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ABSTRACT

Angiogenesis, the process of new blood vessel formation, is a complex phenomenon that plays a
crucial role in various physiological and pathological processes, including embryonic development,
tissue repair, vascular homeostasis, and tumor microenvironments. The utilization of human in vitro
and ex vivo models to study angiogenesis is an actively investigated area that holds great promise
for offering novel insights and prospects for developing methods to treat angiogenesis-related dis-
eases, such as cancer and cardiovascular disorders. Combining in vitro and ex vivo models using
human samples can enhance the understanding of the complex process of angiogenesis in the
human body. This integrative strategy facilitates a holistic exploration of angiogenesis, bridging the
gap between simplified in vitro systems and the complexities inherent in in vivo settings, thereby
augmenting the translational prospects of research outcomes for clinical applications. However,
ethical constraints, inherent individual variability in human samples, challenges in obtaining tis-
sue samples, technical issues in tissue handling, and the high cost involved are key limitations to

consider.
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INTRODUCTION

Angiogenesis is the process of forming new capillar-
ies from pre-existing blood vessels and plays a piv-
otal role in various normal physiological processes,
including embryonic growth, tissue repair, and
the maintenance of vascular homeostasis!. While
pathological angiogenesis has traditionally been as-
sociated with oncology, recent advancements in an-
giogenesis research have also influenced the treat-
ment of non-malignant conditions in fields such
as ophthalmology, cardiology, and gynecology?2.
The historical development of angiogenesis research
gained interest in the 1970s, primarily due to the pi-
oneering work of Judah Folkman. The study stated
that tumors could be inhibited by targeting their
blood supply, leading to the hypothesis that angio-
genesis was a crucial factor in tumor growth. His
early experiments laid the groundwork for the de-
velopment of various angiogenesis assays that were
essential for understanding the mechanisms of blood
vessel formation in both health and disease 3. Under-
standing the mechanisms that control angiogenesis
and its regulation is crucial for developing success-
ful therapeutic interventions and evaluating poten-
tial drug candidates.

Angiogenesis assays can be used to assess the pro-
or anti-angiogenic effects of endogenous or exoge-
nous stimuli by measuring their effects in in wvitro,
in vivo, and ex vivo methods using samples from ei-
ther animals or humans*. Generally, in vitro tech-
niques focus on different phases of the angiogen-
esis process and are utilized for initial evaluations,
while in vivo techniques more closely replicate nat-
ural conditions to provide more relevant datat. Ex
vivo models of angiogenesis, including vascular ex-
plant cultures, are becoming more prominent be-
cause they overcome limitations encountered by in
vitro techniques and simplify the complexity found
in in vivo models>. Recent advancements in human
model systems, including organ-on-a-chip technolo-
gies and 3D bioprinting, have significantly enhanced
the study of angiogenesis. These models allow for a
more accurate representation of human physiology,
addressing some limitations of conventional animal
models. For instance, human endothelial cells can
be cultured in 3D matrices that mimic the extracel-
lular environment, thereby facilitating a better un-
derstanding of angiogenesis mechanisms in human
tissues®.

Therefore, this review article focuses on the use of
human samples that are currently most often em-
ployed to study angiogenesis through in vitro and ex
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vivo methods. The information gathered aims to pro-
vide deeper insights into the use of humanized mod-
els in improving the translational potential of angio-
genesis research, allowing researchers to study the
effects of angiogenic factors in a context that closely
resembles human biology. The shift toward human-
centric models has been pivotal in identifying novel
therapeutic targets and enhancing the efficacy of an-
tiangiogenic therapies.

ANGIOGENESIS ASSAY

Angiogenesis assays are experimental techniques
designed to evaluate various aspects of blood vessel
formation and serve as essential tools in angiogene-
sis research. These assays provide critical insights
into the complex mechanisms underlying angiogen-
esis, enabling researchers to investigate the effects
of different chemicals, growth factors, and genetic
alterations on blood vessel development*. Below is
an overview of in vitro and ex vivo methodologies
employed in previous studies related to angiogenic

diseases.

In Vitro Angiogenesis Assay

In vitro models involve cultivating isolated tissue
components of an organ while maintaining certain
features of the in vivo environment. The primary
goal of in vitro models in research and medicine is
to reduce experimental variables by isolating vari-
ous organ components or structures for study in reg-
ulated, reproducible, and easily evaluated circum-
stances”. In vitro models of angiogenesis mainly fo-
cus on endothelial cell proliferation, migration, and
tube formation in response to angiogenic stimuli.
Table 1 shows the comparison of the method and
provides a summary for better understanding.

Ex Vivo Angiogenesis Assay

Ex vivo refers to experiments performed on tissue
or organs extracted from a living organism and
conducted outside the original biological context 6.
In scientific research, ex vivo methodologies allow
for experimentation in a controlled laboratory envi-
ronment while maintaining conditions that closely
mimic those found within organisms. Tissues may
be removed in various ways, including whole organs
or parts of tissue 6. Unlike in vitro, which typically
involves isolated cells or tissues cultured in con-
trolled environments, ex vivo studies utilize living
cells or tissues taken directly from an organism. This
distinction allows ex vivo experiments to retain more
of the natural architecture and metabolic processes

of the tissue, making them more representative of
in vivo conditions 7. Ex vivo models have become
increasingly important in various fields, including
disease modeling, drug discovery, and regenerative
medicine, as they bridge the gap between simpler in
vitro assays and more complex in vivo studies. Ta-
ble 2 shows the list of ex vivo angiogenesis assays
that have been conducted in previous studies.

HUMAN MODELS IN
ANGIOGENESIS ASSAYS

In vitro

In vitro angiogenesis models are essential tools for
studying the intricate processes of blood vessel
creation in a controlled laboratory environment °.
By using human endothelial cells and other rele-
vant supporting cell types, these models enable re-
searchers to investigate the spatial and temporal
aspects of angiogenesis, understand the signaling
pathways in vascular development, and test sub-
stances that could promote or inhibit angiogene-
sis20. Endothelial cells, once considered merely a
basic blood vessel lining, are now acknowledged
as a highly dynamic tissue that significantly con-
tributes to various physiological and pathological
processes 2!, Below are several types of human en-
dothelial cell samples that have been utilized in an-

giogenesis research.

Human Umbilical Vein Endothelial Cells
(HUVECs)

HUVECs serve as a valuable model for research-
ing vascular endothelium features and key biologi-
cal pathways related to endothelial function?2. They
are frequently utilized in in vitro research because
they are easily isolated from the human umbilical
cord, readily available, and their behavior is well-
documented?2. Figure 4 shows an example of the
morphology of HUVECs and the umbilical cord that
was dissected to isolate HUVECs. In addition, HU-
VECs have the capacity to accurately represent the
human vascular endothelium. This is consistent
with the results of Lau et al.?3, who evaluated HU-
VECs and human umbilical artery endothelial cells
(HUAEC) as in vitro models for cardiovascular re-
search. Their study showed that both cell types dis-
played comparable features in terms of cell viabil-
ity, metabolic activity, and membrane integrity, in-
dicating that both cell types are equally appropriate
for cardiovascular research. HUVECs are commonly
used to investigate angiogenesis in vitro and its asso-
ciated disorders2*. Many studies have utilized HU-
VECs to explore the molecular processes related to
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Dissociation the cells and seed in ultra-low attachment plate

Incubate at 37°C for spheroid formation

&"e

Cell aggregation Spheroid formation

Figure 1: Workflow of spheroid formation using ultra-low-attachment plates. Cells are first dissociated
into a single-cell suspension and seeded into an ultra-low-attachment plate. The plate is incubated at 37°C to
facilitate cell aggregation. Over time, cells aggregate and compact into a uniform spheroid structure.
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Figure 2: Schematic representation of an organ-on-a-chip (OOAC) microfluidic model. The OOAC plat-
form utilizes microfluidic channels (red and blue lines) to simulate the vascular and tissue compartments of human
organs. These channels can be lined with endothelial and supporting cell types to mimic blood vessels and sur-
rounding tissues. The design enables dynamic flow, cell-cell interactions, and tissue-specific microenvironments,
making it an effective tool for studying angiogenesis and other physiological processes.
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Table 1: Lists of the in vitro angiogenesis assays

Type of in vitro
assays

Methods

References

Endothelial cell
proliferation

assay

Endothelial
cell migration

assay

Tube formation

assay

Spheroid-based
assay

Organ-On-A-
Chip Models

The effects of pro-angiogenic and anti-angiogenic substances on proliferation can be
evaluated using direct cell counts, DNA synthesis, or metabolic activities. Cell prolif-
eration is commonly assessed by a colorimetric technique.

MTT:

- Seed the cells in 96-well plates for 24 hours and treat with test compound.

- Change the medium for the next day and add 10 puL of MTT reagent. Incubate the
plates for 3-5 hours at 37°C.

- Remove media and add 100 pl of DMSO. Incubate for 15 minutes and then read ab-
sorbance at 570 nm.

- Mitochondrial enzymes convert MTT into the formazan dye in correlation with the
number of cells. MTT is a yellow tetrazole compound that is transformed into pur-
ple formazan in living cells, and its colour absorbance may be measured using a spec-
trophotometer.

Other than MTT, BrdU also can be utilized for DNA cell labelling, followed by cell
analysis employing colorimetry, chemiluminescence, or fluorescence detection

Cell migration is the movement of cells in response to external biochemical cues. One
way to detect the migration process is the scratch wound assay.

- Seed the cell in the well plate and incubate until confluency reached 90%.

- Scrap the cells by using 200 1 pipettes tip or cell scrapper. Wash the cell-plate with
PBS to remove the floating cells.

- Add the media with treatment and observe the wound area using inverted microscope.

This approach is used to measure fundamental cell migration properties in terms of
speed, persistence, and polarity.

Commonly used in vitro to assess angiogenic characteristics by observing the creation
of tubular structures from endothelial cells

A common method for studying tube formation is to culture HUVECs on Matrigel and
observe the branching structures within 12 to 24 hours.

Enable to investigate the effects of drug or genetic manipulations on sprouting angio-
genesis in a fast and robust manner.

Cells will be harvested and seed cells in ultra-low-attachment plate to promote spheroid
formation as shown in Figure 1. After checking the assay uniformity and reproducibil-
ity, downstream application could be proceeded.

This assay better reflects in vivo angiogenesis than other well-known in vitro angiogen-
esis assays, such as the 2D tube formation on Matrigel, due to the formation of complex
cell-cell interactions and gradients that are crucial for studying angiogenesis.

The organ on a chip (OOAC) is a cutting-edge in vitro microscale biomimetic platform
capable of recreating the physiological environments of human organs. OOAC is a
novel in-vitro micro-scale biomimetic platform that helps in reproducing physiological
environment of human organs. This technology involves cell biology, engineering and
material sciences to simulate in-vivo tissues.

The initial stage of this process involves designing and creating the microfluidic chip
of organ on a chip models (Figure 2) to mimic the cellular structure and surroundings
of the desired organ or tissue. The chip used for researching angiogenesis may have
endothelial cell-lined channels that imitate blood arteries, along with other cell types
such pericytes, smooth muscle cells, and extracellular matrix components.

There are several micro-fabrication methods that had been introduced such as pho-
tolithography, soft lithography, 3D printing and computer numerical code micro
milling.

Type of microarchitectures that can be used in micro engineered chips such as single
layer microfluids device, 3D compartmentalization, microfluidic vascular networks.

8,9

11

12-14

6,15

Abbreviations: MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; DMSO: Dimethylsulfoxide; DNA: Deoxyribonucle-
icacid; BrdU: bromodeoxyuridine
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Collagen are added on into the well plate and incubate for 30
minutes at 37°C

4

The aorta is dissected, washed and cut into small section

!
()
©
)

The aortic ring placed on the gel at the center of the well. Then, second layer
of gel were added on the aortic ring

4

900
000,
000
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Representative image of aortic culture sprouting (indicated by arrow) captured
under 4x magnification using an inverted microscope. Scale bar: 100 pm.

Figure 3: Overview of the aortic ring assay method. Collagen is added to a well plate and incubated for 30
minutes at 37°C and then aorta samples from mice or rat is dissected, washed, and cut into small sections. Each
aortic ring is placed on the gel at the center of the well, followed by the addition of a second gel layer over the
ring. The bottom panel shows a representative image of aortic culture sprouting (indicated by red arrows) captured
under 4x magnification using an inverted microscope. Scale bar: 100 um.
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Table 2: Lists of ex vivo angiogenesis assays

Aortic ring assay This assay facilitates the growth of angiogenic vessels originating from a
section of the aorta when cultured within a three-dimensional matrix, such
as collagen or fibrin gels.Figure 3 shown the overview of the aortic ring
assay method.

Tissue explant assay A technique involving the isolation and ex vivo cultivation of tissue frag- B
ments while maintaining their native cellular architecture and interactions.
Upon isolation, the explants are embedded in extracellular matrix gels to
maintain their three-dimensional structure and support the angiogenic pro-

cesses.

EN
N
X
A

Figure 4: Human umbilical vein endothelial cells (HUVECs) were isolated from human umbilical cords
using an enzymatic digestion technique. (A) A segment of cord measuring 5-10 cm in length was used for
HUVEC isolation. (B) The image highlights the anatomical location of the vein within the umbilical cord. (C)
HUVECs, observed under a light microscope at a 100 tm scale, display their characteristic cobblestone morphology,
essential for studies in angiogenesis.

7309



Biomedical Research and Therapy 2025, 12(4):7304-7319

blood vessel formation, such as endothelial cell mi-
gration, growth, and branching 2>,

Moreover, HUVECs are a useful model for research-
ing vascular illnesses such as atherosclerosis, throm-
bosis, and endothelial dysfunction2®. In earlier stud-
ies, they were utilized to replicate disease conditions
in a laboratory setting to explore the fundamental
mechanisms involved in vascular pathology. The
HUVEC model is valuable for studying how hemo-
dynamic forces affect the endothelium and the devel-
opment of atherosclerotic plaques. This model en-
ables researchers to subject endothelial cells to shear
stress under controlled flow conditions, replicating
blood flow conditions in living organisms22. The
HUVEC model has proven valuable for investigating
various biological processes and disorders, including
inflammation, apoptosis, preeclampsia, cardiovascu-
lar diseases, and regenerative medicine 22,27
Nevertheless, one of the primary limitations of HU-
VECs is their unsuitability for long-term investiga-
tions 22. HUVECs typically have a lifespan of around
10 passages, although some researchers suggest that
these cells may lose their original features and re-
sponsiveness to stimuli after passage 622. HUVECs
may not be suitable for vascularizing specific tissues,
such as neurological tissue, which requires a tightly
sealed endothelium and an effective blood-brain bar-
rier 2829 Furthermore, as the human umbilical cord
is fetal rather than maternal tissue, the fetal gender
must be considered, as it might yield different results
in metabolite levels and oxidative stress?°. While
HUVECs are commonly used in vascular biology re-
search due to their ease of isolation and culture, they
may not fully represent the phenotypic response of
adult-derived endothelial cells3°.

HUVECs are fetal cells and may not accurately re-

This is because

flect the characteristics and behavior of endothelial
cells found in adult tissues. These limitations high-
light the need to consider the specific requirements
of each application when choosing endothelial cell

types for research.

Human Aortic Endothelial Cells (HAECs)

HAECs are commonly derived from the inner lining
of the aorta, a major artery responsible for transport-
ing oxygen-rich blood from the heart to the body.
These cells can be sourced from various segments of
the aorta, such as the ascending aorta (proximal to
the heart) or the descending aorta (distal from the
heart)31. The specific site of HAEC isolation may
vary based on the research methodology or experi-
mental design. HAECs are typically procured from

explants of healthy human heart donors through
surgical procedures or post-mortem tissue dona-
tions32. Samples containing the aortic endothelial
layer are harvested, and endothelial cells are ex-
tracted and cultured in laboratory settings for fur-
ther analysis and experimentation 32. The collection
and utilization of human tissue samples for research
purposes are governed by ethical guidelines and reg-
ulatory approvals 3.

HAECs offer an excellent model system for inves-
tigating various aspects of cardiovascular function
and disease, such as atherosclerosis and endothe-
lial dysfunction caused by different stressors343%,
HAECSs can be employed to evaluate changes in the
vascular endothelium and its function at a preclinical
stage, which holds potential for refining therapeutic
strategies. In addition, HAECs have been found to
exhibit robust angiogenic potential in 3D microflu-
idic angiogenesis systems, which is critical for in-
vestigating vessel formation and regeneration3®. It
was also reported that HAECs exhibit similar cellu-
lar characteristics to HUVECs in a 2D culture sys-
tem37. The study of HAECs in laboratory settings
has significantly contributed to our understanding of
endothelial physiology and the pathogenesis of vas-
cular diseases.

While in vitro cell cultures provide insight into the
interactions of endothelial cells with diverse medi-
ators, it is essential to acknowledge their inherent
limitations, particularly regarding the uncertainty
of translatability to human physiological contexts.
Like other endothelial cell types, HAECs may un-
dergo alterations upon extraction from their native
human environments. This is primarily due to the
absence of the intricate intercellular communica-
tions observed within the living organism, which
cannot be fully captured via in vitro assays38. Fur-
thermore, HAECs demonstrate variability according
to factors such as donor age, health status, and ge-
netic background, which could influence the consis-
tency and reliability of research outcomes 32. In con-
trast to utilizing immortalized endothelial cell lines
or cells from more accessible sources like the human
umbilical vein, isolating, culturing, and maintain-
ing primary HAECs necessitate a more complicated
and expensive process involving the acquisition of
human heart donors through surgical procedures or

post-mortem tissue donations 32.

Human Coronary Artery Endothelial Cells
(HCAECs)

HCAECs are considered a dynamic organ exhibit-
ing secretory, metabolic, and immune functions be-
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yond their main role in modulating nutrient translo-
cation across the vascular wall. HCAECs are specif-
ically involved in the secretion of various vasoac-
tive substances that regulate vascular smooth mus-
cle tone and blood flow within the coronary arter-
ies3. HCAECs originate from the coronary arter-

ies of the human heart4?

, and they can be obtained
from individuals undergoing percutaneous coronary
interventions (PCI)41. Notably, most studies employ
commercially available HCAECs purchased from au-
thorized companies, such as Promocell (Germany) or
Lonza (USA)#243, As indicated by these providers,
primary HCAECs can be isolated not only from
the main coronary arteries but also from their re-
spective branches, including the right and left coro-
nary artery, anterior descending, and circumflex
branches, from a single donor. As these cells origi-
nate from human coronary arteries, they play a piv-
otal role in supplying oxygenated blood to the heart
muscle and therefore are ideally suited for investi-
gating the pathogenesis of coronary heart disease
and developing innovative therapies3°. Moreover,
according to Lakota et al.#3, HCAECs exhibit unique
sensitivities and responses compared to endothelial
cells derived from other vascular beds, as HCAECs
were shown to have sensitivity to tumor necrosis
factor alpha (TNF)-induced expression of adhesion
molecules compared to HUVECs and human dermal
microvascular endothelial cells (HMVECsS).

However, the considerable heterogeneity and organ-
specific characteristics of HCAECs pose challenges
in result interpretation and study reproducibility.
This means that HCAECs might not be fully repre-
sentative of the behavior of endothelial cells from
other vascular beds, potentially resulting in incon-
clusive or inaccurate findings**. A study by Wag-
ner et al.*® also emphasized that HCAECs were the
only cells expressing spike protein post-SARS-CoV-
2 infection, indicating distinct responses compared
to other endothelial cells, such as HUVECs, HMECs,
and human pulmonary arterial cells. This suggests
that observations in HCAECs may not fully cap-
ture the responses of endothelial cells from diverse
vascular beds or under varying pathological condi-
tions. Besides that, the variability among donors can
also affect the behavior and reactivity of HCAECs in
vitro. Donor-related factors, such as age, sex, genetic
background, and health status, may influence an-
giogenic responses, contributing to variability in ex-
perimental results 647, Obtaining HCAEC samples
can be intricate, involving procurement from pa-
tient donors or acquisition from authorized compa-
nies with legal consent, potentially incurring higher

costs 4143,

Ex vivo

Isolating human endothelial cells from the primary
organ and culturing the cells in vitro might cause the
loss of complexity of the organ structure *8. Thus, ex
vivo angiogenesis assays play a key role in explor-
ing the complex interaction between molecular and
cellular elements in angiogenic processes under con-
trolled experimental settings*®. Among the various
ex vivo assays available, human sample models hold
particular importance due to their direct relevance to
human physiology and disease. By utilizing human
tissues and cells, these models provide a more accu-
rate representation of the physiological conditions
and responses to human angiogenesis>°. Below are
several types of human samples that have been uti-
lized in ex vivo angiogenesis research.

Human Saphenous Vein (HSV)

HSV have been previously utilized in ex vivo assays.
These veins are located beneath the skin and contain
valves that prevent blood backflow, playing a cru-
cial role in transporting deoxygenated blood from
the leg to the heart>1. Interestingly, HSVs are widely
employed as a conduit for coronary artery bypass
grafting 2. According to the literature, HSVs have
been extensively utilized in ex vivo tissue culture in-
vestigations, particularly for modeling intimal hy-
perplasia and exploring the causes of vein graft fail-
ure in coronary artery bypass grafting (CABG) 3. In
the context of angiogenesis research, as indicated in
Table 3, most researchers have cultured saphenous
veins by embedding them in a gel to observe sprout-
ing formation. Conversely, there is limited specific
mention of ex vivo tissue cultures in previous angio-
genesis studies that used other veins, including the
human umbilical vein.

Human artery

The human arterial ring assay is an innovative sys-
tem for the 3D study of angiogenesis. Arterial ex-
plants for ex vivo angiogenesis studies can be ob-
tained from various sources, such as aortic tissue,
choroid, epididymis, and skeletal muscle. Aortic ex-
plants are able to form branching microvessels when
embedded in an extracellular matrix®®. Table 4
shows a list of previous reports that utilized human
artery explants in ex vivo angiogenesis studies.

Human Retinal Explant

Excess angiogenesis also contributes to the patho-
genesis of various ocular illnesses, including di-
abetic retinopathy, age-related macular degenera-
tion (AMD), and retinopathy of prematurity®*. Ta-
ble 5 shows the usage of human retinal tissues used
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Table 3: Previous studies that utilized human saphenous veins (HSVs) in research related to angiogenesis.

Related Angiogenesis Study

Su-PAR trigger endothelial cell
signaling leading to new vessel
formation

through its chemotactic Ser®®-
Arg-Ser-Arg-Tyr”? sequence

Effect of thalidomide in antian-

giogenic activity

Diminished venous endothelial
Eph-B4 expression is associated
with an angiogenic and mitogenic
phenotype

Function of PDE10A in SMC pro-
liferation and intimal hyperplasia

Vinpocetine suppress pathologi-
cal vascular remodeling

Methods

- 48-well plates were covered with 200 ul of Matrigel.

- 2-3 mm of the long cross section was placed on the gel after the
gel has polymerized and another 200 ul of Matrigel was added
to cover the tissue.

- The ring was cultured with 1 ml of complete media growth
(EBM)

- The vein was cut into 2 mm long cross sections.

- A 12-well plate was covered with 250 ul of Matrigel and then
the tissue was placed onto the polymerized gel. Another 250 ul
of Matrigel was used to cover the tissue.

- The tissue was cultured in 2 ml (endothelial cell growth media)
EGM-2 medium for 24 hours before treatment.

- The media was removed after 24 hr and replaced with 1 ml
endothelial basal media (EBM) with 2% FBS and 10 ug/mL gen-
tamicin.

- Photographed on day 5.

- A segment of adult human saphenous vein was used in the flow
model.

- Veins were inspected for feasibility of incorporation into the
bioreactor, and structural parameters were measured.

- The vein was cut into 0.5 cm lengths.

- Cultured with luminal surface in a 12-well plate with RPMI
1640 medium containing 15% of FBS.

- Cultured within 2 weeks

- The vein was cut into 0.5 cm sections.

- The segments were pinned onto a Mersilene mesh with luminal
surface in 12-well plates in RPMI 1640 medium with 30% FBS and
other supplements including antibiotics. The tissue was cultured
for 7 days

References

54

55

56

52

57

Abbreviations: Su-PAR: Soluble urokinase plasminogen activator receptor, Ser®-Arg-Ser-Arg-Tyr®?: Serine (88)-Arginine- Serine-
Arginine-Tyrosine (99); EBM: Endothelial Cell Basal Media; ECGM: Endothelial Cell Growth Media; FBS: Fetal bovine serum; Eph-B4:
Ephrin receptor B4; PDE10A: phosphodiesterases 10A; SMC: Smooth muscle cell

to investigate retina-related angiogenesis illnesses.
Based on our literature search, there are only a small
number of previous reports that used human reti-
nal explants in angiogenesis studies. This might be
due to the difficulty in obtaining donor eyes and the
high level of competence required for retina manip-
ulation, which may not be feasible with small sam-
ples .

CLINICAL RESEARCH IN
ANGIOGENIC THERAPIES

Clinical trials and research have led to the devel-
opment of various effective anti-angiogenic treat-
ments, such as bevacizumab, tyrosine kinase in-
hibitors like sorafenib, and human recombinant en-
dostatin. These advancements indicate the potential
of targeting angiogenesis for therapeutic purposes,

particularly in the context of cancer diseases®®. In
addition, numerous clinical trials have assessed the
safety and efficacy of VEGF therapy for ischemic
coronary and peripheral arterial disease (Table 6),
which showed potential therapeutic benefits despite
the low significance. The findings from human
models in angiogenesis assays have significant im-
plications for clinical practice, particularly in the
development of therapeutic strategies for various
diseases. By utilizing human-derived models, re-
searchers can gain insights that are more directly ap-
plicable to patient care.

Angiogenesis assays have become significant tools
in the discovery of anti-angiogenic drugs for can-
cer treatment. Identification of vascular endothelial
growth factor (VEGF) as an important regulator of
angiogenesis led to the development of bevacizumab
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Table 4: Previous ex vivo angiogenesis studies using human arterial explants

Umbilical cord ~ Human tumor angiogenesis - Human arterial rings assay. 2
- Arterial rings were placed on 48-well cell
culture dishes pre-coated with 100 ul of base-
ment membrane extract (BME) and overlaid
with 100 ul of BME.
- Maximum growth velocity achieved at 14
days.
Umbilical cord  Kisspeptin-10 roles inhibiting an- - Vessels were cut into 1 mm sections. €@
giogenesis in human blood vessels - The vessel ring was embedded in Matrigel
(200 pl) and were cultured for 2-3 days with
media consisting of 10% FBS.
Temporal Giant cell arteritis - Cultured in Matrigel for 5 days in 96 well @l
artery biopsy plate.
Human umbili-  Identification of new genes - Artery was cut into 30 1-2 mm sections and o2
cal cord regulating sprouting, screening placed inside a 48-well plate that was pre-
pro and anti-angiogenic drugs, coated with 100 ul of BME gel.
biomarkers and analysis of tumor - Cultured for 18 days with media consisting
microenvironmental effects on  of 5% FBS.
vessel formation
63

Human Mesen-  Age-associated deterioration in - Arterial ring assay by cutting the vessel into
1 mm sections.
- Embedded with Matrigel with cell media.

- Incubated the tissue for 15 days.

teric arteries angiogenesis, blood flow and glu-
cose homeostasis by therapeuti-

cally targeting CD47

Abbreviation: BME: basement membrane extract; FBS: Fetal bovine serum

Table 5: Previous studies carried out ex vivo angiogenesis assays using human retinal explants.

Choroidal - Human choroidal explants were cultured in normal medium for 5 days for neoves- e
tissues sel growth and undergo treatment.
Human iris - Whole iris fragments were cut into 3 mm diameter segments and embedded with e
Matrigel in a 24-well plate.
- The tissue explants were cultured with ECGM for 48 hours.
Choroidal - Choroidal sprouting assay was conducted by embedding the samples with Matrigel 67
explant in 24 well plate.
- The samples were incubated for 1 day and continued with treatment.
- The sprout image was captured at day 5.
Human reti- - Each of the tissue explant was cut in to 4 mm diameter segments. e

nal explants - Then, the tissues were placed on top of a gel matrix.

- The tissues were observed from day 2 to day 15.

Abbreviation: ECGM: Endothelial Cell Growth Medium
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(Avastin), which is a monoclonal antibody that sup-
presses VEGF7?. Preclinical studies of angiogene-
sis with human endothelial cells revealed that beva-
cizumab was capable of inhibiting tumor angiogene-
sis, thereby supporting its clinical use. Clinical trials
have shown that bevacizumab, when used together
with chemotherapy, enhances outcomes for several
malignancies, including osteosarcoma’®. The suc-
cessful translation of angiogenesis testing results
into the clinic underlines the value of these models
in developing effective therapies for cancer patients.
Aside from cancer treatment, angiogenic therapies
have also been used in clinical trials for retinal and
ischemic diseases. Table 6 shows previous studies
that conducted clinical trials associated with angio-
genic agent targets.

LIMITATIONS OF USING HUMAN
MODELS IN ANGIOGENESIS
ASSAYS

Angiogenesis denotes the intricate process of form-
ing new blood vessels, a pivotal aspect of human
physiological functions. Utilizing human models in
studying angiogenesis yields significant outcomes
for diseases associated with this process. Nonethe-
less, the study of angiogenesis through human mod-
els is not devoid of limitations due to various fac-
tors. Firstly, ethical constraints emerge as a promi-
nent issue. The ethical framework governing re-
search involving human subjects underscores funda-
mental principles, including respect for individuals
and associated responsibilities mandated by justice,
whereas regulations concerning research involving
animal subjects primarily focus on limited consider-
ations of welfare 7. Other than that, human samples
can show inherent individual variability in terms
of genetic differences, health conditions, and age-
related factors. These factors might add complex-
ity and variability to the study outcomes®?. Obtain-
ing human tissue samples for angiogenesis assays
can also pose challenges, particularly when consid-
ering specific tissues or disease conditions, resulting
in limitations in sample size and study replication .
Working with human samples also involves high
costs due to various factors, including sample collec-
tion, processing, and storage’’. Due to the limited
availability of human samples from donors, most
researchers are forced to purchase samples from a
small number of established companies, such as Pro-
mocell (Germany) or Lonza (USA)*2. All these lim-
itations and issues must be carefully considered by
researchers before embarking on their angiogenesis-
related research.

FUTURE DIRECTION OF USING
HUMAN MODELS IN
ANGIOGENESIS ASSAY

Currently, the development of human model tech-
nologies in the angiogenesis research field has
shown potential for enhancing our understanding
and for developing new therapeutics. Models such
as organ-on-a-chip systems, 3D bioprinted tissues,
and ex vivo culture have the potential to overcome
the limitations of conventional in vitro and in vivo
assays by offering more accurate and physiolog-
ically relevant platforms for studying angiogene-
sis. As these technologies evolve, they can enhance
the precision of drug testing. For example, organ-
on-a-chip systems allow for the precise control of
the cellular microenvironment®. By incorporating
human endothelial cells and other supporting cell
types, organ-on-a-chip devices can be used to study
angiogenesis in the context of specific organ sys-
tems, such as the brain, heart, or kidney6. These
models can provide valuable insights into the role
of angiogenesis in organ development, homeostasis,
and disease pathogenesis. 3D bioprinting technol-
ogy also allows for the precise deposition of cells,
biomaterials, and growth factors to create complex,
tissue-like structures. By incorporating human en-
dothelial cells and supporting cell types into 3D bio-
printed constructs, researchers can develop highly
customizable angiogenesis assays that mimic the na-
tive extracellular matrix and cellular microenviron-
ment’3. Additionally, CRISPR can be used to create
patient-derived induced pluripotent stem cells (iP-
SCs) with disease-relevant genetic mutations, which
can then be differentiated into endothelial cells and
used to develop personalized angiogenesis assays 4.
As these emerging technologies continue to ad-
vance, they will likely play an increasingly impor-
tant role in angiogenesis research. By providing
more accurate and physiologically relevant human
models, researchers will be better equipped to study
the complex mechanisms of angiogenesis, identify
novel therapeutic targets, and develop more effec-
tive treatments for angiogenesis-related diseases.

CONCLUSION

It is important to understand the development of
the vascular system and the mechanisms that lead
to vascular diseases in order to discover new, ef-
fective treatments. Combining in vitro and ex vivo
models using human samples offers a comprehen-
This in-
tegrative strategy bridges the gap between simpli-

sive approach to studying angiogenesis.

fied in vitro systems and the complex realities of in
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Table 6: Clinical trials on various angiogenic therapies

VEGFR in-
hibitor

VEGF

VEGF in-
hibitor

VEGF

VEGFR in-
hibitor

BMSC

Advanced renal cell cancer;
Axitinib + pembrolizumab;
5mg + 2 mg/kg; 6 weeks; n =
52; Phase 1b

Osteosarcoma; 29 weeks; Be-
vacizumab + MAP; 15 mg/kg;
n = 3; Phase II

Branch retinal vein occlu-
sion; 12 months; dexametha-
sone & ranibizumab; 0.7 mg
(dexamethasone) & 0.5 mg
(ranibizumab); n = 307

Angina; 0,3 and 12 months;
AdVEGF-DANAC (AdVEGF-
D) or
groups; 200 uL at 10 sites; n
=30

placebo  (control)

Hepatocellular carcinoma; 4
weeks; oral dovitinib; 500 mg
(5 days on & 2 days off); n =
24; phase II

Critical limb ischemia; over
12 months; stempeucel®; 2
million cells/kg body weigh;
n = 24; Phase III

The treatment combination of axitinib + pem-
brolizumab is tolerable and shows promising an-
titumour activity in patients with treatment-naive
advanced renal cell carcinoma

No unexpected toxicities were observed

94% of patients experienced some degree of tumour
shrinkage.

4-year EFS rate: 57.5% =+ 10.0%

Overall survival rate: 83.4% + 7.8%

28%evaluable patients had good histologic response
(<5% viable tumor) to preoperative chemotherapy.

Dexamethasone and ranibizumab improved best-
corrected visual acuity and anatomical outcomes.
Dexamethasone did not show non-interiority to
ranibizumab

Dexamethasone associated with increased risk of in-
traocular pressure elevation and cataract pressure

Shown significant increase in myocardial perfusion at
3 months and 12 months compared to baseline.

Overall response rate was 48%, including 13% complete
remission

Time to progression: 16.8 months

Overall survival: 34.8 months

Showed statistically significant reduction in rest pain
and ulcer size (healing of ulcer) as compared to base-
line.

Increased the blood flow to the ischemic limbs as ABPI
and ASP increased.

71

70

72

73

74

75

es

Abbreviations: VEGFR: Vascular Endothelial Growth Factor Receptors; VEGF: Vascular Endothelial Growth Factor; MAP: methotrexate,
doxorubicin, cisplatin; EFS: event-free survival; AAVEGF-DANAC: Adenoviral intramyocardial VEGF-D; BMSC: Bone marrow-derived
mesenchymal stromal cells; ABPI: Ankle-brachial pressure index; ASP: Ankle systolic pressure

vivo conditions, enhancing the translational poten-
tial of research findings. However, key challenges
remain, including ethical considerations, variability
in human samples, difficulties in tissue sample ac-
quisition, and the cost of obtaining samples. Ad-
dressing these challenges is critical for advancing the
field. Therefore, collaboration with ethical boards
and regulatory agencies to establish clear, standard-
ized guidelines for the use of human tissues in an-
giogenesis research can help streamline the approval
process and ensure that research is conducted in
a manner that respects donor rights. By utilizing
large-scale biobanks that store a wide variety of hu-
man tissue samples, researchers can select samples

that best match their study criteria and reduce vari-
ability 3. In addition, establishing collaborative net-
works between research institutions, hospitals, and
biobanks can improve access to human tissue sam-
ples and facilitate the sharing of resources and in-
formation. Additionally, funding from government
agencies, non-profit organizations, or private-sector
partnerships can encourage sharing of expensive re-
sources, such as specialized equipment or reagents,
through collaborative agreements or shared facili-
ties. All these measures might help reduce the over-
all cost burden for individual research groups. By ad-
dressing these limitations through strategic collabo-
ration, future researchers can enhance the effective-
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ness of human models in angiogenesis assays, ulti-
mately leading to more accurate and clinically rele-
vant findings.

ABBREVIATIONS

ABPI: Ankle-brachial pressure index; AKT: Ak
strain transforming (Protein kinase B); ASP: An-
kle systolic pressure; ATP: Adenosine triphosphate;
BrdU:
Bromodeoxyuridine; CABG: Coronary artery by-

BMSC: Bone marrow-derived stem cell;

pass grafting;
ECM: Extracellular matrix; EFS: Event free sur-
vival; ETT: Exercise treadmill tests; FGFs: Fi-
broblast growth factors; HAECs:
tic endothelial cells; HCAECs: Human Coro-
nary Artery Endothelial Cells; HMVEC: Hu-
man Microvascular Endothelial cells; HSV: Hu-

CAD: Coronary artery disease;

Human aor-

man saphenous veins; HUVECs: Human umbil-
ical cord vein endothelial cells; MMPs: Matrix
metalloproteinases; MTT: 3-[4,5-dimethylthiazol-2-
yl]-2,5 diphenyl tetrazolium bromide; NCD: Non-
communicable diseases; OOAC: The organ-on-a-
chip; PDGF: Platelet-derived growth factor; PFS:
Progression-free survival; PI3K: Phosphoinositide
3-kinases; TGFf: Transforming growth factor beta;
VEGEF: Vascular Endothelial Growth Factor
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