanoma cells, no resolution phase was observed. Additionally, macrophages continued to
accumulate at the primary tumor until four days after injection. These results suggest that the
engrafted melanoma cells continuously induce an inflammatory response, thereby recruiting
macrophages. This response was not simply due to cross-species immune recognition, as we observed
similar inflammatory responses towards allografted zebrafish ZMEL1 and xenografted human SK-
MEL28 cells. The tumor fluorescent signals in macrophages suggest that these immune cells
phagocytose components of the tumor. These components could be from alive tumor cells or from
debris from dead tumor cells, as a result of phagocytosis. To further evaluate the function of
macrophages during primary tumor growth, we depleted the entire macrophage population in

embryos by utilizing the MTZ/NTR ablation system [33,34].

By comparing the growth kinetics of various melanoma cell lines in normal and macrophage depleted
embryos, we found that macrophages promoted murine B16.F10 primary tumor growth, while
inhibiting this process in ZMEL1 and SK-MEL28 tumors. We do not ignore the fact that macrophages
could perform an anti-tumoral role during B16.F10 development at 6dpi. Hence, this could explain the
marginal effect of macrophage depletion, as both the positive and negative functions of macrophages
are abolished. The origin of each cell line was studied to find an explanation for the cell line
dependent effect of macrophage depletion. The ZMEL1 cell line was obtained by Heilman S. et al. by
harvesting in situ melanoma from transgenic mitfa-BRAF'®°%; p53-/- zebrafish [38]. ZMEL1 cells are
known to take advantage of the growth-promoting effect of the embryonic microenvironment, since
these cells and the recipient are of the same species [28,39]. The xenografted cell line, SK-MEL28, was
isolated from an axillary lymph node of a patient [40]. Involvement of the lymph nodes suggest that
this melanoma has advanced to Stage Ill, implying that this cell line is highly malignant [41]. B16 cells
were harvested from a tumor which developed naturally surrounding the ear of a C57BL/6 mouse. In
this study we used the highly metastatic and aggressive variant B16.F10, which has classically been
described as a non- or low-immunogenic tumor cell line [42]. No correlations were drawn between
the origin of the cell ling, its stage and the response to macrophage depletion, as we found that the in
situ melanoma ZMEL1 and the highly malignant melanoma SK-MEL28 both progressed better in the
35



absence of macrophages, while a similar malignant melanoma B16.F10 showed impaired growth
under the same circumstances. These results imply that only xenografted B16.F10 tumors profit from
macrophages during development. Considering that B16.F10 is a low-immunogenic cell line, we
decided not to focus on the immunosuppressive function of macrophages, but on their ability to

promote angiogenesis.

To assess the importance of macrophages in tumor-induced angiogenesis, we firstly proved that
ZMEL1 and B16.F10 cells were able to form a solid tumor with neo-vascularization. Macrophage
depletion severely impaired the neo-vascularization of the B16.F10 tumor. In previous research, it
was found that the presence of pro-inflammatory macrophages leads to a significant increase in the
amount and complexity of blood vessels. Pro-inflammatory macrophages, which can act as a local
source of VEGF, are often associated with the vessel tips, thereby inducing vessel sprouting. Another
mechanism by which macrophages support angiogenesis is through dislodging neutrophils from the
vessel tips. Neutrophils were found to exhibit inhibitory angiogenic influences, and therefore require
dislodging to promote angiogenesis [43]. Possibly, due to macrophage ablation, the angiogenetic
switch of the B16.F10 tumor is tilted towards an anti-angiogenic outcome, resulting in severely
impaired tumor vascularization, which in turn inhibited tumor growth [44]. In contrast, ZMEL1 neo-
angiogenesis was not affected by macrophage depletion. The ability of ZMEL1 to produce zebrafish
VEGFA could explain why this tumor is capable of inducing angiogenesis in the absence of
macrophages. Possibly, ZMEL1 tumors rely on their own production of VEGFA to tilt the angiogenic
switch to a pro-angiogenic outcome. To strengthen this hypothesis, we assessed the ability of tumor
cells to induce sprouting or attract blood vessels from the SIV. Consistent with our previous findings,
B16.F10 showed the highest angiogenic activity. Ablation of macrophages impaired this activity,
whereas ZMEL1 induced angiogenesis was not affected. These results strongly imply that the
mechanism behind vascularization varies between each cell line. However, we found that cell lines
which rely on macrophages for angiogenesis, also showed impaired growth in the absence of

macrophages at 6dpi.

In the end, we used zebrafish macrophages attraction assays to prove that lactic acid function as
chemoattractant to recruit macrophages comparing to well-known cytokine, hCCL2. After chemical
inhibition of glycolysis hence lactic acid secretion, less macrophages were attracted to the tumor site
and tumor angiogenesis was impaired. Surprisingly the tumor burden at 2dpi was not significantly
influenced by 2DG treatment presumably due to a short duration of the experiment. In future, genetic
interference approach is required to further prove that angiogenesis induction by high glycolytic cells

is indeed control by lactic acid dependent macrophages attraction.

In summary, our findings demonstrate that macrophages can promote melanoma growth by inducing
angiogenesis in the zebrafish xenograft model. Our results show that there is no universal mechanism
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by which melanoma cell lines induce and rely on angiogenesis, but that this is cell line specific. We
found that the growth of melanoma, which is able to induce angiogenesis in the absence of
macrophages, was not promoted by macrophages. Similarly, macrophages did not promote growth of
melanoma which did not induce neo-angiogenesis. Importantly, we found that macrophages are
attracted by lactic acid to promote tumor angiogenesis in B16.F10 cells.

In conclusion, this study has aided in the understanding of the interactions between macrophages and
melanoma cells, and serves as a foundation for further research aimed to discover the exact

mechanism by which macrophages induce neo-angiogenesis in melanoma with high glycolytic index.
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