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Abstract

The globally increasing incidence of cancer, including melanoma, requires novel therapeutic strategies. Development of
successful novel drugs is based on clear identification of the target mechanisms responsible for the disease progression.
The specific cancer microenvironment represents a critically important aspect of cancer biology, which cannot be properly
studied in simplistic cell culture conditions. Among other traditional options, the study of melanoma cell growth on the
chicken chorioallantoic membrane offers several significant advantages. This model offers increased complexity compared
to usual in silico culture models and still remains financially affordable. Using this model, we studied the growth of three
established human melanoma cell lines: A2058, BLM, G361. The combination of histology, immunohistochemistry with
the application of human-specific antibodies, intravascular injection of contrast material such as filtered Indian ink, Mercox
solution and phosphotungstic acid, and X-ray micro-CT and live-cell monitoring was employed. Melanoma cells spread well
on the chicken chorioallantoic membrane. However, invasion into the stroma of the chorioallantoic membrane and the limb
primordium graft was rare. The melanoma cells also significantly influenced the architecture of the blood vessel network,
resulting in the orientation of the vessels to the site of the tumour cell inoculation. The system of melanoma cell culture on
the chorioallantoic membrane is suitable for the study of melanoma cell growth, particularly of rearrangement of the host
vascular pattern after cancer cell implantation. The system also has promising potential for further development.

Keywords Melanoma - Cancer microenvironment - Cancer-associated fibroblasts - Melanoma invasiveness - Embryo -
Chorioallantoic membrane

Introduction

The incidence of malignant melanoma is increasing world-
wide at a rate faster than that of other malignant diseases.
Until now, the melanoma-associated mortality has remained
high in advanced stage patients, despite the enormous efforts
and several new therapeutic options (Dvofankova et al.
2017). Similarly to other types of tumours, the microenvi-
ronment significantly influences the biological properties
of melanoma (Lacina et al. 2015; Dvorankova et al. 2017).
Some of the novel successful therapeutic strategies, namely
immune checkpoint inhibitors, target the immune mecha-
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nisms in the tumour microenvironment and elicit immune
clearance of the tumour. However, there are multiple other
components beyond immune cells present in the tumour
stroma. Their therapeutic potential has not yet been fully
revealed and is worthy of scientific attention. The cellu-
lar component of the tumour microenvironment mainly
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includes cancer-associated fibroblasts, as well as pericytes,
endothelial cells, adipocytes, and others. Cancer-associated
fibroblasts are the most numerous population, and, there-
fore, have attracted attention of researchers for many years.
However, a significant regulatory function can be executed
even by some minor population (Dvofankové et al. 2019).

The cancer microenvironment can be studied in vitro at
the 2D or 3D level (Kodet et al. 2015; Jobe et al. 2016,
2018) or in vivo. The traditional cell culture methods based
on separated cell types lack the complexity of the tissue
microenvironment, which is an indispensable factor for can-
cer progression in the organism. We can enrich the standard
culture model based on malignant cell lines by employing
one or more stromal populations simultaneously. Their inter-
actions may occur via direct cell-to-cell contacts or indi-
rectly, via soluble biologically active molecules. Moreover,
physiochemical features may also play a significant role in
tumour biology. Tissue hypoxia is one of the traditionally
extensively studied features (Gaustad et al. 2017), which can
also be achieved in experimental in vitro models. However,
the complexity of tissue, where multiple cell types interact
simultaneously, is not reproduced entirely.

The most frequently used animal model for cancer studies
is based on various highly inbred mouse strains. Compared
to cell line-based research, murine models offer much higher
biological complexity. Immunodeficient mouse models are
particularly suitable for cancer research. However, as there
is an outstanding diversity in immunodeficient mouse mod-
els, it is difficult to choose the most appropriate strain for a
particular study. The selection of an immunodeficient mouse
strain also brings bias to the studied experimental system.
Mice are sometimes not completely reliable as models of
human disease, including cancer. In addition, the achieved
biological complexity is also associated with a significantly
higher price (Pérez-Guijarro et al. 2017). Therefore, a simple
and affordable biological model is needed for biomedical
research.

It was frequently noted earlier that the chorioallantoic
membrane (CAM) of the chicken embryo represents a
complex structure with precisely described developmen-
tal dynamics. CAM represents a biologically relevant
substrate with several cellular components, extracellular
matrix and fully functional continuous blood flow. It can be
used efficiently for in vitro cultures or for in vivo studies.
CAM allows frequent or continuous microscopic evalua-
tion. Finally, CAM offers straightforward interpretation by
methods of histology or histochemistry. It is also reasonably
cheaper than mouse models.

Ribatti (2016) reviewed various applications of CAM as
an excellent tool for the study of many biologically as well
as medically relevant problems. Beside traditional studies of
angiogenesis, CAM was even used as an in vivo model of
implantation of cancer cells, including melanoma (Ribatti
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2014; Avram et al. 2017) and metastasising (Cimpean et al.
2008; Deryugina and Quigley 2008; Subauste et al. 2009).

Melanomas are tumours originating from melanocytes,
the pigment-producing cells of the skin. The function of
melanocytes in the skin is tightly regulated by the target tis-
sue microenvironment. Melanocytes migrate from the neural
crest to the skin during embryonic development (Shakhova
2014). Experiments in zebrafish showed that transcription
factor crestin is typical of neural crest embryonic cells. Of
note, crestin is also significantly activated in malignant mel-
anoma (Kaufman et al. 2016).

When injected to the embryo, melanoma cells colonise
similar body sites as the neural crest progeny (Lee et al.
2005; Bailey et al. 2012; Bailey and Kulesa 2014). Even
in vitro, conditioned medium from embryonic stem cells
influences the phenotype and functional properties of mela-
noma cells (Kodet et al. 2013). The conditioned medium
can be easily used as a tissue microenvironment surrogate.
These findings indicate an important effect of the embryonic
microenvironment on melanoma cell biology. Furthermore,
there is evidence of melanoma cell reprogramming by the
embryonic microenvironment and loss of their malignant
behaviour (Kasemeier-Kulesa et al. 2008; Diez-Torre et al.
2009).

In the presented study, we evaluated the growth of three
melanoma cell lines in the CAM model. We mapped the
remodelling of immature vessels in CAM after inoculation
of melanoma cells. To study the effects of hypoxic condi-
tions, we also grafted an isolated limb bud onto CAM before
melanoma cell implantation. The spatial reorganisation of
the CAM vascular pattern was visualised by injections of
phosphotungstic acid (PTA), Indian ink, or synthetic resin
to the CAM vessels. The melanoma cells used in this study
were not chemically labelled to prevent the potential effect
of chemical label on their viability and biological properties.
We distinguished the grafted melanoma cells in the tissues
by a species-specific antibody recognising human vimentin
(Vim), enzyme expression (galactosidase), and HMB-45
marker of melanocytes.

Materials and methods
Cell culture and conditioned media preparation

Three invasive melanoma cell lines were tested. Cells of
the BLM line were obtained from L. van Kempen and H.
Van Krieken from the Department of Pathology, Radboud
University (Nijmegen, the Netherlands). G361 and A2058
cell lines were purchased from the American Type Cul-
ture Collection. The cells were maintained in DMEM with
10% FBS (Sigma Aldrich, Prague, Czech Republic). LacZ
melanoma cell lines tagging was performed according to
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the manufacturer‘s protocol (LV-348, AMS Biotechnology
(Europe) Ltd, Abingdon, U.K.) with consequent puromycin
selection. As control population, normal human highly pig-
mented melanocytes (HPM) were obtained from J. Vachten-
heim (Institute of Medical Chemistry and Laboratory Medi-
cine, 1st Faculty of Medicine, Charles University, Prague,
Czech Republic). HPM melanocytes were maintained in
M254 culture medium (Thermo Fisher Scientific, Prague,
Czech Republic). Human dermal fibroblasts were prepared
from the skin samples of healthy donors with the donor’s
explicit informed consent and approval by the local ethics
committee (Dvotankova et al. 2019). The same procedures
were also used to prepare the chicken embryonic fibroblasts
from CAM and adult chicken dermal fibroblasts (CDF),
which were cultured as described earlier (Dvorankova et al.
2019). Preparation of primary cells was approved by the
local ethics committees of the First and Third Faculty of
Medicine, Charles University in Prague according to the
Declaration of Helsinki as described for use of human mate-
rial. The characterisation of cells and the cultivation pro-
cedure were described in detail by Kodet et al. (2015) and
Dvotéankova et al. (Jobe et al. 2016; Dvorankova et al. 2019).
The conditioned media (CM) were collected from the avian
fibroblast monolayers (CAM or CDF) cultured in DMEM
with 10% FBS. The medium was changed in fibroblast
cultures forming subconfluent layers (70%) and harvested
after further 48 h of cultivation. It was filtered (0.2 um),
aliquoted, and stored (at —80 °C) for later experimental
use. All cell lines were routinely tested for Mycoplasma sp.
contaminations.

Chick embryo preparation

Fertilised eggs of the Ross 308 hybrid of the chick (Gallus
gallus domestica; Xaverov, Czech Republic) were incubated
in a humidified atmosphere in an incubator at 37.5 °C for
4 days in stage 22-24 according to Hamburger and Hamilton
(1992). The eggshell was decontaminated by 70% ethanol
(Rugh 1948), and a manipulation window was cut to the
eggshell.

In a defined cohort of embryos, the early primordium of
the upper limb (HH 23-24) was transplanted to the surface
of CAM outside the embryo before the application of cancer

cells to mimic a hypoxic niche. After grafting, the fenes-
tration of the eggshell was sealed by paraffin and attached
sterile glass (Rugh 1948; Klepacek and Jirsa 1994) and
maintained in the incubator. After day 2, the cancer cells
were implanted onto the CAM surface. The melanoma cells
were seeded as a concentrated suspension onto the surface of
CAM in a quantity of 10 cells in 10 pl of PBS per embryo.
Eggs were further incubated for 2—-6 consecutive days. The
numbers of embryos used for experimental cohorts are
presented in Table 1 (total n=45). All manipulations with
embryos were performed using stereomicroscope SMZ 18
(Nikon, Vienna, Austria) using sterile instruments. The
experimental design of this study, including both in vitro
and in ovo studies, is summarised in Fig. 1.

Immunofluorescent and immunohistochemical
detection of cancer cells in whole-mount specimens

CAM was dissected from the egg after attachment to a paper
frame, which offers stabilisation of the specimen and pre-
vents rolling. CAM was gently rinsed in PBS and briefly
fixed in 4% paraformaldehyde (in PBS, pH 7.2, 5 min) and
repeatedly gently washed with PBS. The specimens for
immunocytochemistry were consequently permeabilised
by Tween 20 (Sigma-Aldrich, Prague, Czech Republic) at
concentration 0.2% in PBS. Vimentin was detected by spe-
cific antibody clone V9 (DAKO, Glostrup, Denmark) (Bohn
et al. 1992). The species specificity was verified in human
and chicken fibroblasts (Fig. 2a, b) with the employment of
appropriate negative controls (either omission of the primary
antibody or use of a tissue-irrelevant antibody of the same
isotype, isotype control, ThermoFisher Scientific, Prague,
Czech Republic). The chicken-reactive vimentin for avian
fibroblast phenotype confirmation was mouse monoclonal
antibody, clone RV202 (Abcam, Cambridge, UK).
TRITC-labelled goat anti-mouse antibody (Sigma-
Aldrich, Prague, Czech Republic) was used as the second
step antibody to detect vimentin. Both the first and sec-
ond step antibodies were diluted as recommended by the
supplier. Nuclei were counterstained with 4',6-diamidine-
2'-phenylindole dihydrochloride (DAPI) (Sigma-Aldrich,
Prague, Czech Republic). Specimens were mounted as whole
mounts to Vectashield (Vector Laboratories, Burlingame,

Table 1 Results of melanoma xenotransplantation on the chick embryo CAM

Cell line No. of embryos/no. No. of embryos/inva- No. of grafted limb buds/ No. of limb buds/no. of No. of embryos/
of implants sion to CAM migration to the graft site limbs with cancer cells metastases (liver, lung,
brain)
A2058 15/15 15/1 5/5 5/1 15/0
BLM 15/15 15/0 5/5 5/0 15/0
G361 15/15 15/1 5/5 5/1 15/0
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Fig.1 Experimental workflow. The fibroblasts were isolated from
CAM of donor eggs or adult avian skin. The effects of conditioned
media on the growth of malignant melanoma cells was tested using
the metabolic (MTT) assay and the growth was continuously moni-
tored by microscopy (Incucyte system). Melanoma cells were grafted

CA, USA) and inspected by an Eclipse 90i microscope
(Nikon, Viena, Austria) equipped with NIS-Elements
AR.40.00 for data storage and analysis and with a ProgRes
MF CCD camera (Jenoptik Optical Systems GmBH, Jena,
Germany).

In case of X-Gal reaction for LacZ-tagged melanoma
cells, the fixation was shortened to 3 min only. The visuali-
sation was performed using a -Gal Staining Kit (Invitrogen,
Prague, Czech Republic) following the manufacturer’s pro-
tocol. The documentation in the bright field was performed
using a Leica DM 2000 microscope equipped with a digital
camera.

Immunohistochemical detection of melanoma cells

Tissue sections (5 um) were cut from routinely prepared
FFPE blocks. Slides were deparaffinised and rehydrated.
HBM-45 was selected out of melanoma markers, because
this particular antibody does not require any antigen retrieval
using heat treatment before staining according to the manu-
facturer’s instructions (MA5-16712, ThermoFisher Sci-
entific, Prague, Czech Republic). Endogenous peroxidase
activity was blocked by 1% hydrogen peroxide in PBS
(20 min at room temperature), and non-specific interaction
of immunoglobulins was blocked by incubation in diluted
10% non-immune goat serum (20 min, room temperature).
The incubation with the primary antibody (diluted 1/40 in
blocking solution) was performed at 4 °C overnight. The
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on the chick chorioallantoic membrane in acceptor eggs. We moni-
tored the melanoma cell spread on the surface or invasion to the cho-
rioallantoic membrane stroma (or into the grafted limb primordia)
and changes in the vascular network surrounding the application site

immunohistochemical reaction was visualised using an HRP
polymer kit with diaminobenzidine (Histofine Simple Stain
MAX PO Multi, Nichirei, Bioscience, Tokyo Japan). The
nuclei were counterstained by hematoxylin and specimens
were dehydrated, cleared and mounted in synthetic mount-
ant (Jobe et al. 2016). The imaging was performed with a
Leica DM 2000 microscope equipped with a digital camera.

Again, the specificity of the reaction was tested by
replacement of the specific primary antibodies by a tis-
sue-irrelevant isotype antibody (ThermoFisher Scientific,
Prague, Czech Republic).

Detection of vessels by Indian ink, PTA and resin

CAM vessels were injected with filtered Indian ink
(Klepacek et al. 1999), PTA (Kokorin and Gudima 1968), or
Mercox® II Blue resin (Mercox-Japan Vilene, Tokyo, Japan)
and processed as described elsewhere (Navarro et al. 1998;
Klepacek et al. 1986). The resin/PTA-injected specimens
were inspected and analysed by X-ray micro-CT using a
desktop ex vivo device SkyScan1272 with a 16MPx CCD
detector (Bruker, Kontich, Belgium). Each specimen was
individually placed in a plastic tube with PBS and mounted
on a microstage as described. The specimens were scanned
in resolution 3280 X 4904 px without employing an X-ray
filter. The data were reconstructed using program NRecon
and visualised using program CTVox, both obtained from
Bruker (Kolesova et al. 2018).
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Human fibroblasts Chicken fibroblasts

Vim (V9)+DAPI

G361 melanoma

HPM

Homo sapiens: 411 ISLPLPN FSS 420
Mus musculus: 411 ISLPLPT FSS 420
Gallus gallus: 405 INMPIPT FAS 414

HMB-45+DAPI

Fig.2 Detection of human vimentin (V9 clone, red signal) in human
dermal fibroblasts (a), and absence of V9 staining in chicken embry-
onic fibroblasts (b). Detection of melanocyte marker (HMB-45, red
signal) in normal human highly pigmented melanocytes (c¢) and
melanoma cells (d). Comparison of analogous sequences of human,
murine and chicken vimentin (amino acids 411-420 and 405-414,
respectively). Asparagine 417 (N) is highlighted in green in the
human vimentin (the key structural motif for V9 antibody binding);
in contrast, the similarity of murine and chicken vimentin (threo-
nine 417 and 411, respectively) is highlighted in yellow. The human,
murine and chicken vimentin sequences were aligned using the https
:/lwww.uniprot.org/align/ database tool and according to Kong et al.
(2011) and also specifically to Tomiyama et al. (2017) for the pur-
poses of V9 binding motif identification. The bar represents 50 pm

Testing the effect of conditioned media
on the growth and metabolic properties of cancer
cells

The proliferation kinetics of A2058, BLM and G361 mela-
noma cells was tested using the IncuCyte ZOOM Kinetic
live cell imaging system (Essen BioScience, Ann Arbor,
MI, USA) as described earlier (Zivicové et al. 2017). The
melanoma cells were seeded in low density in 96-well
plates. Next day, the standard cultivation medium was
replaced by the conditioned medium. The effect of con-
ditioned media prepared from the subconfluent layers of
CAM and CDF was measured and expressed as confluence
(%). Cultures were screened every 2 h for approximately
9 days. The differences in proliferation were compared at
the moment of exponential growth when the first averaged
line (representing n=12) met 50% of confluence. The data
were analysed using PAST3 software (http://palaeo-elect
ronica.org/2001_1/past/issuel_01.htm); Tukey’s Honest
Significant Difference test was used to detect statistical
significance.

The results were further compared with the evaluation
of the metabolic activity of A2058, BLM and G361 mela-
noma cells under the influence of conditioned media using
the MTT test (Stockert et al. 2018) on the 7th day of cultiva-
tion, when the growth of the cells was stabilised.

Results

Isolation of chicken dermal and CAM fibroblasts
and their effects on melanoma cell line growth

The fibroblasts from the chick chorioallantoic membrane
(CAM) were successfully isolated using the explant method
following the protocol published earlier by us (Kodet et al.
2013) and phenotype was determined according to our pub-
lished protocol (Dvotankova et al. 2019). We also isolated
chicken dermal fibroblasts (CDF) from avian skin as control
cells for this experiment using otherwise identical condi-
tions. The cells were easily expanded in DMEM with 10%
FBS for experimental purposes and used before passage No.
5. The immunocytochemical staining with vimentin anti-
body V9 was negative in all cells of avian origin (Fig. 2).
This finding contrasted with the confirmed positive result
detected in human cell lines (normal human fibroblasts
presented here; the data from melanoma cell lines are not
presented). However, vimentin was confirmed in avian fibro-
blast by staining with alternative mouse monoclonal anti-
body RV202(data not shown). This contrast also confirms
the species specificity of the immunocytochemical reaction
of VO antibody (the negative control is thus not presented
here).

The fibroblast-conditioned media (CAF-CM and CDF-
CM) significantly increased the proliferation kinetics of
all three cancer cell lines when compared to DMEM (p
value < 0.008 in all cases). However, a statistically sig-
nificant difference between CDF-CM and CAM-CM was
observed only in the A2058 melanoma cell line (p value
0.002). The trend observed in BLM and G361 melanoma
cell line growth was similar, yet not significant (p value 0.24
and 0.15, respectively). We also measured the differences in
metabolic activity of melanoma cell lines in different media
using the MTT assay. Similarly, A2058 sensibly reflected the
difference between CAM-CM vs CDF-CM (p value >0.001).
There was no statistically significant difference between the
metabolic rate of BLM and G361 melanoma cell lines in
various culture media (Fig. 3).

Observation in ovo
The results of melanoma xenotransplantation are sum-

marised in Table 1. All cell lines used in the experiments
formed distinct colonies on the surface of CAM. Colonies
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Fig. 3 Proliferation curves of A2058, BLM and G361 treated with
DMEM, CAM-CM and CDF-CM, respectively. Each curve was plot-
ted as a mean value of % confluence from independent stable refer-
ence observation points (n=12) using the IncuCyte life cell analysis
system. The cell proliferation was compared under different culture
conditions (DMEM vs CAM-CM vs CDF-CM) at the time when the
first curve met 50% confluence value (arrowhead) using the Tukey’s
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Honest Significance test. Significant comparisons are indicated by
asterisks (p<0.05). The metabolic activity of cells under different
culture conditions (DMEM vs CAM-CM vs CDF-CM) was evaluated
using the MTT test (n=3 for each condition). The significance of
results was tested using the Tukey’s Honest Significance test. Signifi-
cant comparisons are highlighted by asterisks (p <0.05)
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were easy to see due to their increased opacity on CAM
in ovo under a low-power microscope. The melanoma cells
formed very small, grouped colonies at the initial stages of
the experiment (day 2, Fig. 4a—d). The layer of vessels was
visualised by injected Indian ink (Fig. 4a). The identity of
melanoma cells was also confirmed by immunocytochemi-
cal detection of vimentin (Fig. 4b, c, red signal, Vim). This
staining documented the presence of cancer cells on the sur-
face of CAM above the vessels by accumulation of DAPI-
positive nuclei. Furthermore, we performed X-ray micro-CT
of the vessels injected with resin or PTA (Fig. 4d). All these
methods supported the intimate relationship between the
vessels and tumour cells during the initiation of melanoma
growth on the CAM surface.

In later stages of the experiment (day 6), we observed
more extensive opacities on the surface of CAM by the low-
power microscope or even by the naked eye. These clusters
were formed by the transplanted melanoma cells. This was
confirmed by enzymatic X-Gal reaction on CAM whole-
mount (highlighting selectively LacZ-tagged cells—Fig. 5a,
bluish clusters). A similar extent of melanoma growth was
confirmed by vimentin staining of untagged cells (Fig. 5b,
red signal). The vascular pattern of CAM was significantly
rearranged at this stage. We observed that the centripetal
growth of blood vessels to the tumour site occupied by
cancer cells was very well visible in specimens with resin-
injected vessels (Fig. 5¢). Optical visualisation of Mercox-
microinjected CAM vessels demonstrated that the vessels
in CAM overlaid the accumulation of tumour cells without
penetration to the melanoma cell mass (Fig. 5d).

Invasion of melanoma cells into the CAM stroma was
a rare event. We confirmed invasion only in two samples
histologically. Vimentin staining (Fig. 6a) revealed scattered
melanoma cells on the surface of CAM and also inside the
CAM stroma. The second sample contained a distinct region,
where tumour cells invaded from the surface into the CAM
stroma and formed small clusters (Fig. 6b). Cancer cell clus-
ters were prominent even in HE staining, and their identity
was confirmed by a positive reaction for HMB-45 marker
(Fig. 6¢). In this case, melanoma cells were surrounded by
the typical activated mesenchymal stroma of chick CAM.
We did not observe the presence of any stromal elements
of human origin, e.g., cancer-associated fibroblasts positive
for human vimentin. The specificity of the immunohisto-
chemical reaction was demonstrated by the negative control
(Fig. 6d).

The isolated limb bud primordium (HH stages 23-24)
grafted on CAM as a model of hypoxic tissue niche reshaped
the vascular pattern of CAM of the acceptor eggs signifi-
cantly. Under these hypoxic signals, the CAM vessels suc-
cessfully penetrated the limb (Fig. 7a).

Consequently, we observed further development of the
grafted limb during the experiment, confirming the viability

A2058, day 2

A2058, day 2

X-ray micro CT

Fig.4 Chick CAM 2 days after application of BLM (a, b) and A2058
melanoma cells (¢, d) after intravascular injection of vessels by India
ink in the bright and dark field (a). The melanoma cells are positive
for human vimentin (red signal, b, ¢). The nuclei of melanoma cells
and CAM cells are stained blue by DAPI (b, ¢), the white dashed line
highlighted course of more prominent vessel. Similar area after injec-
tion of PTA is visualised by X-ray micro-CT in (d). Bar is 100 (a—c)
and 500 (d) um, respectively

of this tissue. Melanoma cells were attracted to the site of
limb transplantation and surrounded the limb primordium in
all studied samples (Fig. 7a, b—positive vimentin staining,
red signal). However, the limb primordia were colonised

@ Springer



Histochemistry and Cell Biology

G361, day 6

X-Gal (LacZ)

X-ray micro CT

Fig.5 Accumulation of melanoma cells on the surface of CAM
6 days after grafting (a—LacZ-tagged cells in bluish colour after
X-Gal staining, b—vimentin V9-stained untagged melanoma cells in
red signal (asterisk)). Chick vessels oriented to cancer cells stained
blue by DAPI are marked by arrows (b). Similar site after injection

Vim (V9)+DAPI

Mercox Il Blue

G361, day 6

of resin demonstrates blood vessels converging to accumulated mela-
noma cells (arrows, c). Inspection of a similar site by optical micro-
scope demonstrates that blood vessels cross under the tumour inside
the CAM and do not penetrate to the tumour mass (d). Bar is 50, 500
and 1000 um, respectively

Fig.6 Section of CAM. Melanoma cells (asterisk) are located on
the CAM surface with sporadic human vimentin-positive cells in the
stroma (a). In a single case only, we observed solid melanoma (aster-

by melanoma cells only in two cases, in both of them in the
perichondrium covering the anlage of digits (Fig. 7c). The
identity of these colonising melanoma cells was confirmed
by positive detection of the HMB-45 marker (negative con-
trol is presented in Fig. 7d).

We did not observe melanoma cells localised in the inter-
nal organs (liver, lung, brain) of the embryos through the
interval of 5-6 days after melanoma cell transplantation by
immunohostochemistry. We present the summary of all our
xenotransplantation experiments in Table 1.

Discussion
This study shows that CAM in the chicken embryo offers

an attractive in vivo biological substrate for the study of
melanoma cell behaviour.

@ Springer

isk) in the CAM stroma (b). These cells were positive for melanocyte
marker HMB-45 (c). Bar is 100 and 300 um, respectively

It is evident that any fibroblast-conditioned media used
in our experiment significantly enhanced the proliferation
of melanoma cells when compared to standard culture
media. This observation highlights the dependence of
melanoma proliferation on the microenvironmental cues
represented here by fibroblast-secreted molecules (e.g.,
growth factors, chemokines, cytokines, etc.). The topic
was recently reviewed by several authors (Lacina et al.
2018; Plzédk et al. 2019; Strnadové et al. 2019). Among
most likely candidates, IL-6, IL-8, CXCL-1, EGF, bFGF,
HGF, and VEGFA play an essential role in cancer cell
biology. We demonstrated in our previous work that IL-6
and IL-8 can influence invasiveness of melanoma cells
in vitro (Jobe et al. 2018), and increased production of
IL-6 by the cancer ecosystem stimulates patient cancer-
dependent wasting and cachexia, as reviewed by Lacina
et al. (2019). A similar trend was evident and reached
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Fig.7 Site of melanoma cell application (a—asterisk) and move-
ment of melanoma cells to the grafted limb bud (a—triangle). When
the specimen was stained as a whole-mount preparation by human
vimentin (detail of the dashed quadrangle, vimentin in red signal),
numerous positive cells were detected. A dense capillary network in

statistical significance in all three studied cell lines. This
was evident even in the case of embryonic CAM com-
pared to pure DMEM. However, their adult CDF counter-
parts promoted melanoma proliferation somewhat more
efficiently. This is a severe warrant to all those who use
in vitro models, because employment of any complex
biological material (represented here by the conditioned
medium) can be potentially misleading. In such a case, a
trivial comparison with pure DMEM would inevitably lead
to statistically significant but biologically inappropriate
conclusions.

Nevertheless, we confirmed the statistical significance of
CAM vs CDF conditioned media only in the case of A2058
cell line proliferation (p value 0.002). In BLM and G361
melanoma cell lines, the trend of growth was similar, yet not
statistically significant. The MTT test of metabolic activity
in melanoma cells again confirmed the significant differ-
ences for A2058 melanoma in conditioned media only (p
value less than 0.001). The differences observed in BLM
and G361 were also insignificant.

Similarly to adult chicken fibroblasts, the chicken embry-
onic cells produce many factors mentioned earlier, includ-
ing IL-6, IL-8, VEGFA (Xing and Schat 2000; Kosla et al.
2013), and their production can be stimulated, e.g., by heat-
ing or infection. These data can explain the stimulatory
effect of both types of chicken fibroblasts on melanoma cell
growth in comparison with non-conditioned media, but they
are unable to elucidate the difference between both types of
chicken fibroblasts.

o
<
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>
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>

the CAM is present at this site (b, yellow arrows). In the tissue sec-
tion of the grafted limb primordium, the melanoma cells express spe-
cific marker HMB-45 (brown signal) in the vicinity of the cartilagi-
nous digit primordia of the autopodial region of the limb (Cart, c, d).
Bar represents 50, 100 and 1000 pm, respectively

Our data confirmed the tested melanoma cell lines as
suitable candidates for further research focusing on the
inhibitory effect of the embryonic microenvironment. How-
ever, the A2058 cell line is the most sensitive for further
research in model embryo. This phenomenon was noted by
various embryologists earlier and reviewed extensively in
recent years by Kasemeier-Kulesa and Kulesa (2018). This
evidence acquired with A2058 can help us to understand
the switching on/off effect of the embryonic microenviron-
ment on the phenotype and malignant behaviour of cancer
cells. The embryonic microenvironment seems to be able
to overdrive the tumour cell malignant potential, presum-
ably by epigenetic mechanisms (Abbott et al. 2008). Isolated
embryonic stem cells and their products can also attenu-
ate the malignant properties of melanoma cells (Kim et al.
2011; Kodet et al. 2013). Moreover, cancer cells can enter
apoptotic death after contact with specific embryonic pro-
teins (Cucina et al. 2006). The inhibitory effect of embryonic
fibroblasts on the metabolism of melanoma cells seems to be
therapeutically relevant, because cell metabolism may rep-
resent a potential therapeutic target (Kroemer and Pouysse-
gur 2008). This proof of concept was demonstrated by the
therapeutic manipulation of mitochondria in cancer cells
(Kalyanaraman et al. 2018). Similar results were observed
in multiple types of tumours.

Kain et al. (2014) reviewed the plausibility of CAM
employment in cancer studies. The data regarding mela-
noma cell growth on CAM are somewhat limited. However,
sparse are these data, they often support our observations
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(Jayachandran et al. 2015; Avram et al. 2017). Unequivo-
cally, we can also confirm that melanoma cells successfully
adhere to CAM covering larger vessels. The tumour cell
clusters consequently stimulate the centripetal growth of
vessels to the engraftment site. Others have also reported
stimulation of the centripetal growth of vessels to cancer cell
grafting (Ribatti 2008; Nowak-Sliwinska et al. 2014, 2018).
Notably, we have not detected any evident penetration of the
vessels to the melanoma cell mass.

On the other hand, this oriented vessel rearrangement and
growth is not tumour specific, as the limb bud grafted on
CAM also stimulates this patterning. Under these hypoxic
signals, CAM vessels can even penetrate to the grafted limb
bud. Given by this remarkable capacity for vascular growth,
CAM is, therefore, traditionally used as a suitable tool for
vascular biology. These observations could indicate the sus-
tainability of the CAM-based model for studying the mela-
noma neovascularisation. However, we have not detected
any sign of intravascular invasion or any distant metastatic
involvement in our experimental models. We assume that
this should be considered with precaution if these applica-
tions are intended for melanoma research.

Local invasion is another clinically relevant aspect of
melanoma that is worthy of study on the CAM model. The
invasive potential of cancer cells in CAM experiments was
reported with a variable rate of frequency of success. Based
on our results, engrafted melanoma cells invaded into the
stroma of CAM slowly and only to a minimal extent. All
three cell lines used in our study revealed otherwise highly
invasive behaviour in various traditional assays (e.g., in
Boyden chambers). We were able to confirm the aggressive
growth of tumour to CAM only in two samples. Although
others do not emphasise this aspect, it seems that the inva-
sion of tumour cells into the CAM stroma is generally rare
when tumour cell suspension is used (Deryugina and Quig-
ley 2008; Subauste et al. 2009). This invasiveness seems
to be enhanced by upregulation of the histone methyltrans-
ferase EZH?2 expression in cancer cells (Liu et al. 2013a, b).
When minced tumour mass is transplanted to CAM instead
of cell suspension, the infiltrative growth of cancer cells
to the CAM stroma is more frequently observed (Ghaffari-
Tabrizi-Wizsy et al. 2019). This underscores the essential
role of the supportive cancer microenvironment in tumour
cell invasiveness.

Of note, melanoma cells on CAM usually formed only
aggregates of tumour cells without the presence of any
stroma. However, when they rarely invaded the CAM, the
stroma originated from the local CAM mesenchyme was
well developed. Furthermore, the tissue landscape may
also mechanistically enhance the melanoma cell invasion
in CAM. It was proposed that the external stealth of blood
vessels may serve as a possible pathway for the malignant
cell migration (Lugassy and Barnhill 2007).
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Finally, the solid organ metastasis after cancer cell trans-
plantation in the chick embryo assays is believed to be
exceedingly rare (Kalirai et al. 2015; Herrmann et al. 2018).
Unequivocally, we confirmed no organ metastases observed
by us in the embryos after application of melanoma cells to
CAM in the presented study by immunohistochemical meth-
ods. On the other hand, the limb bud successfully grafted to
CAM was able to attract migration of melanoma cells, which
formed a distinct halo surrounding the graft. Nevertheless,
only exceptional melanoma cells were detected histologi-
cally inside the grafted limb. PCR based methods might
offer highly sensitive tools if detection of rare metastatic
cells would be the primary target of interest (Zijlstra et al.
2002). More specifically, the ALU PCR technique (Cardeli
2011) allows highly sensitive identification of a very limited
number of heterogeneous cells in the dominant cell mass
(Funakoshi et al. 2017). Thus, ALU PCR can easily accom-
pany morphological methods to detect the rare metastatic
cells of human origin in the host embryo organs and tissues.
This might be critical with respect to the limited duration of
the CAM experiments. We believe that this combination can
increase the CAM model potential in our future research.

Melanoma cells grafted to the chicken embryo reduced
their malignant potential (Diez-Torre et al. 2009). The lim-
ited invasiveness of melanoma cells to CAM and the inhibi-
tory effect of CAM fibroblasts on the melanoma cell growth
corresponds with the observation that embryonic microen-
vironment/embryonic stem cells exhibit distinct anticancer
effects on melanoma cells by inhibiting the PI3K/AKT path-
way (Kim et al. 2010; Kodet et al. 2013; Liu et al. 2013a;
Wang et al. 2019). Gremlin secreted by embryonic cells as
an antagonist of BMP-4 may participate in the inhibition of
melanoma cell proliferation (Kim et al. 2011). Similarly,
noggin and its balance with BMP proteins and nodal may
also be involved in the control of melanoma cell behaviour
by the embryonic microenvironment (Burstyn-Cohen et al.
2004; Sinnberg et al. 2018). Finally, embryonic stem cells
may exhibit tumoricidal properties based on the FAS/FASL
mechanism (Li et al. 2018).

Conclusion

CAM represents an intriguing biological model for the
study of several aspects of melanoma biology. This substrate
allows research oriented on the study of malignant cell adhe-
sion to the biological membrane. It can serve well for studies
of both proliferation and migration to the source of chem-
oattractant or to the hypoxic site (inside the grafted limb
bud). The CAM model is applicable in studies of neovas-
cularization of the tumour bed. Alternatively, it can also be
useful in the context of premetastatic niches formed within
the microenvironment of a living organism. On the other
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hand, no signs of intravascular invasion have been detected.
Moreover, tumour cells are not able to extensively invade the
CAM stroma and form an invasive tumour or distant metas-
tasis. These limitations can be due to the time restrictions of
the experiments (prior to embryo hatching) or to the specific
non-permissive biological properties of CAM. The CAM
microenvironment is, therefore, worthy of further research
in the future. The invasion of melanoma cells to CAM rep-
resents a great challenge, because the understanding of this
phenomenon can be of therapeutic relevance.
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