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A B S T R A C T   

Tumor neovascularization may occur via both angiogenic and vasculogenic events. In order to investigate the 
vessel formation during tumor growth, we developed a novel experimental model that takes into account the 
differentiative and tumorigenic properties of Embryonic Stem cells (ESCs). Leukemia Inhibitory Factor-deprived 
murine ESCs were grafted on the top of the chick embryo chorionallantoic membrane (CAM) in ovo. Cell grafts 
progressively grew, forming a vascularized mass within 10 days. At this stage, the grafts are formed by cells with 
differentiative features representative of all three germ layers, thus originating teratomas, a germinal cell tumor. 
In addition, ESC supports neovascular events by recruiting host capillaries from surrounding tissue that infiltrates 
the tumor mass. Moreover, immunofluorescence studies demonstrate that perfused active blood vessels within 
the tumor are of both avian and murine origin because of the simultaneous occurrence of angiogenic and vas-
culogenic events. In conclusion, the chick embryo ESC/CAM-derived teratoma model may represent a useful 
approach to investigate both vasculogenic and angiogenic events during tumor growth and for the study of 
natural and synthetic modulators of the two processes.   

1. Introduction 

In physiologic and pathologic conditions, tissue vascularization may 
occur via vasculogenesis and angiogenesis. During embryonic develop-
ment, the first functional organs to develop are blood vessels and the 
hematopoietic system. The vascular plexus is initially generated through 
de novo production and differentiation of endothelial cells (ECs) from 
angioblasts, a process known as vasculogenesis. Subsequently, the 
expansion and remodeling of this initial endothelial network occur 
through a second process known as angiogenesis [1]. Similarly, several 
evidence show that tumor vessels derive from the proliferation and 
migration of ECsin pre-existing vessels, and from the differentiation into 
ECs of bone-marrow-derived endothelial progenitor cells [2] or directly 
from the trans differentiation of tumoral cells [3,4]. 

Several model systems for experimental embryological studies have 
been developed. Among these, zebrafish and chick embryos have been 

mostly used [5–8]. Although their development is extremely rapid, 5 
days post fertilization (dpf) and 21 dpf respectively, both models well 
recapitulate the development of human embryos, sharing molecular, 
cellular, and anatomical similarities with the human counterpart. In 
particular, the mechanism driving the assembly of new vessels is highly 
conserved in these model systems and humans [9]. 

The chick embryo shows several peculiarities: the ease of handling, 
with high capacity of observation and planar structures accessible 
throughout 21 days of development; the ease of labeling cells and tissues 
and the possibility of characterization of the extra-embryonic annexes, 
including the chorioallantoic membrane (CAM) [10]. All these features 
make the chick embryo a perfect (appropriate) model for the dynamic 
analysis of the evolution from one-cell stage to birth directly in ovo by 
live microscopy [11]. 

The chick CAM derives from the fusion of chorion and allantois, two 
layers, one of ectodermal origin and one of endodermal origin 
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respectively, connected by mesodermal components [12]. Its develop-
ment occurs from embryonic development day 3 (stage 18 of Hamburger 
and Hamilton) to day 10 pf. However the chick CAM is fully differen-
tiated by day 13 [13]. 

Over the last two decades, an increasing interest in the CAM as a 
robust experimental platform to study blood vessels has been shown by 
specialists of multiple disciplines, including bioengineering, develop-
ment, morphology, biochemistry, transplant biology, cancer research, 
and drug development [14–16]. The tissue composition and accessibility 
of the CAM for experimental manipulation makes it an attractive pre-
clinical in vivo model for drug screening and studies of vascular growth. 
Several studies reported the engraftment of CAM with soluble stimuli 
[17–19], cells or tissue biopsies for the analysis of the angiogenic events 
at 6–10 dpf stage of development. At that stage, the immune system is 
not fully developed, and the conditions for graft rejection have not yet 
been established [20]. 

Embryonic stem cells (ESCs) derived from the inner cell mass of the 
blastocyst are pluripotent stem cells, characterized by self-renewal and 
the ability to differentiate in the three germ layers: ectoderm, endoderm, 
and mesoderm in vitro and in murine models in vivo [21–23]. Moreover, 
ESCs present the ability for self-renewal, prolonged proliferation in vitro, 
and lack contact inhibition of proliferation. All these characteristics are 
shared with cancer cells, but the presence of a normal karyotype re-
quires the use of special culture conditions to maintain these features in 
ESCs [24]. Developmental studies with ESCs are usually performed in 
vitro, using the hanging drop technique [25,26], and in vivo protocols, 
where the injection [subcutaneous, or orthotopic] of ESCs in mice 
generates a tumor mass, identified as a germline tumor, named teratoma 
[27]. 

Murine teratoma is an encapsulated tumor with well-differentiated 
tissue or organ components that can be traced to derivatives of the 
three primordial germ layers, that requires from 3 to 8 weeks to origi-
nate a proper differentiation of the mass [28]. 

Here we propose the use of chick embryo CAM as a simple model to 
test the differentiation capacity of ESCs and to analyze the vasculogenic 
and angiogenic processes at the same time during tumor development. 
The engraftment of ESCs on top of the CAM produces a vascularized 
tumor mass with differentiated tissues derived from all germ layers. A 
mosaic of murine and avian ECs form the tumor vasculature, suggesting 
contemporary events of angiogenesis and vasculogenesis. Thus, the 
chick embryo CAM can be considered a useful model for the investiga-
tion of the molecular mechanisms driving vessel formation originated 
both by cell differentiation, including the tumoral events of vascular 
mimicry, and by the active recruitment of vessels from surrounding 
tissue. Moreover, the chick embryo CAM represents a natural bioscaffold 
able to improve ESC differentiation and an easy and low-cost model for 
drug screening. 

2. Methods 

2.1. Murine ESC culture 

Murine 1122 fgfr1+/− ESCs (ESCs) ([29]) adapted to grow without 
feeder cells were maintained in DMEM (Life Technologies, Grand Island, 
NY) supplemented with 20% fetal bovine serum (Lonza), 0.1 mmol/L 
non-essential amino acids (Life Technologies), 1 mmol/L sodium pyru-
vate (Life Technologies), 0.1 mmol/L β-mercaptoethanol (Sigma 
Aldrich), 2 mmol/L L-glutamine (Life Technologies), and where indi-
cated also with 1000 U/mL mouse Leukemia Inhibitory Factor (LIF 
Chemicon, Millipore). 

2.2. Embryoid body differentiation 

To induce the differentiation, exponentially growing ESCs (400 cells) 
were resuspended in LIF-deprived medium and cultured in 30 μl hanging 
drops (T0) for 2 days to allow cell aggregation. Then, aggregates were 

transferred onto 0.5% agarose-coated dishes and grown for 5 days in 
DMEM. On day 7 (T7), ESC embryoid bodies (EBs) were transferred into 
15 μ-slide 8 well (iBiDi) chambers and allowed to adhere. Adherent EBs 
were cultured in LIF-deprived medium for 3 days until T10. EBs were 
fixed in a 4% paraformaldehyde solution in PBS (PFA 4%) and stained. 

2.3. CAM treatment 

White Leghorn eggs were incubated at 37◦C in a humidified incu-
bator. At day 4 post incubation (p.i.) the shells were covered with a 
transparent adhesive tape and a small window sawed with scissors [30]. 
At day 7 p.i., drilled plastic coverslips were positioned on the surface of 
the CAM in a well vascularized area. 2x106 LIF-deprived ESCs were 
transferred in the hole of the coverslips, in close contact with the 
exposed CAM. To facilitate cell engraftment, CAM in the bounded area 
was gently wounded before cell seeding. At different time points, sam-
ples were harvested from CAM and analyzed. 

2.4. Immunohistochemistry 

For histological characterization, ESC-derived teratomas were fixed 
overnight in zinc fixative or PFA 4% at 4◦C, dehydrated in a grade 
alcohol series (50–100%) and embedded in paraffin. Paraffin-embedded 
samples were sectioned at a thickness of 4.0 μm, dewaxed, hydrated, and 
stained with Hematoxylin & Eosin (H&E), or May Grunwald & Giemsa 
solutions or processed for immunohistochemistry with anti-mouse 
Cytokeratin-19 (Santa Cruz Biotechnologies), anti-mouse N-cadherin 
(Santa Cruz Biotechnologies), anti-mouse Nestin (Santa Cruz Bio-
technologies) antibodies. 

To improve accessibility of antibodies to tissue antigens, tissue sec-
tions were incubated in Citrate Buffer Antigen Retrieval solution pH 6.0 
at 95◦C for 20 min before immunostaining. Positive signal was revealed 
by 3,3′-diaminobenzidine (DAB) (Roche). Sections were counterstained 
with Mayer’s Hematoxylin before analysis by light microscopy. Images 
were acquired with a Zeiss Axio Imager.A2 Microscope equipped with 
20 × EC Plan-NEOFLUAR and 40 × EC Plan-NEOFLUAR objectives. 
Image analysis was carried out using the open-source ImageJ software. 

2.5. Immunofluorescence staining 

For immunofluorescence analysis paraffin embedded tumor sections 
were stained with anti-VEGFR2 (Santa Cruz Biotechnologies), anti- 
human VWF (DakoCytomation) and anti-mouse PECAM1 (Santa Cruz 
Biotechnologies) antibodies followed by incubation with AlexaFluor 
594-conjugated or AlexaFluor 488-conjugated secondary antibodies. 
Nuclei were counterstained with 4’,6-diamidino,2-phenylindole (DAPI, 
Sigma). Tumor slices were analyzed using Confocal LSM510 microscope 
equipped with Plan-Neofluar 20 × /0.5 NA and Plan-Apochromat 63 ×
/1.4 NA oil objectives (Carl Zeiss). Z-stack images were elaborated using 
AxioVision Inside4D module (Carl Zeiss). 

2.6. Gene expression 

EBs and tumors were processed for the analysis of gene expression. A 
volume of Trizol® (according to the manufacturer’s instruction) was 
added to EBs or ES-derived teratomas, and total RNA was extracted. 
Complementary DNA (cDNA) was made from 2 μg of total RNA using 
MML-V (Life Technologies). Real-time PCR was performed by ViiA7 
Real-Time PCR System (Life Technologies), and data was analyzed with 
Viia7 Real-Time Software (Life Technologies). The oligonucleotide 
primers used for the amplification are listed in Table 1. 

2.7. Data representation 

Statistical analyses were performed using the statistical package 
Prism6 (GraphPad Software). Student’s t-test for unpaired data (2- 
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tailed) was used to test the probability of significant differences between 
two groups of samples. For more than two groups of samples, data were 
statistically analyzed with one-way ANOVA (analysis of variance), and 
individual group comparisons were evaluated by Bonferroni multiple 
comparison test. The significance level was set at P < 0.05. 

3. Results 

3.1. ES cells engraftment and growth on chick embryo CAM 

Previous studies established the ability of murine ESCs to grow and 

differentiate into teratoma tumors when implanted subcutaneously in 
mice [31]. In compliance with the 3Rs rule applied to the use of animal 
models in the biological research, here we set up a protocol to test 
whether the chick embryo CAM can be a suitable natural scaffold able to 
support and promote ESC differentiation into teratoma tumors. To this, 
2x106 Leukemia Inhibitory Factor (LIF) -deprived ESCs were engrafted 
on the top of the CAM at day 7 of development. Considering the struc-
ture and the humidity of the CAM at this stage, we developed a system to 
confine and localize cells engrafted. To this aim, 13 mm diameter plastic 
coverslips were drilled with a rounded paper punch (5 mm diameter), 
sterilized under a UV lamp for 20 min, and placed onto the CAM close to 
a medium-sized blood vessel. To further facilitate the engraftment of 
ESCs, the CAM was gently brushed with a 200-μl tip, in order to induce 
the recruitment of inflammatory cells in the mesodermal layer (sche-
matic representation in Fig. 1A). Brushing may cause a superficial 
wound, sometimes bleeding, on the CAM surface which quickly healed 
(Fig. 1B). May Grunwald Giemsa staining of a transversal CAM section 
shows the local inflammatory reaction that occurs in the wounded area 
of the CAM, characterized by the recruitment of monocyte/macrophage 
infiltrating cells (Fig. 1B bottom). In a pilot experiment, the implants 
were daily monitored using a zoom microscope and samples were har-
vested and weighed every two days up to day 10 (Fig. 1C–D). During the 
first 2 days, ESCs adhere to the CAM and form small and avascularized 
aggregates (Fig. 1C, black arrows) that rapidly grow during the next 
days of engraftment. The percentage of ESCs engraftment on the CAM is 
over 90%, and it is reduced to about 47% when cells are seeded in the 
absence of a wound (data not shown). 

3.2. ESCs form a teratoma on chick embryo CAM 

ESCs invade the epithelial layer and form a well-vascularized tissue 
inside the CAM tissue. At day 10, Hematoxylin & Eosin (H&E) staining 
of a tumor section clearly shows that ESCs (Fig. 2A), invade the chorion- 
derived epithelial layer and grow in the intermediate mesodermal layer, 
between the chorion and the allantois (Fig. 2A, red dashed lines). The 
reduced expression of Oct4, Sox2, and Nanog (Fig. 2B), as well as the 
presence of cells with different morphologies, metachromasia, and 
mitotic events, suggest the ability of chick embryo CAM to support not 
only the growth but also the differentiation of LIF-deprived ESCs. 
Samples were subjected to immunohistochemical analyses using anti-
bodies against specific markers of the three germ layers. ESC-derived 
tumors display the presence of differentiated cells into disordered but 
recognizable tissue types. In particular, endoderm-derived tissues are 
represented by ciliated epithelium and by Cytokeratin-19 positive re-
action (Fig. 2B–C). Mesoderm derived tissues are depicted by kerati-
nized epithelium and by the expression of N-Cadherin (Fig. 2B–C). The 
presence of the ectodermal layer is featured by neural rosettes and by 
Nestin-positive cells (Fig. 2B–C). All these data support the evidence that 
ESCs implanted on chicken CAM form a tumoral mass with the char-
acteristics of a teratoma similar to what previously described in murine 
models [31]. 

ESCs spontaneous differentiation is affected by the microenviron-
ment, under the influence of paracrine stimuli, metabolic needs, or ox-
ygen availability/deficiency [32,33]. In order to verify the ability of 
avian tissue to support and lead the differentiation of ESC into cell types 
of different origins, we compared the gene expression of teratomas 
grown on CAM with the gene expression of in vitro differentiated ESC. 

As shown by the analysis of the stemness genes Oct4, Nanog, and 
Sox2, ESC-derived teratomas are more prone to lose stemness and 
differentiate when compared to EBs obtained by in vitro differentiation 
(Fig. 3). Then we analyzed the expression of genes related to endoderm- 
derived (Prox1, Cxcr4, Glut1, and FoxA2), mesoderm-derived (CD31, VE 
Cad, BMP4, and Kdr), and ectoderm-derived (Nestin, Neurofilament 2, 
and Pax3) tissues. Genes that cannot be traced back to one specific 
lineage were also analyzed to further investigate the ESCs differentiation 
potential in CAM grafts versus EBs (Fig. 3). The results show similar 

Table 1 
Real-Time PCR primers list.  

Gene Name Primers sequence (5’— 3′) 

Mm_Gapdh For: CATGGCCTTCCGTGTTCCTAC 
Rev: TTGCTGTTGAAGTCGCAGGAG 

Mm_Oct4 For: CAGGAGTTCAAGGGCAGCTTGT 
Rev: ATTAGGAGGAGGGGGTGCACAG 

Mm_Nanog For: CCTTCCCCTCGCCATCACACTGACA 
Rev:GAGGAAGGGCGAGGAGAGGCAGC 

Mm_Sox2 For: CAAGGCAGAGAAGAGAGTGTTTGCA 
Rev:GCCGCCGCGATTGTTGTGAT 

Mm_Nestin For: TCTTGGCTTTCCTGACCCCA 
Rev: GGCTGTCACAGGAGTCTCAA 

Mm_NeuroFilament2 For: TTCCCTCATATTGCACAAAGG 
Rev: AGACCTTTGAGGAGAAGCTGG 

Mm_N Cadherin For: GCAGTCTTACCGAAGGATGTG 
Rev: CCTGGGTTTCTTTGTCTTGG 

Mm_Pax3 For: AAACCCAAGCAGGTGACAAC 
Rev: AGACAGCGTCCTTGAGCAAT 

Mm_Snail1 For: CATCCTCGCTGGCATCTTCC 
Rev: GAGAGCCAAGCAGGAACCAG 

Mm_Snai2 For: CTTTACCCAGTGGCCTTTCTC 
Rev: CCACAGATCTTGCAGACACAA 

Mm_FoxA2 For: TTTAAACCGCCATGCACTCG 
Rev: ACGGAAGAGTAGCCCTCG 

Mm_Glut1 For: GTGTATCCTGTTGCCCTTCTG 
Rev: CTGCCGACCCTCTTCTTTC 

Mm_Prox1 For: CCTCAACATGCACTACAAC 
Rev: GGCATTGAAAAACTCCCGTA 

Mm_Cxcr4 For: AGGAAACTGCTGGCTGAAA 
Rev: CACAGGCTATCGGGGTAAA 

Mm_Lyve1 For: ACTCCTCGCCTCTATTTGGAC 
Rev: GCCTCGTTGGCTTCTGTG 

Mm_Col1A1 For: GACCGATGGATTCCCGTTCG 
Rev: ACATTAGGCGCAGGAAGGTC 

Mm_Wnt7a For: GCAACCTGAGCGACTGTG 
Rev: CCCGCCTCGTTATTGTGTAA 

Mm_Wnt7b For: CGGAACTTAGGTAGCGTGGT 
Rev: TCGACTTTTCTCGTCGCTTT 

Mm_CD31 For: AAGCCAAGGCCAAACAGA 
Rev: GGGTTTTACTGCATCATTTCC 

Mm_Kdr For: AGATGCCCGACTCCCTTT 
Rev: TTTCCCAGAGCAACACACC 

Mm_Vcam For: GAACTGATTATCCAAGTCTCTCCA 
Rev: CCATGTCTCCTGTCTTTGCTT 

Mm_VE Cad For: TTGGGCTTTCTGACTGTTGT 
Rev: CAGGGACTTCGTGGGTTT 

Mm_BMP4 For: ATTCCTGGTAACCGAATGCTG 
Rev: CCGGTCTCAGGTATCAAACTAGC 

Mm_CD34 For: CAGGAGAAAGGCTGGGTGAA 
Rev: GTTGTCTTGCTGAATGGCCG 

Mm_CD45 For: TTGGATTTGCCCTTCTGG 
Rev: GGTGTAGGTGTTTGCCCTGT 

Mm_Adiponectin For: TGACGACACCAAAAGGGCTC 
Rev: CACAAGTTCCCTTGGGTGGA 

Mm_AdipoR1 For: TCTTCGGGATGTTCTTCCTGG 
Rev: TTTGGAAAAAGTCCGAGAGACC 

Mm_AdipoR2 For: GCCAAACACCGATTGGGGT 
Rev: GGCTCCAAATCTCCTTGGTAGTT 

Gg_Gapdh For: GCTAAGGCTGTGGGGAAAGT 
Rev: TCAGCAGCAGCCTTCACTAC 

Gg_CD31 For: CGTGTTTATGCTCCAGTTTCCA 
Rev: AGTTTAGAGGCCTCCCCAGA  

M. Corsini et al.                                                                                                                                                                                                                                 



Experimental Cell Research 400 (2021) 112490

4

expression levels for several of the analyzed genes associated with 
endodermal and mesodermal lineages, exceptions being represented by 
CXCR4, FoxA2, CD31, Adiponectin, Kdr and CD45 that were more 
expressed in CAM grafts than in EBs. Similarly, a higher expression of 
the genes associated with the ectodermal lineage were observed in ter-
atomas when compared to EBs, including Nestin, Nf2 and Pax3. Alto-
gether, these data suggest that the presence of embryonic 
microenvironment may feed engrafted ESCs promoting their differen-
tiation, highlighting the peculiar capacity of the chick embryo CAM to 
support ESCs differentiation. 

3.3. Teratoma vasculature is the result of both vasculogenic and 
angiogenic events 

Teratomas, as most of the solid tumors, recruit blood vessels from the 
surrounding tissues. Accordingly, ESC-derived teratoma grown onto 
CAM recruit vessels from the surrounding tissue through an angiogenic 
process easily visualized as large and small blood vessels penetrating 
inside the tumor mass (Fig. 4A). The presence of VEGFR2 immunore-
active cells inside teratoma sections confirm the molecular data shown 
in Fig. 3 and further support the occurrence of angiogenic events 
(Fig. 4B). However, in such samples, the possibility that some vessels 
may derive from the ESC differentiation cannot be excluded. To 

distinguish the avian ECs from the endothelium of murine origin, we 
selected two different antibodies with high species-specificity: an anti- 
PECAM1 antibody that labels murine ECs, and an anti-Von Willebrand 
Factor (FVIII) antibody that selectively recognizes avian ECs. ESC- 
derived teratomas were fixed in Zinc Fix solution and co- 
immunostained. Fig. 4C–D reveals the mosaic nature of newly formed 
blood vessels with ECs originating from both differentiated murine ESCs 
and the avian tissue. The presence of avian ECs (FVIII+ cells) indicates 
the occurrence of angiogenic events, whereas murine PECAM1+ cells 
represent differentiated elements derived from ESCs, likely generated by 
vasculogenesis. The overall appearance of the vasculature in teratomas 
grown onto the chick embryo CAM recalls the vessel network described 
in rapidly growing murine tumor models [34]. Some areas are 
well-vascularized, whereas other regions appear to be poorly vascular-
ized and are flanked by sprouting neovessels (Fig. 4C). 

To verify the ability of ECs from different origins to cooperate in the 
formation of perfused vessels, we analyze 15 μm slices of co- 
immunostained tumors using confocal microscopy. Intriguingly, 
several vascular structures composed of murine differentiated ECs are 
filled with nucleated avian erythrocytes (Fig. 5A), pointing to a 
connection of differentiated murine endothelium with the host vascu-
lature. In addition, 3D reconstructions and orthogonal projections ob-
tained from z-stack images reveal the presence of chimeric blood vessels 

Fig. 1. ESC engraftment on chick embryo CAM. A) Basic infographic representation of a transversal section of CAM pre (top) and post (bottom) brush. B) View from 
above of the implanted plastic coverslip positioned on CAM surface, before and after brushing (black arrow). Black dashed lines represent the plastic coverslip (13 
mm), and blue dashed lines represent the diameter of the punched hole (5 mm). After fixing, the coverslips were gently removed, and 4 μm Formalin Fixed Paraffin 
Embedded (FFPE) sections were stained with May Grunwald & Giemsa to confirm the recruitment of monocyte/macrophages in the brushed area. Samples were 
analyzed using a Zeiss Axio Imager.A2 microscope equipped with 20 × EC Plan-NEOFLUAR. C) Time course of 2x106 ESCs implanted on brushed CAM. Samples were 
fixed, excised from eggs and photographed using a stereo zoom microscope AXIO Zoom.V16, from 6 h post-implant to 10 days post-implant. The black arrow shows 
the first foci of ESCs and teratoma. D) Weight-curve of ESC-derived tumors. The red dashed line represents the average weight of drilled-plastic coverslip. 
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formed by interconnected murine and avian ECs (Fig. 5B). The presence 
of nucleated chick red blood cells [35] inside the chimeric vessels sug-
gests the patency and the functionality of these structures (Fig. 5C–D). 
Together these data confirm the co-presence of vasculogenic and 
angiogenic processes in ESC-derived teratomas grafted onto the CAM, 
similar to what observed in solid tumors [36]. On this basis, in order to 
define the kinetics of the occurrence of angiogenic and vasculogenic 
events during teratoma development, ESC-derived grafts were harvested 
at different were time points after grafting and analyzed by qPCR for the 
expression of avian and murine CD31 transcripts. As anticipated, the 
tumor mass is nourished mainly by neovessels of chick origin during the 
first days of teratoma development as the consequence of angiogenic 
events that appear to decrease later on. At variance, the expression of 
murine CD31 increases for the whole period of investigation, indicating 
that the vasculogenic process parallels the growth of the tumor mass 
(Fig. 5E). 

4. Discussion 

The CAM is a simple, quantifiable, and reproducible in vivo model 
valuable for cancer research. During CAM development, the vascular 
plexus derives from both angiogenic and vasculogenic events. In the 
early phases (before day 6 of development), angiogenic processes 

actively recruit mesodermal blood vessels towards the ectodermal basal 
lamina. Simultaneously, approximately between days 5 and 5.3 of 
development, vasculogenesis occurs from clusters of angioblasts located 
just below the ectodermal layer and around the mesodermal vascular 
plexus. Vessels that are arising from these angioblasts do not contain 
blood cells. However, at day 6, all vessels are pervious, indicating 
intercommunication of blood vessels arisen from both angiogenic and 
vasculogenic processes [37,38]. It is especially favored for the study of 
tumor angiogenesis because at the early stages of development, when 
generally tumor grafts are placed, the immune system is immature [10]. 
Thus, CAM well supports tumor cell grafting, growth, and colonization 
of distant tissues [39]. Several studies reported the engraftment of CAM 
with tumor cell lines, tumor biopsy specimens, and cell suspensions 
derived from mammalian tumors [40,41]. In these models, CAM 
allowed the characterization of pathways supporting tumor develop-
ment and the analysis of the response of potential new therapeutic 
molecules [42]. Here we propose the chick embryo CAM as a natural 
scaffold for ESC differentiation, eligible for basic and translational re-
searches. Murine ESCs engraft, grow, differentiate, and form a teratoma 
when implanted on CAM without the addition of exogenous stimuli. 
Already after 10 days, ES-derived teratomas reach a mass of approxi-
mately 450 mg composed of cells representing the three embryonic 
layers – endoderm, mesoderm, and ectoderm. 

Fig. 2. Chick embryo CAM is able to support teratoma formation. A) Four μm sections of ES-derived teratoma were stained with Hematoxylin & Eosin. A whole 
section of teratoma grown on CAM was reconstructed using MosaicX module (AxioVision Software, Carl Zeiss). Black arrows and red dashed lines help to visualize 
epithelial cells monolayer belonging to chorion and allantoid. Scale bar 500 μm. B) mRNA expression levels of stemness genes were measured by RT-qPCR Data are 
the mean ± SEM of 4 independent samples and are expressed as relative expression ratios using one undifferentiated ESCs as reference **, p < 0.01; ****, p < 0.001, 
One-Way ANOVA followed by Bonferroni test versus control. C) Hematoxylin & Eosin stain of ES-derived tumors. Representative images of tissues derived from 
different germ layers. Ciliated epithelium (left), keratinized epithelium (centre), and neural rosette (right). (20 × top and 40 × bottom) B) Immunohistochemical 
analysis of ES-derived tumors for Cytokeratin-19, N-Cadherin, and Nestin in two different magnifications (20 × top - scale bar 200 μm, 40 × bottom - scale bar 50 
μm). Images were acquired using a Zeiss Axio Imager.A2 microscope equipped with 20 × EC Plan-NEOFLUAR and 40 × EC Plan-NEOFLUAR objective. 
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ESCs well adapt to the egg microenvironment. This should not be 
surprising since the eggs are an embryonic microenvironment enriched 
of all stimuli needed for embryonic development. In accordance, the 
expression of stemness genes Oct4 and Nanog are more downregulated in 
CAM model respect to in vitro differentiation protocols, while the 
expression of Sox2, which reduces the self-renewal ability [43], is 
increased. Notably, some genes, mainly related to the ectodermal dif-
ferentiation, appear to be differently expressed during the ESC differ-
entiation in vivo when compared to their in vitro differentiation. Further 
studies will be required to assess the ability of the CAM microenviron-
ment to drive ESC differentiation towards a particular lineage. 

Compared to the classical ESC-derived teratoma assay in murine 
models, the CAM assay is less time-consuming. 10 days of differentiation 
are sufficient to generate a teratoma compared to 3–8 weeks needed in 
murine models [27]. In ESC-derived teratoma the angiogenic and vas-
culogenic events coexist and support the mass growth. During the first 
two days of differentiation, ESC form an avascularized mass. During 
differentiation, ESC release pro-angiogenic growth factors, including 
VEGF-A, IGF1, IGF2, PDGF, and FGF2 [44], that support the angiogenic 
growth of avian ECs. At 10 days avian vessels penetrating the mass are 
visible and support further ESC mass growth. At the same time, the 
vascular network of teratoma becomes enriched with murine ECs 
differentiated from implanted ESC through a vasculogesis-like process. 

As observed in murine models [41] and during the early phases of 

CAM development [38], the vasculature of ESC-derived teratoma grown 
on the CAM contains chimeric host-/ESC-derived vessels originated by 
angiogenic and vasculogenic events that lead to functional chimeric 
vessels in which avian and murine ECs are anastomized. 

The presence of chimeric vessels formed by host-derived endothelial 
cells and ECs differentiated from circulating endothelial cell precursors 
are found in many solid tumors where the angiogenic process can be 
flanked by the mobilization and differentiation of hematopoietic pre-
cursor cells [45,46]. Moreover, vascular mimicry events have been 
described in several malignant tumors such as melanoma and breast 
cancer, where tumor cells can participate in forming blood vessels. 
These tumor cells first transdifferentiate into stem cell-like cells and 
subsequently assume an endothelial-like phenotype, acquiring selective 
endothelial markers, and anticoagulant factors that allow the anasto-
mosis with ECs [47,48]. Thus we propose the CAM model as a tool to 
analyze the process of tumor vascularization in terms of angiogenesis 
and vasculogenesis and their natural or synthetic positive and negative 
modulators. 

5. Conclusion 

The chicken CAM represents a perfect combination of multiple 
favorable factors. The embryonated eggs have an irrelevant cost; 
maintaining is simple and requires only a temperature-controlled box. 

Fig. 3. Gene expression profile of ESC differentiation in vitro and in vivo. mRNA expression level of stemness genes (A), mesoderm-derived lineage (D), endoderm- 
derived lineage (B), ectoderm-derived tissues (E), and widespread-genes (C). Data are the mean ± SEM of 5–11 independent samples and are expressed as relative 
expression ratios using one ESC differentiated in vitro as reference. Data express the mean ± SEM of 5–11 independent differentiated samples. *, p < 0.05; **, p <
0.01; ****, p < 0.0001; One-Way ANOVA followed by Bonferroni’s test versus control. 
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Moreover, the surgical procedures do not require particularly expensive 
or elaborate equipment, including temperature, hydration control, or 
anesthesia. The identification of the CAM model as a substitute for 
mouse models perfectly reflects the “Replacement” purpose of the 3Rs 
law. The CAM is an accessible natural scaffold that supports ESC and 
tissue differentiation and may represent an essential tool for basic, 
pharmacological, regenerative studies and applied research. 
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Fig. 5. The vascular system of ESC-derived teratomas is formed by functional interconnected vessels. A) 4 μm zinc fixed paraffin embedded sections of ESC-derived 
tumors were stained with anti-mouse. PECAM1 antibody followed by AlexaFluor 594-conjugated secondary antibody to visualize differentiated murine ECs. DAPI is 
used to counterstain nuclei. Arrows point to nucleated chick red blood cells within the murine PECAM1-positive vessel (Scale bar 20 μm .B) Z-stack sequence of 15 μm 
zinc fixed paraffin embedded teratoma. Avian ECs were stained with anti-von Willebrand Factor antibody followed by AlexaFluor 488-conjugated secondary 
antibody while murine-derived ECs were stained with anti-mouse PECAM1 antibody followed by AlexaFluor 594-conjugated secondary antibody (left panel). 
Orthogonal projection of Z-stack serie (right panel) highlights the connection between murine and avian vasculature (co-localized spots in yellow). C) Z-stack series 
of 15 μm zinc fixed paraffin embedded sections co-stained with anti-von Willebrand Factor antibody (green), anti-mouse PECAM1 antibody (red), and DAPI were 
acquired using a LSM510 Meta Confocal Microscope equipped with Plan-Apochromat 63 × /1.4 NA oil objectives and elaborated with IMARIS Image analysis 
software (Bitplane). Grid scale bar 20 μm. C) Detail of 4 μm zinc fixed paraffin embedded section co-stained with anti-von Willebrand Factor antibody (green), anti- 
mouse PECAM1 antibody (red) and DAPI (blue) shows nucleated red blood cells into chimeric vessels. E) Time course analysis of avian and murine CD31 expression 
levels during teratoma formation. 
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