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Abstract
The formation of new blood vessels, or angiogenesis, is a complex process that plays important roles in growth and develop-
ment, tissue and organ regeneration, as well as numerous pathological conditions. Angiogenesis undergoes multiple discrete 
steps that can be individually evaluated and quantified by a large number of bioassays. These independent assessments hold 
advantages but also have limitations. This article describes in vivo, ex vivo, and in vitro bioassays that are available for the 
evaluation of angiogenesis and highlights critical aspects that are relevant for their execution and proper interpretation. As 
such, this collaborative work is the first edition of consensus guidelines on angiogenesis bioassays to serve for current and 
future reference.
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1 Introduction

The process of angiogenesis—the formation of new blood 
vessels from preexisting ones—is a hallmark of tissue repair, 
expansion, and remodeling in physiological processes, such 
as wound healing, ovulation, and embryo development, and 
in various pathologies including cancer, atherosclerosis, 
and chronic inflammation [1–5]. Many of these conditions 
share characteristics, for example the occurrence of hypoxia 
or inflammation, recruitment of inflammatory cells, angio-
genic growth factor production, basement membrane deg-
radation, endothelial cell (EC) migration, proliferation and 
differentiation, and modulation of vascular support cells. 
However, depending on the tissue or disease under inves-
tigation, important details may differ considerably. Moreo-
ver, EC in different vascular beds exhibits organ-specific 
heterogeneity associated with the differentiated specialized 
functions of the tissue. It is often not possible to accurately 
visualize the process of angiogenesis and its molecular 
players. Therefore, different in vivo, ex vivo, and in vitro 
bioassays and techniques have been developed to investi-
gate the specific stages of the angiogenesis. However, the 
use of bioassays that study a part of the process, with the 
intention to extrapolate and understand the full process of 

angiogenesis, inherently implies accepting specific limita-
tions. It is therefore crucial to understand the full potential 
of these bioassays during their specific applications. These 
assays have been instrumental in the study of vascular biol-
ogy in growth and development [6–8] but also play a key 
role in the design, development, and evaluation of drugs 
that positively or negatively modulate vessel function for 
the treatment of many diseases [9–11]. Some examples of 
where the use of such bioassays has been imperative are: 
(1) the development of angiostatic drugs for the treatment 
of cancer, ocular diseases, and other pathologic conditions 
where angiogenesis is implicated and also angiogenic treat-
ment strategies in ischemic cardiovascular disease [12, 13], 
(2) screening of natural anti-angiogenic compounds [14], (3) 
the efforts to design combination therapies including angio-
genesis inhibitors [15–20], (4) the unraveling of mechanisms 
regulating lymphangiogenesis [21, 22], (5) the interrelation-
ship of angiogenesis and immunity [23–25], (6) the develop-
ment of imaging as diagnostic strategy [26], (7) the study 
of drug resistance mechanisms [27–29], (8) development 
of compounds and strategies for the revascularization of 
ischemic injuries [30, 31], and (9) to improve the vascular 
fitness in aging vessels [32, 33]. The current paper describes 
a large collection of assays and techniques for the evalua-
tion of angiogenesis and aims at explaining their respec-
tive advantages and limitations. In addition, we included 
strategies to study angiogenesis in tissues, through means 
of assessing and quantifying microvessel density (MVD), 
vessel co-option, pericyte coverage, and tip cell behavior.

2  Endothelial cell and monocyte migration 
assays

EC migration is one of the hallmarks of angiogenesis and 
one of the earlier steps in the angiogenic cascade. This 
process is characterized by cell-autonomous motility prop-
erty but in some cases, it acquires the features of collective 
migration [34–37], in which a group of cells coordinate their 
movements toward a chemotactic gradient and by estab-
lishing a precise hierarchy with leader and follower cells. 
Therefore, dissection of the molecular mechanisms of EC 
migration is critical to understand and to therapeutically 
manipulate the process to either inhibit sprouting (e.g., in 
tumors) or stimulate vessel formation (e.g., during tissue 
regeneration or wound healing).

Likewise, migration assays have been successfully used 
to assess the migratory responsiveness of monocytes. 
Monocytes are actively involved in angiogenesis, and their 
migratory response or potential correlates well with that of 
endothelial cells. Most importantly, CD14-positive mono-
cytes can easily be isolated and obtained from any individ-
ual, not only humans [38, 39], but also mice [40]. A number 
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of 2D and 3D cellular migration assays have been estab-
lished as relatively simple in vitro readouts of the migratory/
angiogenic activity of EC in response to exogenous stimuli. 
Depending on the specific scientific question, a range of 
assays is available to quantitatively and qualitatively assess 
EC migration. The most widely employed assays include 
variations of the wound closure and the Boyden chamber 
assays.

2.1  Types of assays

Cell culture wound closure assay Lateral migration assays 
are performed to investigate the pro- or anti-migratory effect 
of compounds, as well of specific gene perturbations, or to 
describe phenotypes resulting from genetic manipulation 
of EC. Although these assays can be used to characterize 
chemokinesis (unidirectional migration) in response to a 
given compound added to the cell culture medium, they do 
not allow determination of directed migration rate toward or 
away from a compound. Assessment of chemotaxis can only 
be determined when a gradient is also provided.

The cell culture wound closure assay is one of the basic 
readouts for characterizing the migratory activity of cells. 
It is a measure of the lateral 2D migration of EC in cell cul-
ture to test compounds for pro-migratory or anti-migratory 
activity. Depending on the migratory effect of the tested 
substances, the assay is performed over 2–4 days. ECs are 
grown to confluency in a cell culture dish and then scraped 
with a razor blade/pipette tip [41], allowing the EC at the 
wound edge to migrate into the scraped area. To really exam-
ine the motility contribution to the healing and to exclude 
the component related to cell proliferation, ECs are incu-
bated with the antimitotic agent mitomycin [42]. Large 
genome-wide screens can also be assessed with the scratch 
wounding technique. The use of precision wounding replica-
tors with floating pins and a workstation robot enables large 
numbers of scratches to be made with reduced coefficients 
of variation [43, 44].

Wound healing assay connected with video-lapse micros-
copy allows studying in 2D dimension the role of collec-
tive migration in angiogenesis and vascular development 
[34–36]. The use of aortic rings (see below) and that of spe-
cific microfluidic devices represent a further tool to describe 
this process in a 3D architecture [45]. For instance, wound 
healing assay exploited by single-cell analysis and by using 
chimeric EC sheets obtained by infecting cells with different 
fluorescent proteins [34, 45, 46] was instrumental to describe 
the following steps of EC collective migration: (1) In resting 
state, ECs undergo random cell motility in the monolayer 
with a regulated dynamics of homotypic cell junctions; (2) 
the presence of cell-free space (i.e., the wound) and a chem-
otactic gradient results in the appearance at the sheet mar-
gin of leader cells, which is characterized by an aggressive 

phenotype with prominent stress fibers, ruffling lamellipodia 
and enlarged focal adhesions, formation of peripheral actin 
cables, and discontinuous adherens junctions, which indicate 
mechanical coupling between leader and follower cells in 
the migrating cluster [47]; (3) as leaders start to migrate in 
the free space, a follower phenotype appears within cells of 
the monolayer.

Trans-well cell migration assay—Boyden chamber 
assay The Boyden chamber assay is a useful tool to study 
chemotaxis and cell invasion. It was originally introduced 
by Steven Boyden in the 1960s for the analysis of leukocyte 
chemotaxis [48], and a modified version of the assay has 
recently been used extensively for the assessment of mono-
cyte migration [39]. Indeed, today, a large range of Boyden 
chamber devices, adapted to individual needs, are commer-
cially available. The assay is based on a chamber of two 
medium-filled compartments separated by a microporous 
membrane of defined pore size and can be used to distin-
guish positive chemotaxis (migration toward the attractant) 
and negative (migration away from a repellent) chemotaxis. 
Briefly, ECs are placed in the upper compartment and are 
allowed to migrate through the pores of the membrane into 
the lower compartment. The chemotactic agent of interest or 
cells-secreting chemotactic agents are present in the lower 
compartment. The membrane between the fluid-filled com-
partments is harvested, fixed, and stained after a defined 
incubation time, and the number of cells that have migrated 
to the bottom side of the membrane is determined by stain-
ing and subsequent microscopic analysis. Because a chemi-
cal gradient cannot be maintained for extended periods, 
Boyden chamber assays are limited to 2–6 h.

Boyden chamber assays are also utilized to measure dif-
ferent types of chemotaxis, including haptotaxis, transmigra-
tion, and cell invasion. Angiogenesis and transendothelial 
migration are special forms of haptotaxis, as the trigger 
for migration requires not only a chemokine, but also the 
presence of cell surface or extracellular matrix (ECM) 
molecules. In this case, the insert on the bottom of the 
Boyden chamber is coated with purified cell surface ligands 
(e.g., ICAM1, VCAM1) or ECM proteins (e.g., collagens, 
fibronectin), evaluating the migration of cells exposed to 
specific adhesion sites. Transmigration describes the migra-
tion of cells, such as leukocytes or tumor cells, through the 
vascular endothelium and toward a chemoattractant. There-
fore, the assay measures transmigration of cells through a 
confluent, tight EC layer. Angiogenesis requires the inva-
sion of EC through the basement membrane to form sprout-
ing capillaries. Invasion processes can also be modeled in 
a Boyden chamber assay by coating the well membrane 
with a layer of Matrigel or collagen. In this case, cells must 
secrete matrix metalloproteases to degrade matrix proteins 
and migrate (invade).
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The bioactive molecules in Boyden chamber assays can 
be provided directly by adding recombinant proteins or small 
molecule compounds or by plating cells-secreting specific 
factors in the bottom chamber. Manipulation of test cells 
(gain-of-function/loss-of-function) can be introduced into 
the assay. Migration assays are often performed in co-culture 
with tumor cells, pericytes or fibroblasts.

The real-time random migration assay The use of video-
lapse microscopy allows measuring migration not only as 
an endpoint result, but gives information on single-cell 
parameters, on morphological changes, and on the influence 
exerted by specific substratum. Subconfluent ECs are plated 
on plastic surface coated with specific extracellular matrix 
proteins (i.e., collagens, fibronectin, vitronectin) allowed 
to adhere and then observed with an inverted microscope 
equipped with thermostatic and  CO2-controlled chamber 
(e.g., Leica, DMi8 platform; Nikon, TE microscope). Images 
of motile ECs are captured with a 5 min time interval over 
4 h. Images were then processed with DIAS software (Sol-
ltech). A recent review on tracking algorithms offers a wide 
and comprehensive selection of the available tools to analyze 
cell motility [49]. Generally, data are displayed as a centroid 
plot showing the location of the geometrical center of the 
cell as a function of time. Directional persistence was cal-
culated by determining the ratio between the net path length 
and the total path length. Furthermore, other parameters 
such as the total and net distance, the speed, the feature of 
turning angle can be calculated. Single-cell trajectories were 
plotted using MATLAB software and displayed in windrose 
graphs [50, 51].

2.2  Limitations and challenges

Standardization of techniques is one of the most critical 
issues to ensure the reproducibility of experimental results, 
and one has to be aware that cellular in vitro systems rep-
resent only a surrogate of the in vivo conditions. Neverthe-
less, compared to in vivo experiments, in vitro assays are 
relatively simple to perform and they offer the possibility to 
pursue high-throughput screens of compounds or superna-
tants of tumor cells affecting EC migration, e.g., superna-
tants of tumor cells. Nonetheless, the assay has limitations. 
The cell culture conditions must be standardized, and pure 
populations of EC are required. More frequently than not, 
human umbilical vein ECs (HUVECs) are used for these 
assays; however, these are derived from a large vessel, 
whereas angiogenesis occurs in microvessels. HUVECs are 
primary cells and are only viable for a limited time, and like 
other cells in culture, they change their expression profile 
and therefore their phenotype and behavior over time and 
through repeated passage events. Furthermore, reproducibil-
ity of scratch assays relies strongly on the initial degree of 
confluency [52]. In addition, scratch assays must be carefully 

evaluated to rule out the possibility that experimental condi-
tions have influenced proliferation of EC, rather than their 
migration (this can be easily done using cell proliferation 
assays such as expression of pHH3, see below). Another 
important consideration is that ECs in vivo are exposed to 
shear stress as well as hypoxia gradients, i.e., the drag force 
induced by blood flow to the endothelium, which are absent 
in the standard static cell culture models. While the scratch 
assay is a straightforward cell culture assay to analyze EC 
chemokinesis, it does not have a high degree of sensitivity, 
but it is a useful tool to perform large-scale screening experi-
ments. One downside of this method is that the width of the 
scratch introduced into the cell layer is difficult to control 
and cannot be easily standardized. Moreover, wounding of 
the monolayer with a sharp object may scratch the surface 
of the cell culture dish and additionally damage the EC at 
the migration front.

To obtain more reliable and reproducible results, fenc-
ing techniques that allow for controlled release of a conflu-
ent monolayer have been developed. These enable lateral 
migration without wounding of the cells or the underlying 
matrix [53]. Cells are grown as a monolayer in a culture dish 
containing a silicon template of defined size prior to seeding 
the cells. Once the culture reaches confluency, the silicon 
template is removed, thus allowing the cells to migrate lat-
erally into the area previously occupied by the silicon tem-
plate. Precise microscopic quantification of lateral migration 
is then possible over 2–4 days. Ideally, the duration of the 
assays should be kept under 2 days, because over longer 
incubation times, cell proliferation will contribute to wound 
closure, thereby confounding the migration effect.

As previously mentioned, a potential drawback is the dif-
ficulty of standardizing the wound areas, but this can be 
overcome using silicon templates [53]. Likewise, several 
commercial suppliers have developed robust assays that also 
circumvent this problem. For example, Essen Biosciences 
marketed a mechanical pin tool, the WoundMaker™, 
which applies equal pressure to create 96 homogeneous 
700–800 µm scratches in each microplate well (www.essen 
biosc ience .com/en/produ cts/incuc yte). Wound healing is 
visualized in real time using the IncuCyte ZOOM™, and 
cell tracing is fully automated, thus facilitating analysis and 
reproducibility. A similar device, providing automated hard-
ware and analysis software, is provided by Peira Scientific 
Instruments (Beerse, Belgium) [54]. Electric cell-substrate 
impedance sensing (ECIS, Applied Biophysics Inc, New 
York, USA) can also be used to automatically create wounds 
and simultaneously measure cell migration in multiple wells, 
and V&P Scientific has developed a wounding replicator 
using floating pins that deliver a precise scratch (www.vp-
scien tific .com/wound ing_tissu e_cultu re_exper iment s.php) 
by a Sciclone ALH 3000 workstation robot (Caliper Life 
Sciences, Hopkinton, MA). The additional precision of the 

http://www.essenbioscience.com/en/products/incucyte
http://www.essenbioscience.com/en/products/incucyte
http://www.vp-scientific.com/wounding_tissue_culture_experiments.php
http://www.vp-scientific.com/wounding_tissue_culture_experiments.php
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scratches using the robot over manual wounding replica-
tors makes the latter instrument the method of choice when 
performing the scratch wound assay for large-scale screens 
on drug or genome-wide siRNA/sgRNA screens [43, 44].

It should be stressed that the Boyden chamber assay is 
somewhat delicate and it requires experience in handling. 
The most critical issue is the possible trapping of air bub-
bles in the lower and upper chambers during assembly. Air 
bubbles appear as empty spaces on the filter at the conclu-
sion of the assay, because they hinder cell migration. For 
manual analysis, this may not be of major importance, but 
it becomes relevant if an automated analysis is performed 
since trapped cells would be undistinguishable from the 
absence of migration. It is important to invest substantial 
time into the setup and troubleshooting of the assay in order 
to yield robust and reliable results. It is also recommended 
to include a checkerboard analysis to distinguish between 
chemotaxis and chemokinesis effects. To this end, different 
dilutions of the compound to be tested should be titrated in 
the upper and lower chamber. Equal concentrations in the 
upper and lower chamber should lead to the same migra-
tion behavior as in the control for a compound that strictly 
responds to a gradient (i.e., chemotaxis).

2.3  Concluding remarks

In summary, the lateral scratch wound assay [55] and the 
Boyden chamber assay are both robust and reliable platforms 
to study EC migration. They are suitable for scaled-up pur-
poses in order to perform manual or automated large-scale 
compound screens. Various vendors provide scratch and 
transwell assay systems. Although these systems offer good 
reproducibility and adequate throughput capacity, variation 
between individual EC isolations can occur resulting in vari-
able results. Pooling several EC isolates may reduce this 
variability. In combination with time-lapse microscopy, it 
is also a powerful tool for tracing the migratory behavior of 
individual EC.

3  Endothelial cell proliferation assays

Many regulators of angiogenesis have been identified, vali-
dated, and developed based on their effects on EC prolifera-
tion. ECs are among the most quiescent cells in the body, 
with proliferation rates approaching zero under steady-state 
conditions. Only after stimulation, usually as a consequence 
of injury, inflammation, or pathological processes such as 
malignant growth, can they initiate cell cycle entry [56, 57]. 
The ideal assay to measure EC proliferation should be rapid, 
reproducible, and reliable and wherever possible should 
exclude inter-operator variability, for example through 
quantitative computational readout rather than qualitative 

researcher-dependent observations [57]. This section pre-
sents different methods and elaborates on problems and 
pitfalls.

3.1  Types of proliferation assays

A number of different approaches to address cell prolifera-
tion have been developed in the last decades. In general, 
these include assessment of cell number, detection of DNA 
synthesis by incorporation of labeled nucleotide analogs, 
measurement of DNA content, detection of proliferation 
markers and metabolic assays (Fig. 1). Depending on the 
broadness of the definition of cell proliferation, which can 
range from the narrow description, for example, “the frac-
tion of cells dividing over time” to the more general “the 
doubling time of a population,” several different assays may 
be pursued. Apart from that, means and equipment avail-
able will also dictate the choice of a particular method. As 
all methods focus on a particular aspect of the process, it is 
highly recommended to verify results with a complementary 
assay.

Cell counting Cell counting is considered the gold stand-
ard for proliferation. Moreover, at least in theory, it is one 
of the most straightforward procedures for measuring prolif-
eration of a cell population. It can be done using automated 
cell counters (e.g., Beckman Coulter) or by using a hemo-
cytometer after removal of the cells from the culture vessel 
[57, 58]. More recently, different automated platforms have 
entered the market that allow analysis of cells while present 
in microplates, such as plate cytometers, automated micro-
scope, or high-content screening platforms, that are compat-
ible with cell counting-like procedures. With these, cells can 
be monitored over time but frequently require staining for 
detection, calibration, and (computation-assisted) quantifica-
tion by, for example, staining of nuclei. Moreover, real-time 
cell analysis (referred to as RTCA) platforms have emerged 
that allow label-free, automated, real-time monitoring of cel-
lular properties during incubation based on electrical resist-
ance measurements. The equipment, however, requires con-
siderable investment, beyond reach for many laboratories.

DNA labeling During S phase of the cell cycle, DNA is 
synthesized and subsequently divided between the daugh-
ter cells (2 N → 4 N → 2 N; N = number of a complete set 
of chromosomes). Addition of modified nucleotides to the 
culture medium will result in their incorporation into the 
newly synthesized DNA. Adhering to the narrow defini-
tion of proliferation as stated above, this type of assay most 
closely reflects a means of measuring the fraction of actively 
dividing cells. It should be noted that this technique does not 
directly measure cell division or population doublings, but 
exclusively incorporation of a tracer into DNA synthesis.

3H-thymidine has been used in proliferation assays for 
decades [19, 56, 58, 59]. Briefly, cells are pulsed with 
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3H-thymidine for several hours and radioactivity is meas-
ured by liquid scintillation counting. This provides a very 
accurate representation of DNA synthesis and it is highly 
sensitive since the amount of incorporated 3H-thymidine is 
directly proportional to the rate of DNA synthesis [57, 58]. 
Constraints on using radioactive compounds and the rise of 
alternative methods have limited its use. In a similar man-
ner, the incorporation of 5-bromo-2′-deoxyuridine (BrdU) or 
EdU (5-ethynyl-2′deoxyuridine) can be measured. BrdU or 
EdU can be (in)directly detected and subsequently be (semi-)
quantified using ELISA, flow cytometry, or immunohisto-
chemistry [57, 58, 60]. The latter two quantification tech-
niques allow one to determine the fraction of dividing cells. 
These uridine analogs can be combined with DNA dyes (see 
below) to gain additional cell cycle information [57].

Another approach is the measurement of cellular DNA 
content using intercalating dyes such as PI (propidium 
iodide) or DAPI (4′,6-diamidino-2-phenylindole). Using 
flow or plate cytometry, a profile of the distribution of cells 
over the different phases of the cell cycle can be visualized, 
represented by DNA contents of 2 N (G1/0), 4 N (G2/M), 

or mixed (S). In addition, this method allows for the detec-
tion of apoptotic cells that would exhibit a subG1/0 (< 2 N) 
DNA content.

An alternative method to study EC cycle is based on the 
use of Fucci (fluorescent, ubiquitination-based cell cycle 
indicator) technology (Thermo fisher). It consists of a fluo-
rescent protein-based system that employs both a red and 
a green fluorescent protein, respectively, fused to cdt1 and 
geminin, which are two regulators of cell cycle. These two 
proteins are ubiquitinated by specific ubiquitin E3 ligases in 
a specific temporal sequence. In the G1 phase, geminin is 
degraded; therefore, only cdt1 is present and appears as red 
fluorescence within the nuclei. In the S, G2, and M phases, 
cdt1 is degraded and only geminin remains, resulting in cells 
with green fluorescent nuclei. During the G1/S transition, 
when cdt1 levels are decreasing and geminin levels increas-
ing, both proteins are present, giving a nuclear yellow fluo-
rescence. More recently, Fucci probe was reengineered to 
generate a triple color-distinct separation of G1, S, and G2 
phases extending the use of this technology to quantitative 
analyze the interphase of cell cycle [61].

Fig. 1  Endothelial cell proliferation assays. a Phase-contrast image 
(left) and binarized image of HUVEC grown in a regular 96-well 
plate. Simple software solutions can be used to count features in the 
image. b Example of MTT assay, with color intensity correlating with 

cell number. c DNA staining profile of HUVEC using PI, measured 
on a plate cytometer. d Cell viability of HUVEC exposed to sunitinib, 
measured using a luminescent assay
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Proliferation markers Cell division is a highly coordi-
nated process in which specific proteins act in concert with 
allow progression through different stages of cell division. 
Detection of these proteins, usually through immunochemi-
cal procedures, allows the estimation of the fraction of divid-
ing cells. This approach can be used in in vitro endpoint 
assays, but can additionally be used to evaluate active EC 
proliferation in tissue sections (see separate section). The 
most frequently used markers are phosphorylated histone H3 
(PH3), which marks cells in S phase, or PCNA and KI67, 
which label cells in all cell cycle stages except G0.

Metabolic assays Gradually, the use of cell viability 
assays has taken a dominant position in addressing cell pro-
liferation [62]. While not reflecting this property in its nar-
rowest sense, if properly conducted, these assays accurately 
represent the number of live cells. They are readily available 
and require minimal handling and infrastructure. The most 
well known is the MTT assay (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide), in which this yellow salt 
is taken up by metabolically active cells and converted by 
mitochondrial dehydrogenase to insoluble purple formazan 
crystals. As the amount of the converting enzyme is highly 
stable in a given cell population, the generation of formazan 
(and hence color intensity) is proportional to the number 
of viable cells. This is subsequently quantified by solubi-
lization of the crystal-containing cells and spectrophotom-
etry [63]. Variations in this method, for example, involving 
less toxic reagents, simplified reaction steps, or alternative 
readouts such as cellular ATP levels, have also been widely 
used [54, 58, 64]. In particular, the water-soluble tetrazo-
lium salts, such as MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium), 
allowing the detection of the colored product directly in cell 
culture media without solubilization, facilitate high-through-
put and pharmacological screenings [65].

3.2  Limitations and challenges

Endothelial cell culture considerations Studying EC pro-
liferation in  vitro requires a purified population of EC 
compatible with the assay setup. As already mentioned 
before, HUVECs are a widely available source, but have 
limitations regarding phenotype and life span in vitro. There-
fore, other sources of EC are necessary for confirmation of 
results. Foreskin-derived human dermal microvascular ECs 
(HDMECs) or human dermal blood microvascular ECs 
(HDBECs) are good alternatives; however, the user should 
be aware that they represent mixed populations of blood and 
lymphatic endothelial cells [66].

It is essential to standardize the protocol of cell culture 
and propagation, by adhering to a fixed scheme of passaging, 
in order to use passage number as a surrogate for popula-
tion doublings [67]. In all cases, cell density needs to be 

carefully controlled. Assay linearity can be compromised 
when cells are plated at too high (e.g., 50,000 cells/cm2) or 
too low (e.g., 5000 cells/cm2) a density. Loss of cell–cell 
contact is a potent stimulus for EC to proliferate, whereas 
ECs enter a quiescent state upon confluency, a process 
known as contact inhibition [57, 58, 63]. Optimization of 
the dynamic performance should involve synchronization 
of cells by exposure to low serum conditions (when study-
ing pro-angiogenic molecules), or by stimulation prior to 
the addition of angiostatic factors or anti-angiogenic drugs 
[6]. Though immortalized EC can pose a helpful alterna-
tive, it should be recognized that the immortalization itself 
will likely alter growth control and survival mechanisms in 
these cells [67]. As such, care must be taken to address the 
generalizability of assay outcome.

Assay choice considerations Each type of EC prolif-
eration assay described here has limitations. Though cell 
counting is the most straightforward method, it can be prone 
to sampling error when cell detachment is required. Fur-
thermore, it can be labor-intensive and it requires relatively 
large samples [57, 58]. However, it can be executed in the 
absence of toxic, mutagenic, or radioactive compounds, such 
as metabolic, DNA labeling, and DNA incorporation-based 
assays [57, 58, 63]. Of note, the outcome of these assays 
is adversely affected by EC death. From a methodological 
point of view, each assay has its strengths and weaknesses. 
For example, the indirect detection of antigens (e.g., PCNA 
or BrdU) requires careful procedural optimization. Although 
the alternative “click” chemistry, by which the analogous 
EdU can be detected directly, circumvents this issue of 
indirect detection, making EdU preferable [57, 58, 60]. 
Nonetheless, assay readout and interpretation are important 
to consider. When measuring incorporation of nucleotide 
analogs, one should realize that DNA synthesis is not con-
fined in all situations to chromosomal duplication during S 
phase [57, 58]. For example, during DNA repair, nucleotides 
are excised and replaced, which is especially relevant when 
addressing the action of compounds with a potential DNA 
damaging effect. With DNA-intercalating dyes, care must be 
taken that doublets are excluded in the gating procedure or 
with readout in plate-based systems. By nature, this type of 
assay is mostly suited for truly diploid cells, and not for cells 
that may display alternative karyotypes. Although the latter 
is not a common trait of EC, a few reports have addressed 
this matter in tumor-derived EC [68], and personal obser-
vations also indicate this may be the case with EC lines. 
Finally, test reagents may interfere with readout chemistry; 
thus, compounds that affect mitochondrial function are less 
compatible with metabolic assays. Surrogate assays such 
as the VEGFR-BaF3 cell lines which bind VEGF ligands 
and signal through chimeric receptors in reporter cell lines 
have been very useful (both academically and in industry) 
for quantifying the presence of major angiogenic factors 
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from human, mouse, and viral sources that stimulate the 
VEGFR-2 and VEGFR-3 pathways [69, 70].

3.3  Concluding remarks

The choice for a particular EC proliferation assay is deter-
mined by a number of considerations. Endpoints, test com-
pounds, laboratory infrastructure, scale, required through-
put, convenience, and cost all influence the applicability of 
an assay system. The growth of a cell population is influ-
enced by both cell division and death, which are difficult to 
monitor simultaneously. Most important is the researchers’ 
awareness of strengths and weaknesses of each individual 
assay. Importantly, interpretation of data must be done with 
care, and whenever possible, results are validated with an 
alternative method.

4  3D models of vascular morphogenesis

The emergence of vascular networks either through vascu-
logenesis or angiogenesis requires the association of cells 
into stable 3D tubes in a process that involves differentiation, 
migration, proliferation, aggregation, and rearrangement of 
these cells to form cords that then undergo lumen forma-
tion. Taken together, this process is referred to as vascular 
morphogenesis. Subsequently, ECs recruit perivascular stro-
mal cells (pericytes) to stabilize this newly formed network 
and minimize leakage upon blood perfusion. Importantly, 
not all sprouts become functional vessels. Pruning serves to 
selectively remove redundant or non-functional vessels to 
optimize fluid flow through the network [71].

In vitro assays have played a valuable role in our under-
standing of vascular morphogenesis. These assays provide 
a simpler platform than animal models for dissecting indi-
vidual steps within the process while also incorporating 3D 
matrix to mimic native in vivo tissues. Here, we present 
several of the most reliable and informative assays devel-
oped to date and highlight the strengths and limitations of 
each (Table 1). While many types of EC can be used in these 
assays, the most commonly used are HUVEC and human 
endothelial colony-forming cell-derived EC (ECFC-EC), 
which generally have a higher proliferative potential. Mouse 
ECs are not generally used in these assays as they are notori-
ously difficult to maintain in culture. While we use “EC” to 
reference to cells derived from both species, assays using a 
specific EC source are annotated accordingly.

4.1  Types of assays

Fibrin Bead Assay Traditional Matrigel cord-forming or 
collagen I angiogenic invasion assays are insufficient to 
mimic the complexity of angiogenesis, as these assays are 

two-dimensional and ECs in these assays often form incom-
plete lumens. Moreover, lumen formation in Matrigel is not 
unique to EC as several non-EC cell types (e.g., human 
prostate carcinoma and glioblastoma cells) also form cords, 
complicating the interpretation of results from these assays 
[57]. By contrast, the fibrin bead assay provides a plat-
form for testing EC sprouting and lumen formation over an 
extended period (2–3 weeks) and incorporates a 3D, ECM, 
and multiple cell types (i.e., stromal pericytes) to model 
native angiogenesis. ECs (HUVECs) are first allowed to 
adhere to collagen I-coated Cytodex beads to generate an 
EC monolayer that mimics the vessel wall of native vessels. 
These EC-coated beads are then embedded into a fibrin gel 
with human stromal cells either embedded within the gel 
or plated as monolayer on the surface of the gel. Tip cells 
are observed 2–3 days post-plating, and elongating sprouts 
appear 2–4 days thereafter (Fig. 2a, b). When maintained 
in pro-angiogenic EGM-2 medium (Lonza), lumens form 
within a week and the cells remain viable up to 3 weeks, at 
which point anastomoses between sprouts are often appar-
ent [72]. A detailed, video protocol of this assay is available 
[73].

Angiogenic sprouting from individual beads is evalu-
ated by phase-contrast microscopy allowing for quantifi-
cation of sprout number, length of sprouts, percentage of 
sprout lumenization, and number of anastomoses. Genetic 
approaches (siRNA, lentiviral transduction, CRISPR/Cas9) 
[74] can modify gene expression in individual cell types 
to dissect cell-autonomous components of the angiogenesis 
process. Protein expression and localization are measured by 
fixing bead assays and using modified immunofluorescent 
staining techniques. More detailed gene expression analyses 
are made possible by harvesting individual cell types to track 
RNA expression changes over time through various stages 
of sprouting angiogenesis.

The use of stromal cells (e.g., lung fibroblasts) is critical 
to the success of this assay, as these cells secrete angiogenic 
factors necessary for EC sprouting and lumen formation, 
including growth factors [hepatocyte growth factor (HGF), 
transforming growth factor alpha (TGF-α), and angiopoi-
etin-1 (Ang-1)], as well as matrix molecules, matrix-modi-
fying proteins and matricellular proteins [e.g., procollagen 
C endopeptidase enhancer 1, secreted protein acidic and 
rich in cysteine (SPARC), transforming growth factor-β-
induced protein ig-h3 [βIgH3], and insulin growth factor 
binding protein 7 (IGFBP7)]. These factors act to locally 
stiffen the matrix, which supports sprouting and lumen for-
mation [75]. This assay represents a significant improve-
ment over conventional, single-cell-type angiogenic assays, 
as the inclusion of multiple cell types more closely mimics 
the physiological environment. Nevertheless, as this assay 
uses primary cultures of cells, rather than cell lines, it is 
important to remember that batch-to-batch variations in 
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stromal cells (and EC) can significantly affect assay results. 
To partially overcome these issues, it should be appropriate 
to use ECs pooled from 5 to 10 umbilical cords. Generally, 
it is crucial to identify stromal cell-HUVEC pairs that yield 
optimal angiogenic sprouts.

Collagen Lumen Assay To investigate EC lumen forma-
tion mechanisms, early assays seeded EC in monolayers on 
plastic dishes coated with ECM proteins (i.e., collagen I, 
collagen III, fibrin, or Matrigel). While these 2D assays are 
sufficient to induce EC cord formation [76–78], they cannot 
reproduce the necessary cues for true lumen formation found 
in native, 3D tissues. Collagen sandwich assays surround 
EC within a 3D matrix by seeding the cells in monolayer 
on collagen I matrix and then covering them with a second 
layer of collagen [79]. Nevertheless, tube formation fails to 
occur in a random, 3D growth pattern, forming only in the 
X–Y plane of the initial gel layer and not in the z-axis. As 
this does not adequately recapitulate normal vessel growth 
in a true 3D environment, George Davis and others further 

optimized these assays, opting instead of embedding single 
EC (HUVEC) randomly throughout a collagen I matrix. In 
the simplest version of these assays, HUVECs are seeded 
at low density (7 × 105 cells/ml) under serum-free growth 
conditions and with the addition of minimal growth fac-
tors (phorbol ester, VEGF), and fibroblast growth factor-2 
(FGF-2). After 48 h, the embedded ECs form intact tubes 
throughout the gel, with clearly demarcated lumens (Fig. 2c, 
d). Several variations on this assay have since enhanced and 
optimized lumen formation. First, the addition of several 
other growth factors, including a cocktail of stem cell fac-
tor (SCF), IL-3, stromal-derived factor-1α (SDF-1α), and 
FGF-2, further promotes lumen formation while maintain-
ing serum-free growth conditions. Second, when simulta-
neously seeded within the same matrix, stromal pericytes 
are recruited by EC, recapitulating a key step in vascular 
morphogenesis. Lastly, to understand the process of EC 
sprouting and angiogenesis, EC can be seeded on top of 
a 3D collagen gel containing the same growth factors and 

Table 1  Comparison of 
3D models of vascular 
morphogenesis

Assay Process

Sprouting Lumen 
formation

Anastomosis Pericyte 
recruitment

Perfusion Pruning

Fibrin bead assay ✓ ✓ ✓ ✓
Collagen lumen assay ✓ ✓
Retina explant assay ✓ ✓ ✓
Vascularized micro-organ ✓ ✓ ✓ ✓ ✓ ✓

Fig. 2  Three-dimensional assays of vascular morphogenesis. a A 
fibrin bead assay uses collagen I- and EC-coated Cytodex beads 
embedded within a 3D fibrin gel matrix to measure EC sprouting and 
lumen formation. b These features are readily resolved using phase-
contrast microscopy. c EC tube formation can be measured by embed-
ding EC within a collagen I matrix. d Once formed, these tubes can 
be visualized by toluidine blue staining and bright-field microscopy. 
e Whole-mount, dissected retinas from postnatal mice are mounted 

within collagen I-Matrigel matrix mix and cultured in pro-angiogenic 
medium to stimulate EC sprouting. f Sprout and lumen formation are 
resolved using phase-contrast microscopy. g The vascularized micro-
organ (VMO) approach utilizes “arteriole” (high pressure) and “ven-
ule” (low pressure) microfluidic channels to drive medium diffusion 
and flow across a cell chamber where microvasculature forms. h The 
formed microvasculature (EC, red) can be measured for leak by per-
fusion with 70 kDa FITC-dextran (green)



 Angiogenesis

1 3

invasion of the underlying gel layer can be quantified. A 
detailed protocol of the collagen lumen assay and its varia-
tions is available for further reading [80].

Real-time imaging of tube formation can be achieved 
using fluorescent protein-transduced EC. Alternatively, fixed 
vessels can be stained with 0.1% toluidine blue and imaged 
using bright-field microscopy (Fig. 2d). More in-depth anal-
yses can be carried out on these fixed vessels using immu-
nofluorescence staining of relevant protein markers or trans-
mission electron microscopy to resolve structural details of 
formed lumen and remodeled ECM.

Regular users of collagen gels will note that the viscos-
ity, pH, and contraction of these gels can hinder successful 
execution of assays in the hands of new users. As a result, 
special care should be taken when pipetting (such as when 
mixing cells and growth factors) and plating gels to ensure 
even gel coating of the bottom of the well plate. Perhaps 
most significantly, early gel contraction can limit the use-
ful length of these assays. Users will note that plating gels 
only in wells within the center of the 96 half-area wells and 
adding medium or water to the outer wells of the plate will 
minimize gel contraction, by maintaining local humidity 
levels. Additionally, seeding fewer ECs within the collagen 
(1.5 × 103 cells/ml) can minimize gel contraction and pro-
long the assay.

Retinal Explant Assay Although in vitro assays are high 
throughput and can mimic major steps in vascular morpho-
genesis, they do not fully recapitulate the in vivo, whole-
organ environment [72]. Several in vivo animal models, 
such as mouse retina or zebrafish fins, are valuable tools 
for studying vascular (re)-establishment in a physiologically 
relevant context [57, 81]. However, the added complexity 
of these systems makes it more difficult to ascertain the 
role of individual proteins and growth factors and cell types 
in the vascular morphogenesis process, relying on genetic 
manipulations or system-wide administration of pharma-
cologic inhibitors to dissect molecular pathways [57, 82]. 
As such, there is a need to increase assay complexity and 
physiological relevance while developing platforms amena-
ble to ex vivo study in the laboratory. Retina explant assays 
are one such ex vivo platform, whereby dissected retinas 
are maintained and observed for vascular morphogenesis 
over several weeks in the laboratory. While multiple ver-
sions of this assay have been published, a protocol published 
by Sawamiphak et al. is most widely used for the study of 
endothelial sprouting [83]. Briefly, retina cups from embry-
onic, postnatal, or adult mice are harvested and cut radially 
to allow flat mounting of the retina interior surface onto a 
membrane insert. After recovery in media for 2–4 h, the 
explants can then be treated with stimulatory or inhibitory 
agents for up to 4 h, followed by whole-mount microscopy 
analysis to evaluate the (anti-) angiogenic effect of these 
agents on vessel sprouting (Fig. 2e). A trained researcher 

can harvest and dissect each pair of retinas within minutes. 
Unfortunately, without the support of a 3D matrix, retinal 
cells cannot survive for long periods, thus making studies 
of later stages of angiogenesis impossible. To overcome 
this, Rezzola et al. have improved the assay by embedding 
the retinas in different matrices after dissection [84]. In this 
approach, retinas can be crosscut into four equal pieces and 
left in serum-free media overnight. The retina fragments are 
then embedded in Matrigel, collagen I, or fibrin matrix and 
fed every 2–3 days. Depending on the age of the mice and 
the matrix used, sprouts can be observed between days 3 and 
6 and anastomosis of neighboring sprouts similar to what 
occurs in vivo can be observed in 10–14 days [85] (Fig. 2f). 
These explants can be maintained up to 3 weeks before the 
vessels eventually regress. When cultured for a longer period 
however, vascular sprouts also start to form toward the cho-
rioidea and not only in the retinal plane, making analysis 
more complex.

Vessel formation can be analyzed in real time using time-
lapse imaging or immunofluorescence microscopy of fixed 
explants at established experimental time points [85, 86]. 
Gene expression can be manipulated by genetic crossing of 
the donor mice or, more transiently, by treating retinas with 
lentivirus or siRNA or Crispr-Casp9 technology. Moreover, 
embedded retinas can be treated with drugs over extended 
periods to dissect individual signaling pathways.

Several factors are critical to consistently achieve sprout-
ing from dissected retina explants. Firstly, the matrix pro-
teins in which retinas are embedded can greatly influence 
how vessels sprout. Matrigel is far superior to single matrix 
proteins in inducing sprouting. However, the addition of 
10–20% Matrigel in collagen I matrix is sufficient to stimu-
late sprouting compared to pure collagen I matrix. Secondly, 
the use of pro-angiogenic EGM-2 medium yields more 
sprouts as compared to basal medium alone. Lastly, as with 
any tissue explant, the age of the mouse can influence the 
degree of vessel sprouting. As such, special care should be 
taken to select mice appropriate for the experimental ques-
tion at hand. There are many similarities between the mouse 
retinal explant assay and the traditional mouse/rat aortic ring 
angiogenesis assay or rat vena cava explant assay [87–89]. 
However, retinal explant models more closely model true 
capillary sprouting as the vasculature in these explants is 
actively developing and remodeling. This makes the retinal 
explant model uniquely suited to studying microvessel for-
mation and its underlying mechanisms.

Vascularized Micro-Organ Platform To understand all 
the steps of vascular morphogenesis in a single platform, a 
vascularized micro-organ (VMO) approach has been devel-
oped to drive formation of a perfusable vascular network 
within a 3D hydrogel matrix environment. In contrast to the 
assays described above, VMO-embedded ECs are exposed 
to and respond to shear stress, form lumenized vessels, and 
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are perfused with a blood-substitute medium that delivers 
nutrients to tissues within the matrix, just as in the body. 
Specifically, this platform utilizes “arteriole” (high pressure) 
and “venule” (low pressure) microfluidic channels that are 
joined by a living microvascular network that forms by vas-
culogenesis in an intervening tissue chamber (Fig. 2g). A 
pressure differential between the two channels is used to 
drive interstitial flow through the fibrin gel matrix during 
vessel development, induce vessel formation (through shear-
sensing), and drive convective flow through the mature vas-
culature once formed and anastomosed to the outer channels. 
This pressure difference is induced by varying the level of 
medium within fluid reservoirs at either end of the micro-
fluidic channels, thereby creating hydrostatic pressure heads 
that ensure continuous fluid convection across the cell cham-
ber. To form vessels, human ECFC-EC and human lung 
stromal cells are co-loaded within a fibrin matrix into the 
central cell chamber through an independent loading tun-
nel. When maintained in pro-angiogenic EGM-2 medium, 
vessels form within 4–6 days post-loading (Fig. 2h). When 
perfused with 70 kDa rhodamine dextran, a molecule similar 
in size to albumin, these vessels demonstrate minimal vessel 
leakage—comparable to in vivo microvasculature. For read-
ers interested in more information, a detailed protocol for 
loading and maintaining the VMO platform is available [90].

The VMO platform is fabricated from polydimethylsilox-
ane (PDMS), an optically clear, biologically inert polymer 
widely used in the microfluidics field [91]. The use of this 
polymer and the dimensions of the platform ensure that live, 
GFP-transduced endothelial progenitor cells (ECFC-EC) can 
be imaged and quantified throughout vessel formation. Spe-
cific parameters such as vessel network length, branching, 
and anastomosis can be measured in real time as can ves-
sel permeability by perfusion with fluorophore-tagged dex-
tran molecules of various molecular weights. Additionally, 
immunofluorescent staining can be used to quantify expres-
sion of specific molecular markers or RNA can be collected 
to measure changes in gene expression. Lastly, gene expres-
sion can be manipulated by treating individual cell types 
with lentivirus or siRNA prior to loading in the platform.

To ensure robust and reproducible vascular network for-
mation, several steps are critical. First, the fibrin gel matrix 
must be consistently loaded within the VMO cell chamber. 
During normal loading, perfusion burst valves at the inter-
face between the tissue chamber and the microfluidic chan-
nels ensure a gel/air interface (later a gel/fluid interface) 
is formed. To simplify loading and minimize specialized 
training for new users of the platform, current iterations of 
the VMO platform incorporate a pressure release valve at 
the loading tunnel that minimizes unintended gel bursting 
[92]. Second, robust vascular network formation requires 
that vessels within the chamber anastomose with the outer 
microfluidic channels. To facilitate the formation of these 

anastomoses, EC can be either seeded directly within the 
microfluidic channels or induced to migrate from the gel by 
coating the external channels with ECM [93]. As with the 
fibrin bead assay, optimal stromal cell–EC pairs should be 
validated to ensure assay reproducibility.

4.2  Limitations and challenges

With all EC assays, the source of EC is critical to assay suc-
cess. Although commercial versions of HUVEC and ECFC-
EC are available, cells from these sources show limited util-
ity in many 3D assays, likely due to a larger than optimal 
number of cell doublings prior to shipment and use in the 
laboratory. As a result, the use of freshly isolated EC will 
provide the most consistent results and is strongly encour-
aged. Readers will note that isolation protocols for both cell 
types are available [94, 95]. Additionally, patient-to-patient 
variation between different EC isolations can lead to incon-
sistent assay results, an issue that may be avoided by pooling 
several EC lines prior to use.

Given the many differences between the assays described 
here, the useful length of these assays varies considerably. 
Even in well-trained hands, the contraction of gels in the 
collagen lumen assay effectively limits the useful time frame 
of assays to 72 h or less. However, the other assays described 
here can continue for much longer periods of time, with the 
fibrin bead assay, retinal explant assay, and VMO platform 
all suitable for time points up to 3 weeks under appropriate 
conditions.

Lastly, the majority of these assays can be run in a rela-
tively high-throughput manner, thereby accelerating the 
speed with which genetic, molecular, or pharmacologic 
screens [96] can be conducted to understand vascular mor-
phogenesis. This is especially true with the fibrin bead and 
collagen lumen assays, which utilize multiple beads or 
multi-well culture plates to increase assay throughput. Simi-
larly, while initial versions of the VMO platform were cum-
bersome to load in high-throughput numbers, this platform 
is now used in an optimized configuration that incorporates 
up to 16 individual VMO devices within a standard 96-well 
plate [97]. This design simplifies translation to outside labo-
ratories and interfacing with existing microscope and plate 
reader infrastructure. Of all the assays described in this sec-
tion, retinal explants are most adversely affected by delays 
between initial dissection, mounting, and plating of tissue 
samples. This inherently limits the number of animals that 
can be dissected at once and, for now, limits the number of 
retinas that can be screened simultaneously.

4.3  Concluding remarks

Vascular morphogenesis requires the interaction 
between several cell types and their surrounding, 3D 
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microenvironment. The 3D vascular morphogenesis mod-
els described here provide unique in vitro culture systems 
that recapitulate this complex multi-step process. At the 
same time, the simplicity and consistency of these assays 
compared to in vivo models allow them to be conducted 
in a high-throughput fashion. Finally, the use of human 
cells in these assays improves the clinical relevance of such 
models, making them readily amenable to drug discovery 
applications.

5  Aortic ring assay

Explants of rat or mouse aorta have the capacity to sprout 
and form branching microvessels ex vivo when embedded 
in gels of ECM. Angiogenesis in this system is driven by 
endogenous growth factors released by the aorta and its out-
growth in response to the injury of the dissection procedure. 
This property of the aortic wall was first described in the 
early 1980s [98] and led to the development of the aortic 
ring assay [99], which is now widely used to study basic 
mechanisms of angiogenesis and test the efficacy of pro-
angiogenic or anti-angiogenic compounds [100].

5.1  Benefits and strengths of the aortic ring assay

The aortic ring assay offers many advantages over exist-
ing models of angiogenesis. Unlike isolated EC, the native 
endothelium of the aortic explants has not been modified by 
repeated passages in culture and retains its original proper-
ties. The angiogenic response can be inhibited or stimulated 
with angiogenic regulators and analyzed by molecular or 
immunochemical methods without the confounding effects 
of serum (Fig. 3a, b). Angiogenic sprouting occurs in the 
presence of pericytes, macrophages, and fibroblasts, as seen 
during wound healing in vivo [100]. The ultrastructure of 
neovessels at different stages of development can be evalu-
ated by electron microscopy (Fig. 3c). The different cell 
types can be identified with specific cell markers by immu-
nostaining whole-mount preparations [101] of the aortic 
cultures (Fig. 3d–g). Many assays can be prepared from the 
thoracic aorta of a single animal (approx. 20–25 cultures/rat 
aorta; approx. 10–15 cultures/mouse aorta). The angiogenic 
response can be quantitated over time, generating curves of 
microvascular growth. Aortic cultures can be used to study 
mechanisms of vascular regression, which typically follows 
the aortic angiogenic response as seen during reactive angio-
genesis in vivo. Aortic rings transduced with viral constructs 
or obtained from genetically modified mice can be used to 
study the role of specific gene products in the regulation of 
the angiogenic response [100].

Recently, rat aortic ring assay was adapted to human 
arteries by using matrigel as 3D hydrogel [102].

5.2  Assay overview

A detailed description of the aortic ring assay protocol is 
available in previous reports [103, 104]. We provide here a 
summary of key steps for the preparation of the assay. Aortic 
rings are prepared from the thoracic aorta of 1–2-month-old 
rats or mice. After excision from the animal, the aorta is 
transferred to a Felsen dish containing serum-free Endothe-
lial Basal Medium (EBM). Under a dissecting microscope, 
the aorta is cleaned of blood and fibroadipose tissue using 
Noyes scissors and microdissection forceps. Care is taken 
not to stretch, cut, or crush the aortic wall during the isola-
tion and dissection procedures. As the dissection progresses, 
the aorta is rinsed in the four compartments of the Felsen 
dish. Using a scalpel blade, the aortic tube is then cross-
sectioned into 0.5–1-mm-long rings. The most proximal 
and distal rings which may have been damaged during the 
dissection procedure are discarded. The remaining rings 
are washed through sequential transfers into eight consecu-
tive baths of serum-free medium, using compartmentalized 
Felsen dishes. Aortic rings are then embedded individually 
into thin collagen, fibrin, or basement membrane gels as 
described. Once the gel has set, 500 μl of serum-free EBM 
is added to each culture. Each experimental group comprises 
quadruplicate cultures in four-well NUNC dishes. Aortic 
ring cultures are incubated in a humidified  CO2 incubator at 
37 °C for 7–21 days.

5.3  Quantitative analysis of angiogenesis in aortic 
cultures

The angiogenic response of the rat (or mouse) aorta can be 
quantitated by visual counts or by computer-assisted imag-
ing. For visual counts, cultures are examined every 2–3 days 
and scored for angiogenic sprouting by using an inverted 
microscope with bright-field optics equipped with 4× to 10× 
objectives and a 10× eyepiece. Angiogenesis is scored by 
counting microvessel sprouts, branches, and loops accord-
ing to previously published criteria [99]. Aortic outgrowths 
can also be quantified by image analysis using low power 
images of the cultures thresholded to highlight the vascular 
outgrowths [105–108]. Standard statistical methods are used 
to analyze data and determine levels of significance between 
control and treated cultures. An internal control group with 
untreated aortic rings must be included in each experiment 
to mitigate the effect of possible interassay variability.

5.4  Critical points

For this assay, we recommend using the thoracic aorta 
because of its uniform size and intercostal artery branching 
pattern. The abdominal artery can also be used, but its vari-
able pattern of collaterals and tapering lumen may introduce 



Angiogenesis 

1 3

variability in the angiogenic response. Injury to the aortic 
endothelium may be an additional cause of uneven sprouting 
from different rings. Therefore, special care must be taken 
not to damage the aorta by stretching or letting it dry dur-
ing the isolation and dissection procedures. Dissection of 
the aorta and preparation of the aortic ring cultures are best 
performed in a tissue culture room with HEPA-filtered air to 
avoid microbial contamination. Best results with this assay 
are obtained using interstitial collagen or fibrin gels. Col-
lagen can be produced in-house, as described [103, 104], 
or purchased from commercial sources [109]. Fibrinogen 
and thrombin for the fibrin gel are commercially available. 
Matrigel, a basement membrane-like matrix of tumor origin, 
can also be used [110]. Matrigel cultures, however, require 

growth factor supplements due to the limited ability of the 
aortic rings to sprout spontaneously in this dense matrix. The 
growth medium used for the assay should be optimized for 
the growth of EC in the absence of serum. Optimal results 
in collagen and fibrin cultures can be obtained with EBM. 
When preparing individual collagen gel cultures, given the 
small volume of gel (20–30 µl), it is important to remove 
excess growth medium from the aortic rings when they are 
transferred into the collagen, fibrinogen, or Matrigel solu-
tion. This is accomplished by gently streaking the aortic ring 
onto the bottom of the culture dish while holding it from the 
adventitial side with microdissection forceps. When work-
ing with fibrin gels, which set rapidly, no more than four 
cultures at a time should be prepared, to avoid disrupting 

Fig. 3  Aortic ring assay of 
angiogenesis. a Serum-free 
collagen gel culture of rat aorta 
(asterisk) photographed at day 
6 (microvessels marked by 
arrowheads). b Aortic culture 
treated with VEGF (5 ng/ml) 
shows increased number of 
microvessels (day 6). c Electron 
micrograph of aorta-derived 
microvessel with polarized 
endothelium (E), patent lumen 
(L), and surrounding pericytes 
(P); endothelial tight junc-
tions are marked by arrows. d 
Phase-contrast micrograph of 
microvessel composed of an 
inner core of endothelial cells 
and surrounding pericytes 
(white arrowheads). e Pericytes 
highlighted with immunoperox-
idase stain for NG2. f Immuno-
fluorescent image of aorta-
derived macrophages stained 
for CD45; an isolectin B4 
(IB4)-stained endothelial sprout 
is visible in the background. g 
Confocal image of microvessel 
double stained for endothelial 
cells (IB4) and pericytes (alpha 
smooth muscle actin, αSMA). 
Magnification bars = 500 μm (a, 
b), 5 μm (c), 50 μm (d–g)
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the developing gel while positioning each ring. In addition, 
for fibrin cultures, the culture medium should include a plas-
min inhibitor such as epsilon aminocaproic acid to inhibit 
fibrinolysis by the aortic rings, which would rapidly destroy 
the matrix needed for EC to sprout.

The rat aortic ring assay is robust and very reproducible 
when performed by an experienced operator. The mouse aor-
tic ring assay is more variable than the rat aortic ring assay, 
likely because of the small size of the rings. For this reason, 
at least twice as many aortic rings should be used for this 
assay. Miniaturization of the assay using IBIDI microcham-
bers [104] and a smaller volume of growth medium (50 µl) 
are recommended for the mouse aortic ring assay to ensure 
spontaneous sprouting under serum-free conditions [104]. In 
all cases, experiments should be repeated 2–3 times to obtain 
sufficient number of data points for statistical analysis. The 
growth medium can be replaced on a regular basis (3 times/
week) or left unchanged for the duration of the experiment. 
If the medium is not replaced with fresh medium, the angio-
genesis response and the stability of neovessels are enhanced 
due to accumulation of endogenous growth factors in the 
system. For immunohistochemical evaluation of the aortic 
cultures, biomatrix gels should not exceed 20–30 µl and 
should be well spread as a thin wafer around each ring. For-
malin fixation should be limited to 10 min to avoid excessive 
cross-linking of proteins. In addition, overnight incubation 
may be needed for optimal penetration of the primary anti-
body into the gel.

5.5  Limitations and challenges

The main limitation of the aortic ring assay is the lack of 
blood flow, particularly for angiogenesis-related genes that 
are regulated by mechanochemical mechanisms. An addi-
tional potential limitation is the source of angiogenic ECs, 
which are arterial and not venous, as neovessels in vivo 
primarily sprout from postcapillary venules. Many studies 
performed with this assay, however, have shown good cor-
relation of results obtained with the aortic ring assay and 
in vivo models of angiogenesis. If needed, the aortic ring 
assay methodology can be applied to veins as reported [89]. 
Some investigators have described variability of the angio-
genic response in different aortic cultures. This is due to the 
delicate nature of the endothelium, which can be damaged 
because of inadequate handling of the aorta or the aortic 
rings, drying of the explants, or their excessive exposure to 
alkaline pH. Suboptimal preparation of the gels resulting in 
a defective matrix scaffold can also result in a poor angio-
genic response. In addition, the age and genetic background 
of the animal significantly affect the capacity of the aortic 
rings to sprout spontaneously or in response to angiogenic 
factors. Aortic outgrowths in Matrigel are much denser than 
in collagen and fibrin and more difficult to quantitate by 

visual counts due to the intricate branching pattern of the 
endothelial sprouts and the tendency of mesenchymal cells 
to arrange in confounding networks, which mimic angio-
genic sprouts. Immunostaining of the aortic outgrowths 
with endothelial markers followed by image analysis may 
overcome this limitation. For quantitative analysis of the 
angiogenic response, the visual count method (described in 
detail in Ref. [104]), becomes challenging when cultures 
stimulated by growth factors produce 250–300 or more ves-
sels. Since the outgrowths of rings oriented with the lumi-
nal axis parallel to the bottom of the culture dish (recom-
mended orientation) are typically symmetrical, angiogenesis 
in these cases can be quantified by counting the number 
of microvessels in half of each culture and then doubling 
the score. Alternatively, these cultures can be measured by 
image analysis [105–108]. Finally, for the whole-mount 
immunohistochemical stain, gel thinness is critical for opti-
mal antibody penetration.

5.6  Concluding Remarks

Many of the molecular mechanisms orchestrating angiogen-
esis have been discovered, but many others remain to be 
identified, studied, and evaluated as targets for the devel-
opment of new therapies. The aortic ring assay reproduces 
ex vivo cellular and molecular mechanisms that are essential 
for the regulation of the angiogenic process. As such, this 
assay provides an invaluable platform to test new hypotheses 
and analyze the efficacy of the next generation of angiogen-
esis-targeting drugs.

6  Tumor microvessel density 
and histopathological growth patterns 
in tumors

Microvessel density (MVD) is often regarded as a surro-
gate marker of angiogenesis in tumors. Angiogenic tumors 
contain areas with a high concentration of new but inef-
ficient blood vessels, which have sprouted from existing 
vessels and are often arranged in a tortuous, glomeruloid 
tangle. In addition, to these “hot spots,” angiogenic tumors 
also contain areas of low blood vessel numbers. Weidner 
developed a method to assess MVD in vascular hot spots 
using pan-endothelial immunohistochemical (IHC) labe-
ling assays, using lectins such as WGA, Ulex Europaeus, or 
antibodies against CD31, CD34, and von Willebrand fac-
tor and less often VE-cadherin, αvβ3 integrin, CD105, or 
type IV collagen [111]. Vascular hot spots are identified by 
light microscopy at low power magnification by scanning 
the entire stained tumor section. Individual microvessels are 
then counted at high power magnification in these regions. 
As an alternative, microvessels can be counted in regions 
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defined by systematic uniform random sampling (SURS) 
[112]. These IHC staining assays are robust, fast, and easy 
to perform and to automate. Although results in individual 
studies are highly variable, meta-analyses have confirmed 
the prognostic value of MVD, for example in breast cancer 
[113] and isolated reports support the predictive value of 
MVD for anti-VEGF treatment [114, 115]. However, the 
inter-observer variability of the vessel counting algorithm 
presents a significant barrier to the use of MVD as a bio-
marker [116]. Inter-observer variability can be reduced by 
applying strict counting rules and by consensus training of 
individual observers [112].

Although the importance of angiogenesis to tumor biol-
ogy is well-established, multiple observations that primary 
and metastatic tumors develop and progress in the absence of 
angiogenesis suggest that other mechanisms are frequently 
involved in tumor vascularization [117]. This represents 
a challenge to Folkman’s hypothesis that the growth of a 
tumor is only possible when accompanied by angiogenesis 
[118]. Moreover, MVD cannot distinguish angiogenic and 
non-angiogenic tumors. In addition to the high numbers of 
blood vessels in angiogenic tumor hot spots, high MVD is 
indeed also observed in non-angiogenic tumors which have 
co-opted vessels in organs with extensive microvasculature, 
such as the liver and the lungs [117]. The differentiation 
of angiogenic and non-angiogenic tumors is, therefore, not 
related to the absolute number of vessels per surface area but 
to the growth pattern of a tumor.

6.1  Histopathological growth patterns

Histopathological growth patterns (HGPs) are defined 
according to the morphological characteristics of the tumor 
at the interface with the surrounding normal tissue. HGPs 
are identified by light microscopy in standard hematoxylin-
and-eosin stained tissue sections, and distinct HGPs have 
been described for tumors that grow in the lung, liver, skin, 
brain, and lymph node [117]. Recently, international consen-
sus guidelines for scoring these HGPs have been described 
[119, 120]. One of the important differences in the biology 
of tumors with specific HGPs is their means of vasculariza-
tion. Liver metastases may present with one of two com-
mon HGPs, replacement or desmoplastic. In the replacement 
HGP, cancer cells “replace” the hepatocytes while co-opting 
the sinusoidal blood vessels at the tumor–liver interface. 
Patients with colorectal cancer (CRC) liver metastases with a 
replacement HGP respond poorly to the anti-VEGF-A treat-
ment, bevacizumab, likely because these tumors utilize ves-
sel co-option instead of angiogenesis [119]. By contrast, in 
desmoplastic liver metastases, the cancer cells are separated 
from the liver by a rim of desmoplastic tissue in which new 
blood vessels are formed by sprouting angiogenesis. Des-
moplastic CRC liver metastases showed a better response 

to bevacizumab [119]. Taken together, these observations 
strongly suggest that HGPs can be used to guide the choice 
of treatment for individual patients with liver metastases.

Across studies, approximately 50% of patients with CRC 
liver metastases present with a predominant replacement 
growth pattern and this proportion extend to 95% when 
patients with breast cancer liver metastases are considered 
[119, 120]. This clearly demonstrates that non-angiogenic 
tumor growth is not a rare phenotype. The same applies to 
primary lung carcinomas and lung metastases for which 
angiogenic and non-angiogenic HGPs have also been 
described [121, 122]. In the non-angiogenic, alveolar HGP, 
cancer cells fill the alveolar spaces and incorporate the capil-
lary blood vessels of the alveolar walls. Approximately, 40% 
of the lung metastases from clear cell renal cell carcinoma 
(ccRCC) present with a non-angiogenic HGP despite the fact 
that nearly all primary ccRCC relies on sprouting angiogen-
esis, driven by loss of VHL protein function [122].

The prevalence of non-angiogenic tumors and their 
resistance to anti-VEGF treatment require the identification 
of a biomarker that accurately reflects this type of tumor 
growth. HGPs constitute a good candidate biomarker. The 
vascular pattern in a tumor section immunostained with pan-
endothelial antibodies and the use of antibodies that mark 
EC participating in sprouting angiogenesis are other poten-
tial histopathological methods to distinguish non-angiogenic 
from angiogenic tumors. Indeed, when the number of hot 
spots is determined by nearest neighbor analysis in whole-
slide digital images of liver metastasis tissue sections stained 
for CD31, the non-angiogenic, replacement-type metasta-
ses clearly resemble normal liver tissue. This contrasts with 
angiogenic, desmoplastic liver metastases, which show a sig-
nificantly higher number of vascular hot spots than normal 
liver tissue and their non-angiogenic counterparts (Fig. 4).

Several groups have identified “tumor endothelial mark-
ers” or TEMs [123–125]. These are proteins that are selec-
tively upregulated on tumor endothelium compared to nor-
mal endothelium. Tumor angiogenesis meta-signatures have 
been generated using gene expression data of several tumor 
types by using “seeds” of transcripts, which were known to 
participate in angiogenesis and to be expressed by EC. The 
resulting set of EC/angiogenesis-related transcripts that cor-
related with these seeds was then purified by selecting genes 
that were modulated in response to anti-angiogenic treatment 
[126]. Interestingly, several of the top ranking genes in this 
signature have been confirmed as TEM by other independent 
teams [127]. Although we do not currently know whether 
TEMs are expressed equally on both angiogenic tumor ves-
sels and co-opted vessels in tumors, it will be intriguing to 
assess the expression of these genes, for example ELTD1, 
CLEC14a, and ROBO4 in the vasculature of replacement 
versus desmoplastic liver metastases. In primary and sec-
ondary non-angiogenic human lung tumors, only preexisting 
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vessels, with an LH39-positive basal membrane and weak 
or absent αvβ3 integrin, and arising from the alveolar septa 
entrapped by the neoplastic cells, were observed [128].

The HGP is not a static phenotype: Systemic treatment of 
patients with CRC liver metastases can alter the HGP [119]. 
The fact that the HGPs can change in response to treatment 
reflects the dynamic nature of tumor vascularization driven 
by either angiogenesis or vessel co-option. This illustrates 
the necessity for longitudinal assessment of vascularization 
mechanisms in tumors during treatment and follow-up of 
individual patients. In order to achieve this, the histopatho-
logical evaluations of the tumor vasculature as described 
here must be supplemented by medical imaging techniques 
and/or assays, which utilize small biopsies, circulating 
tumor cells, endothelial cells, or circulating tumor deriva-
tives. Moreover, the importance of an accurate biomarker 
of ongoing sprouting angiogenesis or non-angiogenic vessel 
co-option is corroborated by the extensively documented 

and strong link between angiogenesis and immune sup-
pression [129–131] and the surge of clinical studies that 
combine anti-VEGF and immunotherapy strategies [132]. 
In this regard, studies suggested that interactions between 
endogenous galectins and glycans may link tumor immu-
nosuppression and angiogenesis, conferring resistance to 
anti-VEGF treatment [133].

6.2  Concluding remarks

Although the assessment of MVD has a prognostic value 
in many different tumor types, this parameter cannot distin-
guish angiogenic and non-angiogenic processes of vascu-
larization. However, the histopathological growth patterns 
of, for example, lung and liver tumors accurately reflect the 
means of vascularization, being sprouting angiogenesis or 
non-angiogenic co-option of existing blood vessels. We 
therefore propose to determine both the HGP and MVD 
when studying the vascularization of tumors. In addition, 
noninvasive surrogate markers of the HGP should be devel-
oped, for example medical imaging parameters, and these 
markers should be integrated in clinical oncology trials.

7  Assessment of intussusceptive 
angiogenesis

Angiogenesis is the de novo formation of blood vessels and 
can follow either a sprouting or a non-sprouting course. 
One important non-sprouting mechanism is intussuscep-
tion (growth within itself; known also as vascular splitting). 
Although both sprouting and intussusception lead to an 
expansion of the capillary network, the processes involve 
different cellular mechanisms, which are presumably regu-
lated by different molecules. Sprouting angiogenesis (SA) 
is characterized mainly by local vasodilatation, increased 
vascular permeability, and cell proliferation. It is initiated by 
proteolytic degradation of the basement membrane, which 
is followed by migration of proliferating EC into the ECM. 
The sprouts reorganize internally to form a vascular lumen 
and to finally connect to other capillary segments [134]. 
Intussusceptive angiogenesis proceeds through translumi-
nal tissue pillar formation and subsequent vascular splitting. 
The direction taken by the pillars delineates intussusceptive 
angiogenesis into its overt variants, namely: (1) intussuscep-
tive microvascular growth (expansion of capillary surface 
area), (2) intussusceptive arborization (remodeling of the 
disorganized vascular meshwork into the typical tree-like 
arrangement), and (3) intussusceptive branching remodeling 
(optimization of local vascular branching geometry), includ-
ing intussusceptive vascular pruning. It has been shown 
that intussusceptive angiogenesis takes place not only dur-
ing physiological processes, but also under pathological 

Fig. 4  Microvessel density and histopathological growth patterns. a 
Unsupervised spatial modeling of the blood vessel pattern in normal 
liver shows a low number of clusters per number of vessel profiles. 
A selected region of interest (ROI) at the tumor–liver interface of 
normal liver in CD31-stained tissue is shown (left). The Blood Ves-
sel Analysis algorithm of Definiens™ segments and classifies blood 
vessel objects (orange) and nuclei (blue) (mid). The Cartesian coordi-
nates (x, y) of the centroids of all vessel objects in one ROI were used 
in a simplified “SeedLink” clustering method [646] (right). Centroids 
with the same color (e.g., red) belong to the same cluster. b Unsuper-
vised spatial modeling of the blood vessel pattern in a colorectal can-
cer liver metastasis with a replacement growth pattern shows a low 
number of clusters per number of vessel profiles. A selected region 
of interest (ROI) at the tumor–liver interface of replacement growth 
pattern in CD31-stained tissue is shown (left). The Blood Vessel 
Analysis algorithm of Definiens™ segments and classifies blood ves-
sel objects (red) and nuclei (blue) (mid). The Cartesian coordinates 
(x, y) of the centroids of all vessel objects in one ROI were used in 
a simplified “SeedLink” clustering method [646] (right). Centroids 
with the same color (e.g. red) belong to the same cluster. c Unsuper-
vised spatial modeling of the blood vessel pattern in a colorectal can-
cer liver metastasis with a desmoplastic growth pattern shows a high 
number of clusters per number of vessel profiles. A selected region 
of interest (ROI) at the tumor–liver interface of desmoplastic growth 
pattern in CD31-stained tissue is shown (left). The Blood Vessel 
Analysis algorithm of Definiens™ segments and classifies blood ves-
sel objects (red) and nuclei (blue) (mid). The Cartesian coordinates 
(x, y) of the centroids of all vessel objects in one ROI were used in 
a simplified “SeedLink” clustering method [646] (right). Centroids 
with the same color (e.g., red) belong to the same cluster. d Tukey 
boxplots of the normalized number of clusters of blood vessel objects 
for the desmoplastic growth pattern, the replacement growth pat-
tern, and normal liver. There was a statistically significant difference 
between the growth patterns as determined by one-way ANOVA 
[F(2,22) = 10.8, p < 0.001]. A post hoc Tukey test showed that the 
number of clusters divided by number of vessel objects was signifi-
cantly different between the desmoplastic growth pattern and the 
replacement growth pattern (p < 0.05, ‡), but also between the des-
moplastic growth pattern and normal liver (p < 0.001,‡). However, 
no difference was found between the replacement growth pattern and 
normal liver (p > 0.05). Outliers are plotted as points (·) and extreme 
values are plotted as asterisks (*)

◂
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conditions including tumor growth, colitis, and in neurode-
generative disease, among others [135]. Although the mor-
phological facets of intussusceptive angiogenesis as well as 
molecular mechanisms of sprouting are well described, the 
exact cellular and molecular mechanism of intussusceptive 
angiogenesis is not yet characterized.

7.1  The concept of intussusception 
and the methodological challenge

The concept of intussusceptive angiogenesis was first 
described within the rapidly expanding pulmonary capil-
lary bed of neonatal rats [136]. Morphological investiga-
tions during the last three decades have indicated that the 
transluminal pillars arise into the vessel lumen according to 
the four consecutive steps in pillar formation postulated by 
Burri et al. in 1990: (1) creation of a zone of contact between 
the opposing sides of the capillary wall; (2) reorganization of 
the junctions between endothelial cells in the contact zone, 
resulting in central perforation of the bilayer; (3) forma-
tion of an interstitial pillar core, which is invaded first by 
the cytoplasmic processes of myofibroblasts and pericytes, 
and then by collagen fibrils; and (4) the pillars expand in 
girth (≥ 2.5 μm) and transform into a capillary mesh. The 
described model with the four consecutive steps is based 
mainly on transmission and scanning electron microscopy 
methods (scanning or transmission electron microscopy), 
and these techniques do not allow dynamical observation of 
the pillar formation, fusion, and vascular splitting over time.

7.2  Limitations and challenges

Intussusceptive angiogenesis is spatially quite a complex 
process, and it is not possible to document it on isolated sec-
tions. To overcome this limitation and maintain high resolu-
tion, a 3D reconstruction based on serial ultrathin sections 
was reported for the first time in year 2000 [137]. This is a 
very laborious approach feasible only in specialized labora-
tories. Even with significant expertise, only limited numbers 
of pillars as a qualitative and descriptive illustration can be 
visualized. A new technique is now available that makes 
such task much more feasible—serial block face 3D imag-
ing. With this new technique, exact morphological informa-
tion on relatively big sample volumes (1 × 1 × 1 mm) within 
a short time can be acquired: For example, the scanning of 
a block the size of one zebrafish embryo would take around 
1 day and would provide a 3D scan of the complete embryo 
at ultrastructural level. Using the standard approaches, it 
would have taken weeks, if not months. Moreover, the out-
come from 3View is of much better quality and without loss 
of information (slices). This technique enables a quantum 
leap forward in 3D morphological studies [138].

Vascular casting has been extensively used to demon-
strate intussusceptive angiogenesis in 3D. The methodology 
is based on creating a vascular replica of the microvascula-
ture. As casting media Methylmethacrylate (Mercox, Japan 
Vilene) or PU 4ii (VasQtec, Switzerland) is used [137]. A 
few hours after perfusion, the organs are excised and trans-
ferred to 15% KOH for 2–4 weeks for dissolving the tissue. 
After washing, the casts are dehydrated in a graded series of 
increasing ethanol concentrations and dried in a vacuum des-
iccator. They are then examined using SEM. A new power-
ful methodology employing polymer-based contrast agent in 
combination with micro-computed tomography (micro-CT) 
has been reported recently [139]. Both casting and micro-CT 
are very useful for evaluation of large samples, for example 
entire mouse organs and in a subsequent step to “zoom” in 
on the area of interest. The vascular casting combined with 
scanning electron microscope has the potential to demon-
strate greatest morphological details (Fig. 5a). The micro-
CT does not provide a high level of resolution, but is very 
rapid and the epitopes are not destroyed and can be used for 
further morphological investigations [139].

Dynamic in vivo observation of the pillar formation and 
subsequent vascular splitting over time is feasible employ-
ing conventional fluorescence microscopy, stereomicros-
copy, and laser scanning microscopy (Fig. 5b). The latter 
methodologies are widespread, but often cause partially 
severe, phototoxic artefacts. Zebrafish lines with uniform 
cytosolic expression of the respective fluorescent proteins 
such as Tg(Fli1a:eGFP)//Tg(Gata1:dsRed) represent a use-
ful model for dynamic observation of vascular splitting 
and blood flow (Circulating erythrocytes). Zebrafish lines 
with uniform cytosolic expression of the respective fluo-
rescent proteins can be used, for example Tg(Fli1a:eGFP)//
Tg(Gata1:dsRed). The embryos are mounted in low-melting 
agarose in the presence of phenylthiourea and can be moni-
tored for 16–20 h. To reduce phototoxicity, imaging should 
be performed with laser scanning microscopes with a long 
working distance, using a heated chamber, fast scanning 
(less than 1 µs pixel time), lowest possible laser power (in 
a range of few percentages depending on the microscope), 
and time steps of 10–15 min. Such a dense time pattern is 
necessary to record the dynamic cellular alterations of pil-
lar formation and splitting. Using these settings, no signs of 
photobleaching or phototoxicity (membrane blebbing, cell 
apoptosis) have been observed.

7.3  Concluding remarks

Due to its 3D complexity, intussusceptive angiogenesis 
can only be properly investigated by a combined methodo-
logical approach. Matching the dynamic cellular changes 
in capillaries obtained with in vivo time-lapse studies with 
morphological data from light microscopy level up to the 
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ultrastructural level by transmission electron microscope 
can provide complex and detailed information (Fig. 5b–d). 
The sites of interest should be documented first by intravi-
tal microscopy as described above. After the in vivo docu-
mentation, the area of interest can be harvested, fixed, and 
processed either for paraffin sectioning and LM with immu-
nohistochemistry or alternatively for serial semi-thin sec-
tioning and 3D analyses using, for example, Imaris Software. 
To obtain a deeper insight into the morphological substrate 
and tissue components involved in the process, the same 
tissue should be processed for transmission electron micro-
scope (Fig. 5).

8  In vivo sprouting lymphangiogenic 
assay and AAV‑mediated gene transfer 
of vascular endothelial growth factor c 
(VEGFC)

The lymphatic system plays a key role in the body in main-
taining tissue fluid homeostasis, in lipid absorption, and in 
immune cell trafficking. In some life-threatening diseases, 
such as cancer, lymphangiogenesis, the formation of new 
lymphatic vessels, contributes to disease progression. By 
contrast, inherited or acquired insufficiency of lymphatic 
vessel development results in various forms of lymphedema 
[140, 141]. The most important receptor signal transduction 
system guiding lymphatic growth is the VEGF-C/VEGFR-3 
system. Increasing tissue concentration of VEGF-C by trans-
genic overexpression or viral gene delivery system leads to 
lymphatic overgrowth [142, 143]. By contrast, overexpres-
sion of soluble VEGFR-3 extracellular domain leads to 
suppression of lymphatic vessel growth in cancer models 
[144]. Thus, stimulation or suppression of lymphatic ves-
sel growth in experimental animals and in human patients 
can be the ultimate way to improve or inhibit lymphatic 
function. In this section, a description is provided of two 
in vivo techniques that allow studying the lymphangiogenic 

Fig. 5  Intussusceptive angiogenesis—the methodological chal-
lenge. a Scanning electron microscopy image of transluminar pil-
lars. Early stage is characterized by tinny pillar (arrow), formed 
mainly by endothelial protrusions coming from the opposing EC. At 
later stages, the pillar (arrowhead) is increasing in girth and its core 
is invaded by perivascular cells, fibroblasts, and fibers (visible in the 
lower disrupted part of the pillar). Lumen of the vessel is marked 
with asterisks. Adapted from [647]. b Dynamic in  vivo observation 
of the regenerating zebrafish fin vasculature demonstrated a newly 
formed pillar (rectangle). c Three-dimensional reconstruction based 
on serial semi-thin sections from the same area depicted in b, d trans-
mission electron micrograph demonstrates the transluminal tissue pil-
lars (rectangle in b, c) at ultrastructural level. Black asterisk indicates 
the core of the pillar, while arrowhead pointed to cell–cell contacts 
between the endothelial cells (EC). Er erythrocyte, Col collagen fib-
ers. Adapted from [648]
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process. One is called the ear sponge assay, and the other 
one describes viral gene delivery techniques to achieve the 
same goals. Several viral gene delivery vectors are known 
to date, such as adenovirus, adeno-associated virus (AAV), 
lenti/retrovirus, and baculovirus. Here, we describe as an 
example, the use of AAV for the transfer and analysis of 
lymphatic vascular growth factors.

8.1  Description of the ear sponge assay and AAV 
generation/tissue transduction

In this model, sprouting lymphangiogenesis is reproduced 
in a complex in vivo microenvironment. This application 
is based on the use of a biomaterial, gelatin sponge that is 
inserted in the mouse ear to develop a large lymphatic net-
work [145]. The gelatin sponge is cut into pieces of about 
3 mm3, which are transferred in a 96-well plate (one sponge 
piece per well) for pre-treatment (Fig. 6a). The sponge can 
be soaked with tumor cells, cell-conditioned medium, lym-
phangiogenic growth factors or inhibitors. Cell suspension 
or compound solution (20 µl) is seeded on the top of the 
sponge. The plate is incubated at 37 °C, for 30 min, to allow 
the diffusion of the solution into the biomaterial. Sponges 
are next embedded in a type I collagen solution (7.5 vol-
umes of interstitial type I collagen solution, 1 volume of 
10 × Hanks’ balanced salt solution, 1.5 volume of 186 mM 
NaHCO3, pH adjusted at 7.4 with a 1 M NaOH solution) and 
placed in a new well for 30 min to allow collagen polymeri-
zation. For sponge implantation into mice, a small incision 
is made in the basal, external, and central parts of the mouse 

ear. Ear skin layers are slowly detached with forceps to make 
a hole for sponge insertion, which is then suture shut. Mice 
are killed at different time points (2–4 weeks post-sponge 
implantation) to evaluate lymphangiogenesis in the sponge 
and lymph nodes (Fig. 6a–c).

Preparation of the recombinant AAV encoding VEGF-C 
or VEGF-D of mouse origin starts from the cloning of the 
ORF into the special AAV plasmid vector, which possesses 
flanking sequences 5′ and 3′ Inverted Terminal Repeats 
(ITRs) (Fig. 6d). Such vectors can be obtained from com-
mercial sources, for example from Addgene (www.addge 
ne.com). Next, the AAV plasmid vector is used to generate 
AAV particles by transfecting the plasmid into the host cell 
lines derived from embryonic human kidney 293 cells. We 
suggest using three-plasmid transfection system, in which 
AAV and adenovirus helper genes are administered into 
239T cells together with the VEGF-C/VEGF-D encoding 
AAV vector plasmid by simultaneous transfection. 293T 
cells are seeded at an initial density of 7.7–106 cells/145 
 cm2plate. When reaching cell confluency level of 70–80%, 
cells are transfected with three plasmids (gene encoding one 
and the two are the helper plasmids) (1:1:1 molar ratio). The 
AAV accumulating inside the cells are released from the 
cells by three consecutive freeze/thaw cycles using liquid 
nitrogen and + 37 °C water bath, respectively. AAV particles 
are then purified and concentrated by ultracentrifugation. It 
is important to run a functional test to assess the ability of 
the AAV particles to transduce mammalian cells and drive 
expression of transgenic proteins. This can be done by trans-
fecting cultured 293T cells and determining the expression 
of a transgene by any suitable method, such as Western blot-
ting, ELISA, or fluorescent microscopy in case of fluorescent 
proteins.

For the treatment of skeletal muscle (tibialis anterior, t.a., 
in mice), the volume of the AAV solution should be kept to a 
minimum and should not exceed 50 µl/t.a. for the adult mice 
of ≥ 7–8 weeks old. The AAV dose (concentration of AAV 
particles in the injected volume) for a single injection is sub-
ject to thorough consideration, taking into account various 
factors, such as susceptibility for AAV transduction in a cer-
tain tissue, biological activity and toxicity of the transgene, 
half-life of the transgenic protein in free circulation or in a 
tissue. Gelatin sponge transplantation and injection of AAV 
solutions are performed under either isoflurane or liquid 
(ketamine/xylazin) anesthesia. Transgene expression starts 
soon after the treatment and becomes detectable in 1–2 days, 
increases until it reaches the plateau (in 5–7 days), and can 
slightly decline later on, but never shuts down completely.

Fig. 6  Stimulation of lymphatic and blood vessel growth in  vivo. 
a–c Preparation of gelatin sponges for lymphangiogenic assay. a 
Small pieces of gelatin sponge are detailed with a puncher before 
to be soaked with tumor cells or a compound. Prepared sponges 
are inserted in mouse ear between the two skin layers. b, c Immu-
nohistochemical analysis of sponges (b) and sentinel lymph node (c) 
resected from mouse with control sponge (PBS or medium without 
growth factor) or from mouse with sponge imbedded with growth 
factor. Lyve-1 (lymphatic endothelial cell marker) is stained in green, 
and CD-31 (blood endothelial cell marker) is stained in red. Sponges 
soaked with growth factor showed higher lymphangiogenesis and 
angiogenesis compared to control sponge. Scale bar in b, c—250 µm. 
d–f Preparation of AAV and transduction of skeletal muscle. d Sche-
matic representation of different VEGF-C and VEGF-D isoforms, 
produced by step-by-step proteolysis, and general AAV production 
and usage protocol. e Immunohistochemical analysis of t.a. mus-
cle transduced with AAV8 encoding VEGF-C-ΔNΔC or VEGF-D-
ΔNΔC. Tibialis anterior muscles of C57BL/6 J male mice (8 weeks 
old) were injected with  109 AAV8 particles in 30 µl of PBS, and the 
mice were euthanized 2  weeks later. T.a. muscle samples were iso-
lated and analyzed immunohistochemically for the indicated markers. 
HSA human serum albumin. f Analysis of the functionality of lym-
phatic vessels. Lectin (from Lycopersicon esculentum), conjugated 
with FITC (FITC-lectin) was injected to the distal part of t.a. muscle. 
After 45 min, the mice were euthanized and t.a. muscle was isolated, 
fixed, and stained for Prox1. Lectin is visualized by FITC. Scale bar 
in e, f—50 µm

◂
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8.2  Applications, benefits, and strengths 
of the assay: analysis of lymphangiogenesis 
and angiogenesis

Lymphatic vessels are visualized by immunohistochemi-
cal staining using antibodies against, for example LYVE1, 
Prox1, or VEGFR3, which are relatively specific for lym-
phatic EC (Fig. 6b, c, e, f). As the mouse ear displays also 
a high blood vessel density, especially after angiogenic 
stimulation, angiogenesis can be analyzed by using anti-
CD-31 antibody. In addition, lymphatic function prior to 
and after the AAV treatment can be studied in mice under 
anesthesia by injecting a lymphatic tracer [such as FITC-
lectin (FL-1171; Vector Laboratories)] to the distal part of 
the muscle as the tracer is taken up by the lymphatic vessels 
and carried by lymph flow. The moving front of the tracer 
can be observed and recorded and serves as a measurable 
parameter of the functional lymphatics. The tracer can be 
also visualized by immunohistochemical staining, combined 
with simultaneous co-staining for lymphatic endothelial 
marker(s) (Fig. 6e, f).

Lymphatic remodeling in sentinel lymph node The ear 
sponge assay applied with tumor cells mimics the early steps 
of cancer progression and the establishment of lymph node 
pre-metastatic niche [146, 147]. The collagen capsule pro-
vides a barrier that retains cells in the sponge. Lymphatic 
vessels present in the ear drain factors to lymph nodes lead-
ing to a remodeling of the lymphatic vasculature in the sen-
tinel lymph node prior to tumor cell arrival (Fig. 1c). Lymph 
node metastases are detected between 3 and 4 weeks post-
implantation (depending on tumor cell types and the number 
of cells used).

AAV gene delivery provides stable transduction Because 
of low immunogenicity, AAV itself does not provoke a 
strong immune response, in sharp contrast to in vivo trans-
duction with adenovirus, which activates the NF-KB path-
way. Unlike AAV, adenovirus gene delivery is accompanied 
by a significant immune response to the adenovirus-encoded 
proteins, resulting in the shutdown of transgene expression 
due to host immune attack. This feature of AAV allows long-
lasting tissue transduction in mice for up to 2 years. If the 
transgene delivered to the mice via an AAV vector encodes 
an isogenic murine protein, it does not provoke an immune 
response either. Although the purified transgenic proteins 
can also be used for in vivo treatment, their administration 
into the tissues usually produces an inferior effect due to the 
instability and fast dilution of the injected protein when it 
diffuses out from the site of injection. It should be noted that 
lymphangiogenic and angiogenic proteins must be present 
for a prolonged period of time to allow vessel formation 
and maturation of the newly formed vessels. Immature ves-
sels often formed after adenovirus-mediated gene delivery 
are unstable and prone to regress soon after the transgene 

expression ceases [148]. Multiple injections of the protein 
to the same tissue are not desirable due to the trauma caused 
by the injections.

Analysis of various forms of lymphangiogenic factors 
Various forms of VEGF-C or VEGF-D can be used includ-
ing immature (full-length) pro-VEGF-C/VEGF-D and 
mature VEGF-C/VEGF-D-ΔNΔC forms, which are natu-
rally produced during step-by-step proteolysis (Fig. 6d). 
Only mature forms VEGF-C/VEGF-D-ΔNΔC demonstrate 
full lymphangiogenic activity in vitro and in vivo, primarily 
due to higher affinity interactions with VEGFR-3. In nature, 
they are all expressed as immature pro-VEGF-C/VEGF-D, 
which then undergo step-by-step proteolysis producing fully 
active mature ΔNΔC forms. Thus, AAV-mediated expres-
sion of ΔNΔC form of VEGF-C or VEGF-D provides some-
what artificial stimulatory conditions for lymphatic vessel 
growth.

Lymphangiogenic factors can also stimulate blood vessel 
growth The mature forms of both VEGF-C and VEGF-D 
are able to bind to and stimulate not only VEGFR-3, but 
also VEGFR-2, although the affinity toward VEGFR-2 is 
significantly lower than VEGF-A (by a factor of 20–100). 
Blood vessel growth is induced when AAV-VEGF-C or 
AAV-VEGF-D is administered to the murine skeletal muscle 
[143], which has also been demonstrated in rabbit skeletal 
muscle transduced by recombinant adenoviruses [149]. The 
angiogenic effect of VEGF-C, however, can be decreased, 
while preserving full lymphangiogenic activity, by using 
a VEGF-C156S mutant form of the growth factor [150]; 
VEGF-C156S has a reduced binding affinity for VEGFR-2, 
while binding affinity to VEGFR-3 is largely unaltered.

8.3  Limitations and challenges

Sponge preparation Steps related to sponge preparation 
are critical for the reproducibility of the assay. The addi-
tion of a drop of 20 µl with cells or factors on the top of 
the sponge is better than an immersion of the sponge in the 
solution. Moreover, it is important to turn the sponge half-
way through the incubation period to allow homogenous 
diffusion in the biomaterial. Finally, the collagen capsule 
formation is a key step to allow sponge insertion between 
ear skin layers without cell or solution loss.

Control of transgene expression To date, broad usage 
of AAV-mediated overexpression of VEGF-C/VEGF-D 
(or VEGFR-3-Fc) in mice or in human patients in clinical 
practice is hindered by the inability to efficiently regulate 
transgene expression. When a lymphangiogenic effect is 
achieved, it would be desirable to shut off the expression 
of the transgene. Long-term overexpression of VEGF-C/
VEGF-D would lead to a heavily overgrown and unstruc-
tured lymphatic vasculature, which would be poorly 
functional. Blood vessels may also respond to long-term, 
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uncontrolled VEGF-C/VEGF-D overexpression by over-
growth and increased leakiness. Currently existing ON/OFF 
switch systems, such as under tetracycline regulation, are 
either inefficient, or toxic for humans, although some have 
been adapted for in vitro use. The versatility of the CRISPR/
Cas9 delivery system may provide solutions to these prob-
lems in the near future.

Unequal transduction of target cells in the transduced 
tissue Unlike in transgenic animals, where transgene expres-
sion can be induced in virtually every cell in a target tissue 
such as muscle, viral gene delivery fails in some of the target 
cells and this can lead to tissue mosaicism and non-homog-
enous protein delivery. Cell types vary in their sensitivities 
to AAV transduction due to differential expression of AAV-
binding receptors. For example, tail vein injection of AAV9 
results in a significantly higher transduction of heart than of 
the liver or pancreas [151].

Local trauma associated with ear sponge implantation 
and viral vector delivery During surgery, the integrity of 
the ear must be assessed as perforations can result in sponge 
loss. Of note, it is not possible to identify mice using ear 
clips since both ears are used for the assay. Depending on 
the pathological context of the study, a limitation of the ear 
sponge model is local inflammation induced by the sponge 
insertion. Regarding viral vector delivery, when AAV is 
administered locally, the injection itself produces some 
trauma in the target tissue, which can lead to altered sensi-
tivity of cells along the vector injection path.

8.4  Concluding remarks

The ear sponge assay is a suitable model to study lymphatic 
vessel remodeling in the both primary tumor and sentinel 
lymph node prior (pre-metastatic state) and after tumor cell 
arrival (metastatic state). Gene delivery via AAV represents 
a reliable and relatively inexpensive approach for gene ther-
apy in inherited or acquired vascular disease models. AAV 
provides a convenient way to study biological properties of 
bioactive proteins, such as vascular growth factors in vivo 
and under conditions mimicking the natural expression of 
the endogenous genes.

9  Assay for pericyte recruitment 
to endothelial cell‑lined tubes, capillary 
assembly, and maturation

A fundamental question concerns the growth factor and sign-
aling requirements governing how human EC and pericytes 
co-assemble to form capillary tubes in a 3D matrix or tis-
sue environment [80, 152–155]. To this end, bioassays have 
been developed in 3D collagen or fibrin matrices to address 
such issues using serum-free defined conditions [156, 157] 

(Fig. 7). In either system, pericyte recruitment to EC tubes 
can be readily observed over a 72–120 h period and a conse-
quence of this recruitment is deposition of the vascular base-
ment membrane between the abluminally recruited pericytes 
and the ECs that line the branched networks of tubes [153]. 
Interestingly, EC tube formation results in the creation of 
networks of ECM spaces, which are termed vascular guid-
ance tunnels [158], where the EC tubes reside, and are also 
a physical space into which pericytes are recruited along the 
basal and abluminal EC tube surface [153, 158]. Both EC 
and pericytes migrate along each other in a polarized man-
ner within these tunnels, resulting in basement membrane 
deposition underneath the abluminal surface of the EC-lined 
tubes [152, 153, 159]. Basement membrane deposition leads 
to much narrower and elongated EC tubes in EC-pericyte 
co-cultures compared to EC-only tubes which progressively 
get wider and less elongated with time [153, 159].

9.1  Benefits and strengths of the assay

The major benefit and strength of this assay model is its high 
reproducibility and high replicate number in that it is per-
formed in half-area 96-well plates. The assay is typically set 
up in 60 wells per plate, and this can be readily established 
using one T75 flask of human EC (e.g., HUVEC) and one 
T25 flask of human pericytes (brain-derived vascular peri-
cytes) (labeled with GFP). The assay allows performance 
of siRNA suppression experiments using either cell type 
or lysates that can be prepared to assess signaling trans-
duction cascades by Western blot. Also, the recruitment of 
pericytes can be examined in time with or without blocking 
antibodies to various targets (e.g., growth factors, recep-
tors, integrins, ECM molecules, etc.) or signal transduction 
inhibitors. The consequence of pericyte recruitment to EC 
tubes can be revealed by examining basement membrane 
deposition (by immunofluorescence staining or transmission 
electron microscopy) (Fig. 7), or by measuring capillary tube 
widths and lengths. Finally, real-time video analysis can be 
used to monitor pericyte and endothelial motility as they co-
assemble to form tube networks with abluminally recruited 
pericytes in 3D matrices.

9.2  Assay overview

HUVEC or human artery endothelial cells (HUAECs) 
and human brain-derived vascular pericytes or bovine 
retinal pericytes are trypsinized and seeded within 3D col-
lagen matrices at a density of 2 × 106 cells/ml for EC and 
4 × 105 cells/ml for pericytes. Both types of EC or pericytes 
work very well in this assay system. FGF-2 and stromal-
derived factor-1α (SDF-1α) are each added at 200 ng/ml 
into the collagen gel mix (2.5 mg/ml of rat collagen type 
I). Twenty-five μl of gel is added into each individual 96 
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well (A/2 plates from Costar). After 30 min of equilibration 
in a  CO2 incubator, culture medium is added (100 μl per 
well) which is Medium 199 (100 μl per well supplemented 
with 1:250 dilution of Reduced Serum Supplement II) [160], 
and 40 ng/ml each of FGF-2, stem cell factor (SCF), inter-
leukin-3 (IL-3), and 50 μg/ml of ascorbic acid are added. 
Cultures are then placed in a  CO2 incubator for 72–120 h. 
After this time, cultures are fixed with 3% paraformaldehyde 
in PBS (120 μl per well). Cultures can then be imaged under 
fluorescence to quantify EC tube area and pericyte recruit-
ment under the various conditions of treatment. Individual 
cultures can be immunostained with various antibodies 
directed to EC or pericyte cell surfaces and/or ECM anti-
gens (i.e., basement membrane proteins such as fibronectin, 
laminin, and collagen type IV) [153]. Alternatively, cultures 
can be used to make lysates using SDS sample buffer or 
used to isolate total RNA to perform gene expression experi-
ments [153]. Real-time movies can be performed to examine 
pericyte recruitment and measure pericyte motility during 
capillary assembly and maturation [154]. In the latter case, 
nuclear GFP-labeled pericytes can be utilized to track peri-
cyte motility [154].

9.3  Critical steps in the assay

The assay system above is highly dependent on the health 
of the growing EC. To each 500 ml bottle of Medium 199, 
we add 200 mg of lyophilized bovine hypothalamic extract, 

50 mg of heparin, and 100 ml of fetal calf serum (then ster-
ile filter complete media). Tissue culture flasks are coated 
with 1 mg/ml of gelatin solution for at least 30 min. prior to 
seeding the trypsinized EC. Pericytes are grown using the 
same culture media and gelatin-coated flasks. Bovine hypo-
thalamic extracts as well as rat tail collagen preps are used 
at 7.1 mg/ml protein in 0.1% acetic acid. The assay system 
is highly robust and reproducible [153, 156, 157].

Especially for longer-term experiments (i.e., multiple 
days), it is important to completely surround each well with 
100 μl of water. This reduces dehydration of media in the 
microwells and maintains the health of the cultures. For 
cultures extending longer than 72 h, the cultures are replen-
ished by removing 90 μl of media and replacing with 100 μl 
of media per well. This medium is slightly different than 
that used above to start the assay: Medium 199 containing 
a 1:250 dilution of RS II, ascorbic acid at 50 μg/ml, as well 
as 80 ng/ml of FGF-2, and 40 ng/ml each of SCF, IL-3, and 
SDF-1α.

9.4  Limitations and challenges

The major limitations of this in vitro assay relate to how 
reflective the assay model is to the in vivo state. Overall, 
the data and conclusions obtained over the years have 
been repeatedly demonstrated to be observed using mouse, 
zebrafish, or quail in vivo models [155]. One of the interest-
ing issues is the state of differentiation of the EC that are 

Fig. 7  Serum-free defined model of human endothelial cell-pericyte 
tube co-assembly in 3D collagen matrices. a Human EC and GFP-
labeled pericytes (Peri) were seeded together at the indicated cell 
densities and after 120  h, were fixed and stained with anti-CD31 
antibodies. The immunostained cultures were imaged using confo-
cal microscopy. The serum-free defined culture system contains SCF, 
IL-3, SDF-1α, FGF-2 and insulin (a component of the RS II supple-

ment), which are required to be added in combination. b Cultures 
fixed at 120 h were immunostained with antibodies to CD31, laminin 
(LM), and fibronectin (FN) and were imaged using confocal micros-
copy or were examined by transmission electron microscopy. Arrows 
indicate the capillary basement membrane. L indicates lumen while 
Nuc indicates nuclear labeling. Bar equals 25 μm
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used in these in vitro assays, and how similar are they to EC 
in vivo that are undergoing vasculogenesis or angiogenic 
sprouting. This is a very difficult question to answer and 
needs to be addressed in future studies. Another potential 
weakness of the current in vitro systems is that flow condi-
tions have to be adapted or the gels have to be transplanted 
into a mouse model to interface the human vessels with an 
in vivo vascular system.

9.5  Concluding remarks

Here, a defined assay system is described which allows for 
the assembly of capillary tube networks, with EC-lined tubes 
and abluminally recruited pericytes in 3D collagen or fibrin 
matrices. This system has been previously utilized (and can 
be employed in future studies) for detailed investigations of 
the molecular and signaling requirements for this process, 
by independently assessing the functional role of ECs vs. 
pericytes during these tube co-assembly events.

10  EC co‑culture spheroids

Angiogenesis, the sprouting of endothelial cell capillaries 
from preexisting blood vessels, is multifactorial includ-
ing processes such as proliferation and directed migration. 
These processes in turn are influenced not only by auto-
crine but also by paracrine stimuli mediated by, for example, 
pericytes, fibroblasts, immune cells, and tumor cells in the 
case of cancer. This intercellular communication by stimuli 
includes growth factors, chemo- and cytokines as well as 
other secreted factors, like enzymes, extracellular base-
ment membrane components, and the exchange of genetic 
material (miRNA, mRNA, DNA) via extracellular vesicles 
[161–163]. Anatomically, these various cell types are fine-
tuned and orchestrated to become organized 3D structures 
to ultimately allow and control the flow of blood. However, 
the field of angiogenesis has typically focused on studying 
angiogenesis-associated processes in vitro in pure EC cul-
tures. Although studying EC in isolation has some advan-
tages in investigating certain EC-specific elements and to 
certain defined processes within angiogenesis, 3D co-culture 
spheroids allow one to study the direct intercellular cues 
and cross talk between EC and their surrounding cells. Co-
cultures with tumor cells create a simplified dynamic tumor 
microenvironment due to the changes in shape and size in 
time. As a result, the 3D spheroid assay sheds light on the 
biological conduct and communication of EC with a mul-
titude of different cell types under various stresses or treat-
ment conditions in a controlled manner. Importantly, it offers 
the possibility to investigate multiple different interventions 
(e.g., chemotherapies, radiation, experimental drugs) in a 

medium-throughput manner in an environment more rel-
evant to the in vivo situation.

10.1  Strengths and benefits 
of the three‑dimensional co‑culture EC 
spheroids

Studies on in vitro 2D monolayer cell cultures and their 
translation/extension to clinical settings have their limi-
tations, as they are not capable of mimicking the nutrient 
and oxygen gradient and an environment reminiscent of 
the in vivo setting. The preclinical 3D co-culture spheroid 
assay facilitates intra-/intercellular cross talk mimicking 
aspects of in vivo vascular architecture, for example lumen 
formation and polarization, and is particularly valuable for 
interrogating these interactions in the presence of two or 
more cell types growing together with natural adhesion and 
layering properties. Additionally, and at least as important, 
it lends itself for controlled experimental manipulation and 
replication thereof as it can be applied in the developmen-
tal/regeneration field as well as the cancer biology and the 
cancer treatment fields. Particularly in the cancer field, the 
3D co-culture tumor cell/EC spheroid assay is a valuable 
instrument for interrogating interactions between the tumor 
stroma and parenchyma to better understand the mechanisms 
of radiation and cancer therapeutics and how cells support or 
damage each other in their response to these interventions. 
Ultimately, the ability to screen a relatively high number 
of conditions against these mini-tumor microenvironments 
has potential to promote the establishment of improved drug 
pharmacokinetics, efficacy, and safety profiles [164].

Inherent in many in vitro assays, one of the strengths of 
the spheroid assay is the relative ease of focused manipula-
tion to aid in answering specific hypotheses. Namely, prior 
to the paired co-culture one of the cell types can be geneti-
cally altered by retro- or lenti-viral constructs, including 
fluorescence (gain-of-function) or by shRNA/siRNA knock-
down or CRISPR/Cas9 (loss-of-function). Additionally, the 
sensitivity or resistance to a particular pharmacological or 
radiation treatment approach can be tested. We and others 
have observed marked differences in treatment response and 
viability of tumor cells growing in the presence/in contact 
with EC and vice versa [164].

10.2  Assay overview and types of assays

Multicellular 3D spheroids can be generated by various 
methods, including the (1) spontaneous spheroid forma-
tion using (ultra) low binding plates; (2) “hanging drop” 
technique; (3) suspension cultures (e.g., by spinner flasks 
or bioreactors); (4) scaffold-based models (e.g., hydrogels), 
and (5) magnetic levitation [165]. Since spontaneous sphe-
roid formation and the hanging drop method are arguably 
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the most cost-effective and likely take the least amount of 
specialized skill set, we will focus on these two iterations 
of the model (Fig. 8). One of the pioneering approaches to 
generate self-assembling multicellular 3D tumor endothelial 
spheroids in hanging drops was by Timmins et al. [166]. 
Subsequently, this assay was validated by various groups 
and expanded on in terms of cell types tested and it evolved 
as an instrument to be transplanted into animals, devoid of 
Matrigel, to study cancer progression and ultimately metas-
tasis [164].

The initial spheroid structure is produced by pipetting a 
single-cell suspension of 1000 tumor cells in a 20-μl droplet 
on the inside of the lid of a, for example, 48-well cell culture 
plate (Greiner Cellstar, BioExpress, Kaysville, UT). Gravity-
enforced self-aggregation is facilitated by inverting the lid 
and placing it on its receptacle (i.e., the 48-well plate). The 
culture medium and incubation conditions do not need to be 
adjusted and thus can stay as preferred. After 72 h, the lids 
are set inside up and the addition of 2000 EC in a volume 
of 5 μl is added to the existing culture. The lid is then re-
inverted, and the hanging drops can be incubated and moni-
tored for growth, cell type incorporation characteristics, and 
other aspects for an additional 14 days depending on the cell 
types used (Fig. 8).

Additionally, the spheroids can be implanted in vivo and 
used in animal models or within specialized techniques 
such as the dorsal skin fold window chamber, creating an 
in vitro/in vivo assay. For decades, it has been postulated that 
growing tumor cell-only spheroids and implanting them in 
animals lead to a much higher tumor take with far fewer total 
cells inoculated. This was hypothesized to be due to the crea-
tion of a microenvironment in the spheroid as well as pos-
sibly engaging or enriching for cancer stem cell phenotype. 
Although the optimal conditions vary when co-culturing dif-
ferent cell types with EC, when using tumor-EC spheroids, 
as few as two spheroids per implantation are sufficient to 
generate tumor growth and metastasis [164]. This approach 
may be valuable in studying various treatments or aspects of 
tumor progression thought to be dependent on vasculariza-
tion and/or stimulation of metastasis or aggressiveness via 
tumor cells engaging EC.

The spheroids can be assessed by multiple readouts 
depending on the laboratories preferences, techniques 
available, and skill set. Namely, quantitative and qualitative 
evaluations include imaging techniques such as bright field 
and fluorescence microscopy, molecular marker assessment 
by, for example, immunohistochemistry or immunofluores-
cence, or functional assays such as cell viability and sur-
vival assessment with or without growth factors, biologics, 
therapeutics, or radiotherapy [164]. The functional assays 
are generally performed after transferring the spheroids into 
low-binding 96-well plates to better control and standardize 

the additions of, for example, growth factors, therapeutics, 
or reporters (e.g., viability or proliferation stains; Fig. 8).

10.3  Limitations and challenges

Although in theory this assay can be used for multiple differ-
ent co-cultures with a number of cell types, some restrictions 
arise in the use of particular cell types as well as the com-
binations thereof. Namely, primary isolates have a limited 
duplication potential and life span, but this can be bypassed 
with immortalized cells. Relatedly, cell density needs to be 
carefully controlled based on the cell type (short vs. long 
doubling times) and the planned length of the assay. A major 
challenge in pairing cells in co-culture growth is to find a 
growth medium that will supply each cell type with enough 
nutrients to survive, but that also does not overstimulate 
proliferation. Allowing cell types to interact and support 
themselves by the mere process of adhesion and exchange 
of various factors is one of the more exciting aspects of this 
model and frequently has led to new insight in the absence 
of the high serum, high nutrient mediums used in isolated 
2D cultures of the past. Depending on the chosen setup of 
cells (e.g., primary vs. immortalized) and pairing of the cell 
types (e.g., endothelial and pericytes, stroma and (tumor) 
parenchyma, same species or mouse/rat vs. human) inter-
pretation and generalization of the results must take these 
outsets in consideration.

10.4  Concluding remarks

In summary, the EC spheroid assay is an in vitro and pos-
sibly an in vitro/in vivo co-culture method assisting in the 
comprehension of initial stages of angiogenesis and angio-
genesis-associated processes in a continuum—from initia-
tion to development and progression. The system allows for 
monitoring tissue development as well as testing pro- and 
anti-angiogenesis targeted treatments with and without the 
combination of chemo/radiation therapy in a more relevant 
microenvironment than traditional 2D cultures. Thus, this 
in vitro/in vivo preclinical cell and animal model holds 
promise to not only enable the identification of authentic 
and novel biomarkers but also provide enhanced predictive 
utility for drug development and discovery.

11  Endothelial cell metabolism

Metabolism is a biochemical reaction network that catabo-
lizes nutrients into metabolic products such as energy and 
biomass that are needed to survive, proliferate, and adapt to 
environmental challenges. As such, they provide a functional 
readout of the observed phenotypic changes. Metabolomics 
is the systematic study of the aforementioned metabolic 
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products and is currently enjoying a revival (“Metabolomics, 
the apogee of the omics trilogy” [167]). The ultimate goal of 
metabolomics is to understand: (1) how cells under different 
circumstances apply and reroute their metabolic pathways, 
and (2) what are the required start and end products in rela-
tion to the observed phenotype.

The majority of EC remains quiescent for years [168], but 
upon exposure to pro-angiogenic stimuli (such as VEGF), 
they can rapidly switch to a proliferative and migratory state 
in health and disease. At the base of this switch lies a tightly 
regulated metabolic network, providing the necessary energy 
and building blocks for EC to respond accordingly [169, 
170]. ECs rewire their metabolism in a highly specific man-
ner to optimally execute these functions [171]. Indeed, ECs 
are highly glycolytic, producing large amounts of ATP and 
lactate even in the presence of ample oxygen [170].

In the following section, we will discuss three approaches 
that have been established to monitor metabolic activities of 
EC: (1) tracer metabolomics, (2) radioactive tracer-based 
metabolic assays, and (3) measurements of extracellular 
acidification rate and mitochondrial respiration by the Sea-
horse XF analyzer. These approaches are complementary, 
and it is recommended to perform these assays in parallel 
for a more complete metabolic phenotyping.

11.1  Tracer metabolomics

The interpretation of metabolic activities based on the 
(relative) abundances of metabolites under specific condi-
tions remains a formidable challenge, largely because the 
network of biochemical reactions is highly interconnected. 
For instance, an increase of intracellular serine levels can 

be due to increased uptake but also by de novo synthesis 
using 3-phosphoglycerate from glycolysis as a substrate. As 
such, the majority of metabolites can be linked to multiple 
sources and by merely measuring the (relative) abundance 
of metabolites, one cannot readily deduct the responsible 
pathways and their active interplay. This knowledge is para-
mount to understanding cellular biology. A specialized field 
in metabolomics, Tracer Metabolomics [172], tackles this 
challenge and uses labeled non-radioactive substrates (car-
rying 13C, 15N, 18O, 2H, etc.) to monitor the distribution of 
the labeled isotopes throughout the metabolic network and 
as such, provides the actual contribution of nutrients to spe-
cific metabolites and consequently the relative activity of 
metabolic pathways.

11.2  Experimental tracer metabolomics setup of EC

A possible cell culture format for EC is performed using 
a 6-well plate, in which at least 150,000 ECs are plated. 
ECs need to be grown in customized medium of which the 
substrate of choice is withdrawn and replaced by its non-
radioactive isotopically labeled counterpart (tracer). The 
majority of tracers are nutrients that are taken up by the 
cell (for instance, glucose, glutamine, palmitic acid, etc.), 
of which one of the constituent atom species (12C, 14N, 1H, 
16O, etc.) is replaced by its non-radioactive isotopologue 
(respectively, 13C, 15N, 2H, 18O, etc.). ECs take these labeled 
nutrients up and process them similarly compared to their 
unlabeled form. Consequently, all of the downstream metab-
olites and metabolic pathways linked to the specific tracer 
will incorporate the labeled atoms. It is critical that ECs 
reach isotopic steady state, a condition that is accomplished 

Fig. 8  EC co-culture spheroid assay. a Overview of the procedure 
of the hanging drop spheroid growth assay over time. Prior to initi-
ating the co-culture, tumor cells (green) are allowed to establish ini-
tial micro-spheroids by themselves. Typically, after 72 h EC can be 
introduced (red) and their incorporation monitored over time up to 

14 days. b After 7 days, the tumor-EC spheroid can be quantitatively 
and qualitatively evaluated by various techniques, such as c (fluores-
cence) microscopy, histology, functional assays or implanted in vivo. 
Breast tumor cells (green; GFP-4T1) are combined with 2H11 EC 
(red) stained with MitoTracker Red. Scale bar = 100 µm
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when the labeled isotope enrichment in a given metabolite 
is stable over time relative to the experimental error [172]. 
Practically, steady state in EC is reached in 24–48 h using, 
respectively, glucose or glutamine tracers [173, 174], for 
palmitic acid up to 72 h of incubation is required [169]. The 
difference in labeling time necessary to reach isotopic steady 
state depends on both the fluxes (i.e., rate of conversion) 
from the nutrient to the metabolite of interest, and the con-
centration of that metabolite and all intermediate metabolites 
[172]. The fractional contribution, which is the fraction of a 
metabolite’s carbon (or other atom) produced from a certain 
nutrient, in the downstream metabolites as well as their iso-
topic envelopes (isotopologues) can be quantified using mass 
spectrometry (MS). Prior to MS analysis, ECs are washed 
using a physiological (0.9%) NaCl solution and metabolites 
are extracted in an organic (50% methanol–30% acetoni-
trile–20%  H2O) extraction buffer. It is of utmost importance 
that the extraction is carried out swiftly because a cell’s 
metabolism changes within the order of seconds to minutes 
[175]. Extracts are centrifuged to remove the precipitated 
proteins and insolubilities. The supernatant, containing the 
polar metabolites, is loaded onto the MS platform.

11.3  Mass spectrometry

The instrument of choice for carrying out (tracer) metabo-
lomics is mass spectrometry (MS), mainly due to its superior 
sensitivity and speed of analysis in comparison with other 
technologies such as nuclear magnetic resonance (NMR) 
spectroscopy, as well as its flexibility in applying different 
kinds of chromatography (liquid or gas chromatography, 
LC, or GC) to study different chemical classes of metab-
olites [176]. We will only focus on the analysis of polar 
metabolites (amino acids, organic acids, hexose phosphates, 
etc.). Apolar species such as lipids are beyond the scope 
of this section. A crucial requirement for the MS in tracer 
metabolomics relates to its resolution, the ability to accu-
rately quantify the isotopologue profiles of the metabolites 
of interest. As such, the current benchtop LC–MS OrbiT-
RAPs are among the instruments of choice to conduct tracer 
metabolomics. Alternatively, GC-linked (triple) quadrupole 
MS can be used as well. For the separation of polar metabo-
lites prior to the MS, two main types of chromatography can 
be applied: (1) hydrophilic liquid chromatography (HILIC) 
[177] and (2) ion-pairing chromatography [178]. The latter 
has superior binding and separation capacities compared to 
HILIC, but it restricts any further usage of the chromato-
graph to ion-pairing mode. In this perspective, HILIC pro-
vides a better solution, despite the lesser separation capacity 
compared to the ion-pairing setup as it comes without any 
restrictions to apply different chromatography settings on 
the same platform.

11.4  Data processing

Data extraction of isotopic profiles occurs via vendor-spe-
cific software or in-house developed software platforms 
(e.g., BIOMEX™) [179]. In general, the workflow starts 
with in-house libraries containing information on the exact 
mass of the target molecule and its retention time during 
the chromatographic separation to identify the metabolite 
of interest. Next, the abundances of the isotopes of different 
metabolites of interest are quantified. Following a correc-
tion for natural abundances [172, 180] to facilitate proper 
interpretation of the labeling data, the fractional contribution 
is calculated [172].

11.5  Radioactive tracer‑based assays

As introduced above, unlabeled or labeled metabolites can 
be quantified by MS or NMR. However, these techniques 
display some limitations, as they do not quantify the abso-
lute flux, which reflects the rate of turnover of molecules 
through a metabolic pathway. Radioactive isotope labeling 
is a widely used experimental approach to analyze metabolic 
flux. This technique is based on the principle that nutrients 
labeled with radioactive tracers (e.g., 3H and 14C) at specific 
positions within the molecule release the radioactive label 
as 3H2O or 14CO2, respectively, upon specific enzymatic 
activities. Consequently, the generated 3H2O and 14CO2 
diffuse into the medium and can be measured by trapping 
its release on soaked filter paper and subsequently quanti-
fied by scintillation counting [170]. As an example, the use 
of [5-3H]-glucose enables to quantify glycolytic flux [181] 
because the single tritium at the C5 of glucose is removed 
by a condensation reaction catalyzed by enolase (Fig. 9a), 
hence releasing radioactive 3H2O in the medium. Similarly, 
by using [9,10–3H]-palmitic acid, one can measure the radio-
active 3H2O formed during fatty acid oxidation [169].

In order to map the different metabolic fates of glucose 
and other crucial substrates, a set of differently radioactive-
labeled tracers are needed to identify and quantify the ongo-
ing biochemistry. As an example, in parallel with the gly-
colytic flux measured by [5–3H]-glucose, the downstream 
oxidation of glucose can be monitored by quantifying the 
release of 14CO2 by [6–14C] glucose or uniformly labeled 
 [14C6] glucose. Notably, by using [6–14C] glucose, informa-
tion on the oxidation of glucose in the tricarboxylic acid 
(TCA) cycle is obtained, whereas the  [14C6] glucose tracer 
generates 14CO2 via two different metabolic pathways: the 
oxidative pentose phosphate pathway (oxPPP) and the TCA. 
Also, the carbon at position 1 in glucose is liberated in the 
oxPPP. Hence, using [1–14C] glucose in parallel with [6–14C] 
glucose, the oxPPP flux can be estimated by subtracting the 
rate of [6–14C] glucose from the one of [1–14C] glucose. In 
summary, assessing the choice of the tracer and its specific 
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labeling positions is essential in terms of the biological 
question that needs to be addressed. Similar approaches are 
available to investigate other “non-glucose” related fluxes, 
for example by using  [14C5] labeled glutamine to determine 
glutamine oxidation.

11.6  Measurements of extracellular acidification 
rate and mitochondrial respiration using 
a Seahorse XF analyzer

The Seahorse extracellular flux (XF) analyzer enables to 
assess different aspects of cell metabolism. Apart from 
providing an indirect readout of anaerobic glycolysis 
through measurements of the extracellular acidification 
rate (ECAR) [182], it can also assess oxidative phospho-
rylation (OXPHOS) (through oxygen consumption rate 
(OCR)). A commonly used method to determine glycolysis 
by the Seahorse XF analyzer is the measurement of acidi-
fication of the medium (pH changes) in a glycolysis stress 
test [183]. In this technique, glucose, oligomycin (inhibi-
tor of ATP synthase in the electron transport chain (ETC)), 
and 2-deoxy-glucose (2-DG, inhibitor of hexokinase) are 
sequentially administered while measurements of ECAR 
are being performed. In the first phase of the experiment, 
ECs are cultured in medium deprived of glucose or pyruvate 
(the glycolysis stress medium). Supplementation of glucose 
feeds glycolysis, which allows estimation of glycolytic rate 
by calculating the difference between ECAR before and 
after addition of glucose. ECAR, prior to glucose injection, 
is referred to as non-glycolytic acidification resulting from 
other sources of extracellular acidification not attributed to 
glycolysis (Fig. 9b). Next, oligomycin, which inhibits mito-
chondrial ATP production, lowers the ATP/ADP ratio, and 
shifts energy production to glycolysis, is supplemented to 
measure the maximum glycolytic capacity. The difference 
between ECAR before and after oligomycin supplementa-
tion is a measure of the glycolytic reserve capacity. The last 
injection of 2-deoxy-glucose (2-DG) inhibits glycolysis, and 
the resulting decrease in ECAR confirms that the ECAR 
produced in the experiment is due to glycolysis. Moreover, 
inhibition of glycolysis by 2-DG also provides information 
on non-glycolytic ECAR of cells (Fig. 9b).

Mitochondrial respiration can be assessed by using a 
modified Seahorse Cell Mito Stress Test [184]. This test 
sequentially uses modulators of respiration that target dif-
ferent components of the ETC. Oligomycin, carbonyl cya-
nide 4-(trifluoromethoxy) phenyl-hydrazone (maximizing 
OCR by uncoupling the OXPHOS), and antimycin (block-
ing OXPHOS by inhibiting complex III) are sequentially 
injected to determine basal mitochondrial OCR  (OCRBAS), 
ATP-dependent OCR  (OCRATP), maximal respiration 
 (OCRMAX) and non-mitochondrial respiration  (OCRnon-mito), 
proton leak, and spare respiration (Fig. 9c) [184].

11.7  Limitations and challenges, problems 
and pitfalls in probing EC metabolism

Tracer Metabolomics provides information on relative path-
way activities, qualitative changes in pathway contributions 
via alternative metabolic routes, and nutrient contribution to 
the production of different metabolites. In this perspective, 
a limitation of tracer metabolomics is the lack of quantita-
tively estimating metabolic fluxes, which provide additional 
quantitative and complementary information such as path-
way directionality. Nonetheless, resolving metabolic fluxes 
is time and data intensive [185] and often requires applying 
computational modeling of the data. A challenge for tracer 
analyses is the requirement of expert knowledge at the level 
of mass spectrometry and biochemistry. This relates to the 
choice of specific tracers needed to answer biological ques-
tions as well as the tools (chromatography, mass spectrom-
etry, software) available to extract and process the required 
data. The optimal cell culture experiments apply custom-
ized medium of which the unlabeled form of the tracer has 
been withdrawn. This setup maximizes the amount of label 
entering the cell and increases the likelihood to identify 
and quantify the labeled “downstream” targets. A pitfall 
occurs when the unlabeled form cannot be withdrawn; in 
this case, the labeled compound can be added in equimolar 
quantities to the medium as the unlabeled compound. This 
poses potential problems: (1) The amount of label incorpo-
rated in downstream metabolites is reduced and pathways 
using low amounts of the tracer might be overlooked; and 
(2) doubling the concentration of a specific substrate can 
induce metabolic changes into the cellular biochemistry, for 
instance doubling the glucose levels from the physiologi-
cal 5.5–11 mM places EC in a diabetic-like “high glucose” 
environment, triggering additional metabolic changes or, in 
worst case, inducing toxicity.

Not all of the metabolites present in the cell are detect-
able by MS, the major causes for this relate to the abundance 
and/or intrinsic technical challenges, such as the ionization 
potential of the metabolite of interest. To tackle this chal-
lenge and still gain information on this missing piece of 
the puzzle, one needs to look at the fractional contribution 
and isotopologue profiles of neighboring metabolites that 
reflect the labeling pattern of the missing component, for 
instance the lack of oxaloacetate detection can be accounted 
for by looking at the isotopologue profile of aspartic acid. 
Consequently, engaging on tracer analyses implies that suf-
ficient metabolites need to be taken into account ensuring 
full coverage of the pathway(s) of interest.

General limitations of (radioactive) tracer-based assays 
Cell metabolism is a very dynamic process, and the meta-
bolic needs as well as metabolic activity of EC have been 
shown to correlate with the cell cycle phases [171, 186]. 
Therefore, one should carefully control cell density while 
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performing these experiments. Moreover, the results and 
interpretation of metabolic studies using radioactive tracers 
depend on appropriate normalization of the data, as inef-
fective or poorly chosen normalization methods can lead 
to erroneous conclusions. Therefore, normalization to total 
protein concentration, cell number, or DNA content is con-
sidered as the golden standard in metabolomics.

Seahorse XF analyzer. Although assays performed on a 
Seahorse XF analyzer requires only small number of cells 
(30,000 cells/well in 24-well assay plate format), they still 
present several limitations that one should take into con-
sideration while performing these experiments. Additional 
metabolic processes, like  CO2 generated during tricarbox-
ylic acid (TCA) cycle activity, can change the pH of the 
media and interfere with the readout and interpretation of 
the results. Since ECAR is essentially a measurement of pH, 

buffering agents (e.g., sodium bicarbonate) are not included 
in the assay medium. Moreover, as bicarbonate and media 
pH play a role in regulating glycolysis, they can influence 
and confound measurements of ECAR. In order to increase 
the accuracy of the performed experiments, application 
or pre-treatment with additional chemical inhibitors (e.g., 
AR-15585; lactate export blockers) can be of use to deter-
mine whether changes in pH come from lactate excretion or 
other sources of media acidification. Optionally, glutamine 
can be also withdrawn from the media, in order to assess 
ECAR coming from glycolytic pathway and not from glu-
taminolysis [187] albeit the removal of specific nutrients 
can also induce off-target metabolic changes. In addition, 
depending on the used cell type, the concentration of each 
chemical compound must be carefully determined, in order 
to obtain the optimal result for each of these measurements. 

Fig. 9  Methods to measure EC metabolism using radioactive tracers 
and Seahorse XF analyzer. a Schematic representation of glycolytic 
flux measurements with [5–3H]-glucose. A single tritium present on 
5C glucose is released as water in the ninth step of glycolysis cata-
lyzed by enolase. b Schematic representation of the modified Gly-
colysis Stress Test. The first measurements of ECAR are performed 
while ECs are incubated in glycolysis stress test medium (without 
glucose and pyruvate). The injection of glucose leads to the satura-
tion of glucose concentration and allows measuring glycolytic rate 
(blue). Second, injection of oligomycin blocks oxidative ATP produc-
tion and shifts the energy production to glycolysis, with the subse-
quent increase in ECAR revealing the cellular maximum glycolytic 
capacity (green). The difference between glycolytic capacity and gly-
colysis rate defines glycolytic reserve. The final injection of 2-deoxyl-

glucose (2-DG) inhibits glycolysis, and the resulting decrease in 
ECAR confirms that the ECAR produced in the experiment is due 
to glycolysis. ECAR, prior to glucose injection or after 2-DG injec-
tion, is referred to as non-glycolytic acidification (pink). c Schematic 
representation of the modified Seahorse Cell Mito Stress Test. First 
injection of oligomycin blocks ATP synthase and allows the calcu-
lation of the ATP coupled oxygen consumption rate  (OCRATP; red). 
Second, injection of FCCP maximizes the OCR by uncoupling the 
OXPHOS, enabling to calculate the spare respiration (reserve capac-
ity). Third, antimycin-A treatment blocks complex III of ETC ena-
bles the calculation of the basal mitochondrial respiration  (OCRBAS; 
green), the maximal mitochondrial OCR  (OCRMAX; orange), the pro-
ton leakage (blue), and the non-mitochondrial OCR (pink)
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For instance, it has been observed that an overdose of oli-
gomycin can lead to maximal inhibition of OCR, which can 
result in a progressive increase of OCR over time [184]. 
Unfortunately, the molecular mechanism underlying this 
observation remains elusive.

12  Endothelial cell precursors

Stem and progenitor cells provide a necessary homeostatic 
source of tissue-specific mature cellular elements that 
permit appropriate cell functions through replacement of 
injured, diseased, and senescent cells in many organ systems 
throughout the life span [188]. While the identity, biology, 
and molecular regulation of hematopoietic-, intestinal-, 
skin-, and skeletal muscle stem and progenitor cells are well 
recognized, little is known of the organization of the repara-
tive cells that comprise the vascular system. In 1997, Asa-
hara and colleagues [189] reported on the identification of 
circulating progenitor cells for the endothelial lineage. Sub-
sequent studies have clarified that those putative “endothe-
lial progenitor cells” (EPC) did not possess the capacity to 
undergo a stable lineage switch to the endothelium, but were 
comprised of numerous hematopoietic cells that can serve 
paracrine pro-angiogenic functions to promote vascular 
repair and replacement but are incapable of integrating as a 
bona fide EC in the injured vasculature [190]. In fact, these 
pro-angiogenic cells can upregulate “endothelial cell” mark-
ers and thus give the impression they were becoming EC at 
sites of injury, but failed to persist as functional vasculature 
long term. A study by the Mayr lab later showed that these 
are in fact mononuclear cells and that the “endothelial” sur-
face markers were acquired by a process of membrane fusion 
with platelet microparticles [191]. Only endothelial colony-
forming cells (ECFC), also called late outgrowth or blood 
outgrowth EC (BOEC), are direct EC precursors that form 
vessels in vivo [190]. This paragraph will briefly discuss 
available evidence for and remaining controversies regard-
ing the evaluation of endothelial stem and progenitor cells 
in mouse and man.

12.1  Assays to identify endothelial stem 
and progenitor cells

A simple working definition of a stem cell is a clonal, self-
renewing cell, which gives rise to differentiated cell types 
[188]. A somatic stem cell may be multi-potent (giving 
rise to multiple types of differentiated cells) or unipotent 
(differentiating into a single lineage of mature cells). A 
progenitor cell displays clonal proliferative potential, but 
progenitor cells lack self-renewal potential. However, pro-
genitor cells can expand into a single lineage of differenti-
ated cells. Multiple assays have been developed to define 

stem and progenitor cells that reside in different organs and 
tissues [188]. Stem cells in any tissue must be interrogated 
for clonal self-renewal (most stringently proven by long-
term in vivo persistence with retained capacity for contribu-
tion to differentiated progeny [fate mapping approach] and/
or use of transplantation assays into primary and secondary 
recipient hosts). Progenitor cells are often measured with 
colony-forming assays in vitro (to prove a precursor product 
relationship). Stem and progenitor cells may also display 
distinguishing cell surface markers that can be used to pro-
spectively isolate the cells through the use of monoclonal 
antibodies and flow cytometry or magnetic bead separa-
tion. Most recently, stem and progenitor cells from some 
tissues have become definable by single-cell gene expression 
technologies to permit identification by a unique molecular 
signature [192, 193]. Presentation of some selected publica-
tions (as examples) identifying putative stem and progeni-
tor cells for the vascular system (using many of the above 
criteria) follows below.

Progenitor cell assays To identify the progenitor cells 
for the endothelial lineage, we need to decide what criteria 
should be used to define cells belonging to the endothelial 
lineage. Other paragraphs in this paper have made arguments 
as to the “best” assays used to define EC characteristics and 
their functions based on published evidence. Obviously, 
there are numerous phenotypic, morphological, physiologi-
cal, genomic, proteomic and functional parameters that 
constitute unique and characteristic behaviors of EC. How-
ever, one cannot identify cells of the endothelial lineage by 
expression of a few cell surface markers or of a few RNA 
transcripts. Several selected works that use comprehensive 
definitions for identifying progenitor cells for the endothelial 
lineage follow.

Patel et al. [194] recently proposed several features that 
can be used to define resident vascular endothelial progeni-
tor cells for the murine vasculature. Based upon the level of 
expression of vascular endothelial cadherin (VE-cadherin/
CD144), platelet EC adhesion molecule (PECAM-1/CD31), 
VEGFR-2, and leukocyte common antigen (CD45), ECs pre-
sent in blood vessels in induced healing wounds or growing 
in response to implanted tumors were identified as endovas-
cular progenitor cells (EVP), transit amplifying cells (TA), 
and definitive differentiated cells (D). Evidence for these 
distinct populations displaying different functional states 
was presented using clonogenic in vitro analysis, fate map-
ping studies in vivo, transplantation analysis, variations in 
gene expression, differences in phenotypic analysis (flow 
cytometry and immunofluorescence), and the requirement 
of certain transcription factors for the differentiation of EVP 
to transient amplifying and definitive differentiated states.

Evidence for the identification of human endothelial pro-
genitor cells (circulating or resident) has been published by 
several groups. Analysis of the circulating blood of patients 
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following a sex-mismatched bone marrow transplant indi-
cated that some of the BOEC were derived from the host, but 
the most proliferative cells were donor bone marrow derived 
[195]. Umbilical cord blood was reported to be enriched for 
clonogenic ECFC that displayed a hierarchy of proliferative 
potential and in vivo vessel formation compared to adult 
peripheral blood [196]. Furthermore, resident vascular EC 
derived from umbilical veins or human abdominal aorta con-
tained clonogenic ECFC with vasculogenic potential. Very 
recently, human-induced pluripotent stem cell (hiPSC)-
derived ECFC have been reported with properties that are 
similar to umbilical cord blood ECFC but with some distinct 
differences in gene expression [197].

Vascular endothelial stem cells Fang et  al. [198] 
reported that stem cells for the endothelial lineage 
can be isolated from lung blood vasculature. Vascular 
endothelial stem cells (VESC) expressing the phenotype 
 CD31+CD105+Sca-1+CD117+ (devoid of any mature line-
age markers for the hematopoietic system) can be isolated 
from collagenase-digested lung tissue. The VESC displayed 
clonogenic colony-forming activity in  vitro and when 
implanted in Matrigel subcutaneously in mice, gave rise to 
donor-derived blood vessels. Indeed, when 15 VESC (green 
fluorescent protein tagged: GFP) were implanted with B16 
tumor tissue, GFP-labeled blood vessels were identified in 
primary, secondary, tertiary, and quaternary tumor implants. 
Even a single VESC displayed the capacity to form donor 
blood vessels in vivo in a Matrigel implant. While some 
flow cytometric estimations of the frequency of the CD117 
expressing VESC in different tissues were reported, no 
detailed visualization of the location of the VESC in arter-
ies, veins, and capillaries in different tissues was presented. 
In addition, no fate mapping studies to identify the contribu-
tions of the putative VESC within various vascular beds in 
homeostatic endothelial turnover were reported.

Naito et al. [199] used the Hoechst staining method to 
identify resident vascular EC in the side population that were 
dormant in steady state, but possessed clonal colony-forming 
activity, produced large numbers of mature endothelial prog-
eny, and when transplanted into ischemic lesions, restored 
blood flow and reconstituted de novo blood vessels at the 
site of injection. Although the surface markers of the SP 
cells were similar to primary capillary EC, the gene expres-
sion pattern of the SP and main population that fail to retain 
the Hoechst dye was significantly different. Several unique 
cell surface markers were identified in the SP cells that may 
permit prospective isolation of these putative VESC. Use of 
Hoechst method fails to permit identification of the putative 
VESC in the organ and tissue vasculature during develop-
ment or after injury and will rely upon further studies using 
novel cell surface markers.

More recently, Yu et al. [200] identified protein C recep-
tor-expressing EC as VESC in the mammary fat pad, skin, 

and retina. These VESC exhibited robust clonal expansion 
in tissue culture, high vessel reconstituting ability upon mul-
tiple rounds of transplantation, and long-term clonal expan-
sion in lineage tracing experiments. Indeed, the VESC were 
determined to be bipotent, with contributions not only to the 
endothelium but also to pericytes throughout vessels in mul-
tiple tissues. The authors suggested that VESC underwent 
endothelial to mesenchymal transition to become pericytes 
in the examined vascular beds [200].

12.2  Limitations and challenges

Most of the > 9564 publications identified by the term EPC 
in Pubmed (endothelial progenitor cell, Pubmed, July 30, 
2017) have failed to provide sufficient evidence that the 
putative EPC under investigation display clonal prolifera-
tive potential and/or the capacity to directly form EC that 
undergo vasculogenesis in vivo to form new vessels or 
integrate long term into injured vessels in vivo as EC. If 
the EPC in question cannot directly give rise to cells of the 
endothelial lineage at a clonal level (in vitro or in vivo) or 
function as a bona fide EC in vivo, then the term EPC should 
not be applied to those cells [190]. The work of Patel et al. 
[201] has shown that endothelial progenitors can be identi-
fied by applying stringent criteria. However, several issues 
remain to be addressed such as the specific sites, localiza-
tions and contributions of EVP, transient amplifying and 
definitive differentiated cells localization in organs and 
tissues at homeostasis (artery, vein, or capillary bed), the 
contributions of EVP to transient amplifying and defini-
tive differentiated cells during homeostasis, differences in 
the EVP among different organs across the life span of the 
mouse, and, last but not least, determination of whether the 
EVP represents an endothelial stem cell. Human EPC have 
been identified [195–197]; however, no unique identifying 
markers have permitted prospective isolation of ECFC from 
circulating blood or blood vascular endothelium to permit 
identification of the site of origin of ECFC in human sub-
jects and determination of whether these cells display stem 
cell activity for the endothelial lineage. Several papers have 
published evidence for the presence of resident VESC in 
mice; however, the relationship between the unipotent VESC 
[198, 199] and the bipotent VESC identified by Yu and col-
leagues [200] remains unclear. Identification of unique and 
distinguishing characteristics of the VESC that discriminate 
these stem cells from progenitor and mature endothelial ele-
ments awaits further analysis. The difficulty in identifying 
proper VESC begs the question what the homeostatic func-
tion of these stem cells would be in tissues composed of 
differentiated endothelial and other vascular cells that retain 
a highly regenerative capacity.
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12.3  Concluding remarks

Altogether these data suggest that progress in identifying 
stem and progenitor cells for the vascular endothelium is 
possible when using multi-parameter evidence that the puta-
tive precursor cells are irreversibly differentiating into cells 
of the endothelial lineage. The use of multi-parameter ana-
lytics will be required to permit novel studies on the biology 
of vascular endothelial stem and progenitor cells and likely 
may alter our understanding of vascular development and 
the pathophysiology of vascular diseases.

13  Microfluidic assays

The use of microfluidic cell culture systems has changed 
the way in which we study and manipulate living cells, 
and numerous researchers have leveraged the capabilities 
of these systems to advance and refine our understanding 
of angiogenesis and microvascular function. Cutting-edge 
microfluidic cell culture models for studying angiogenesis 
have successfully incorporated principles from quantita-
tive analyses of vascular function, in vitro flow chambers, 
microfabrication techniques, and 3D tissue scaffolds. Con-
sequently, microfluidic approaches have enabled unprec-
edented levels of control of chemical gradients, fluid flow, 
matrix composition, and cell–cell interactions, all of which 
can be integrated to provide a physiologically relevant con-
text for studying angiogenesis.

13.1  Development and capabilities

Recent advances in microfabrication and biological integra-
tion have helped to propel the design and implementation of 
microfluidic systems, which comprise an emerging class of 
highly modular in vitro culture models of the microcircula-
tion [202, 203]. Microfabricated devices can provide cul-
tured cells with a microenvironment similar to that in vivo, 
including the correct ECM (ECM) composition, chemical 
species, associations with other cells, and mechanical signals 
to mimic tissue- and organ-level function [204]. Interest-
ingly, microfluidics allows generating chemical gradients 
and enables the study of EC chemotaxis in 3D geometries. 
These systems also contain networks of micron-scale fluid-
filled channels that are similar in size and architecture to 
microvessels in vivo [205, 206] to faithfully reproduce 
certain microvascular phenomena in vitro. Consequently, 
the application of microfluidics for studying angiogenesis 
has emerged as a major research thrust at the interface of 
microsystems engineering and biomedicine. At present, the 
majority of microfluidic systems are constructed by soft 
lithography or replica molding of an elastomeric and bio-
compatible polymer (polydimethylsiloxane or PDMS) [207]. 

This process is well suited to create structures with defined 
shapes on the micrometer scale that can be used to position 
cells and tissues, control cell shape and function, and create 
highly structured 3D culture microenvironments [208–210]. 
Researchers have used this capability to assess the influ-
ence of the host tissue environment and heterotypic cell–cell 
interactions on angiogenesis [211] by co-culturing vascular 
EC organized as an intact vessel structure with other cell 
types such as cancer cells [212–215], stromal fibroblasts 
[216, 217], vascular smooth muscle cells [218], and bone 
marrow cells [219]. Applications for these microfluidic co-
culture studies include fundamental studies of cell popula-
tion behaviors, high-throughput drug screening, and tissue 
engineering [211]. Application of microfluidic systems has 
also contributed significantly to our understanding of flow-
mediated angiogenesis (Fig. 10). For instance, multiple 
studies have shown that interstitial flow potently induces 
angiogenesis [220–222] and more recently lymphangiogen-
esis [223, 224]. These studies have also shown that the ves-
sel sprouts triggered by interstitial flow preferentially form 
against the direction of flow [220–223]. In other words, ves-
sel sprouts tend to originate from a local pressure minimum 
and seek the higher pressure vessel or source [221]. Interest-
ingly, this same sprouting behavior was recently observed 
in vivo in avian embryos [225]. In addition to interstitial 
flow, intravascular shear stress has been shown to control 
sprouting angiogenesis [221, 226] and anastomosis of ves-
sel sprouts [227]. Collectively, these findings suggest that 
the local fluid mechanical environment can both determine 
whether sprouting occurs and specify where these sprouts 
originate from the parent vessel. Moreover, the ability of 
microfluidic system to apply specific levels of fluid mechani-
cal stimuli in a highly controlled environment will be invalu-
able toward advancing the mechanobiology of angiogenesis 
[228].

One limitation to PDMS replica molding is that this pro-
cess produces microchannels and subsequent endothelial-
lined vessel structures with rectangular cross sections. To 
address this limitation, alternative fabrication techniques 
have been used to form engineered microvessels with circu-
lar cross sections. The most widely used technique to fabri-
cate this type of microchannel is to cast a 3D scaffold housed 
within a PDMS chamber around a cylindrical needle or rod 
of approx. 100 μm in diameter [229]. Once the scaffold has 
polymerized, the needle or rod cast is removed leaving an 
open cylindrical microchannel embedded within the 3D 
scaffold. Scaffold-embedded circular microchannels have 
been used to monitor focal leaks in the endothelial-lined 
microchannels, by adopting imaging techniques of fluores-
cent tracer dyes conjugated to macromolecules (e.g., albu-
min or high-molecular weight dextran) that are widely used 
in intravital microscopy techniques for measuring vascular 
permeability in vivo [230, 231]. In addition to quantifying 
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vascular barrier function, circular microchannels have been 
used to measure vessel sprouting and anastomosis [232].

Since the fabrication of circular microchannels employs 
a non-lithographic technique, it loses some of the desirable 
attributes achieved with soft lithography such as rapid pro-
totyping and scalability for high throughput [205]. In addi-
tion, circular microchannels require casting and removal of 
a cylindrical needle or rod inside a hydrogel; thus, they are 
constrained to simple linear structures [233]. To address 
the aforementioned limitations of the cylindrically casted 
microchannels, another circular lumen fabrication technique 
was recently developed that uses the principle of viscous fin-
ger patterning of pre-polymerized hydrogel specified inside 
PDMS microchannels of different geometries, including 
branched networks that mimic the topology of bifurcating 
microvessels [234]. Another hydrogel-embedded microflu-
idic model that is of significance uses micropatterned sten-
cils to produce microvascular network inside natural 3D 
hydrogels such as collagen and alginate [235, 236]. Finally, 
the recent advent of 3D printed microfluidic vessel networks 
[237] have enabled the patterning of more complex branch-
ing networks that mimic in vivo physiology [238].

13.2  Advantages of microfluidics for angiogenesis 
studies

The use of a chip supported by a microfluidic system for EC 
culture represents specific advantages. Compared to in vivo 
studies, these systems are relatively straightforward to apply 
controlled perturbations of extrinsic cues, such as fluid 
shear stress and biomolecular gradients. Furthermore, in 
contrast to conventional in vitro angiogenesis assays, vessel 

structures formed in microfluidic systems can be readily per-
fused to evaluate the effects of fluid flow on vessel matura-
tion. The feature of these systems enables the visualization 
and the precise quantification of vessel function (e.g., MVD 
and vascular permeability) in response to various extrinsic 
cues and allows the construction of distinct tissue compart-
ments (e.g., vascular and perivascular). Moreover, the cells 
that comprise each tissue compartment can be independently 
genetically modified to reproduce conditional knockout stud-
ies in vitro. Interestingly, the material that is typically used 
for microfluidic devices (PDMS) is fairly inexpensive and 
enables rapid prototyping and the total volume of biologi-
cal reagents (e.g., cells, ECM, and culture media) that is 
required for microfluidic experiments is very low and on 
the order of microliters. Finally, these devices can be further 
implemented with optical sensors for analytical measure-
ments. Altogether these features enable in vitro screening 
platforms for the efficacy of candidate drug compounds in a 
physiologically relevant setting [239, 240].

13.3  Limitations and challenges

Microfluidic technologies typically require specialized fabri-
cation techniques and make use of challenging complex 3D 
geometries that require multilayer construction. These tech-
nologies are beyond the research expertise of most biology 
laboratories. Moreover, despite the beneficial properties of 
PDMS (e.g., biocompatible, elastomeric, optically transpar-
ent, gas and water permeable), there are also several impor-
tant limitations such as leaking of non-crosslinked oligomers 
and non-specific absorption of hydrophobic molecules that 
can critically affect cell-signaling dynamics [241, 242].

Fig. 10  PDMS microfluidic device for analyzing angiogenesis. 
Fluid flow can be controlled connecting syringe pumps to the ports, 
or by imposing hydrostatic gradients. Flow can be directed through 
the endothelial lumens (green), or across the endothelial junctions, 

through the central matrix gel. Sprouting occurs through the apertures 
that flank the central 3D matrix and is easily visualized and quantified 
(Adapted from [221])
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13.4  Concluding remarks

Existing and emerging technologies for casting, molding, 
or 3D printing are changing the way we study cells in vitro. 
These methods bridge the gap between tissue culture dishes 
and animal models, allowing more informative and rep-
resentative co-culture systems. Future development may 
allow recapitulation of additional aspects of vascular biol-
ogy in vitro such as intussusceptive splitting or network 
remodeling.

14  Flow cytometry and cell sorting assays

Cancer cells modify the microenvironment at the primary 
site to favor tumor growth and dissemination [243, 244]. 
Similarly, tumor cells induce systemic alterations and mod-
ify the microenvironment at the (prospective) metastatic site 
to create a (pre) metastatic niche favorable for tumor cell 
seeding, survival, and growth [245]. The tumor microen-
vironment (TME) comprises many different cell types, in 
particular blood and lymphatic endothelial cells, carcinoma-
associated fibroblasts (CAF), myeloid and lymphoid inflam-
matory and immune cells [243, 244]. Tumor angiogenesis 
promotes local tumor growth and invasion by providing 
oxygen and nutrients, cytokines and growth factors (angi-
ocrine effects), as well as an escape route toward metasta-
sis [246]. In response to tumor-produced factors, recruited 
 CD11b+ myeloid cells polarize toward an alternative (M2) 
activation state, in contrast to the classical activation state 
(M1) [247, 248]. M2-polarized  CD11b+ cells promote tumor 
growth, invasion, metastasis, and angiogenesis through the 
release of growth and motility factors, including VEGFs, 
FGFs, tumor necrosis factor (TNF), platelet-derived growth 
factor (PDGF), and chemokines [247, 249, 250]. Diverse 
tumor-promoting pro-angiogenic  CD11b+ cell types 
have been reported, including VEGFR-1+CD11b+ [251], 
 Gr1+CD11b+ myeloid-derived suppressor cells (MDSC) 
[252], Tie-2-expressing  CD11b+ monocytes (TEM) [253], 
and  cKit+CD11b+ cells [254].

Traditionally, the TME is analyzed by immunohisto-
logical staining of tissue sections. While histological tech-
niques have the advantage to render tissue morphology, they 
nevertheless bear some relevant limitations: They require 
antibodies that work on fixed tissues; they can only detect 
one or a few markers simultaneously; stained cells cannot 
be recovered for further analysis; they are laborious, time-
consuming, and unpractical for large series of samples; and 
they do not allow precise quantification of the number of 
cells and signal intensity. To circumvent these limitations, 
alternative techniques were adopted [255]. Flow cytometry 
(often also referred to as FACS—fluorescence activated cell 
sorting) originally developed to analyze blood-borne cells 

[256, 257] is such a technique, now widely used to study the 
cellular composition of the TME. In addition, “true” FACS 
allows the isolation of cells for further analysis [258].

14.1  Types of assays

Analytical flow cytometry The critical step to analyze the 
cellular composition of the tumor microenvironment is to 
obtain a suspension of viable, single cells from the removed 
tumor tissue (Fig. 11). To avoid collecting cells circulating 
in the blood, mice are terminally perfused with physiological 
solution prior to tumor take. Also, care should be taken to 
remove the surrounding normal tissue from the tumor lesion. 
Harvested tumors are dissociated by collagenase and DNase 
treatment, and red blood cells are lysed with a lysis buffer. 
The cell suspension is passed through a 70-µm mesh filter 
to remove tissue debris and cell aggregates that can clog the 
FACS, followed by an incubation step with an anti-Fc recep-
tor blocking antibody to avoid non-specific binding of rele-
vant antibodies to immune cells. There are many commercial 
kits that perform well tumor dissociation and FcR blocking 
(e.g., from Miltenyi Biotec). Finally, cells are incubated with 
different antibodies for markers of cells of interest, for exam-
ple, for vascular endothelial cells  (CD45−/CD31+/GP38−), 
pericytes  (CD45−/CD146+/CD31−/CD34−), Type 2 pro-
angiogenic TAM  (CD45+/CD11b+/EGR2 high/CD38 low), 
or MDSC  (CD11b+,  Ly6C+/G+). By using GP38 staining, 
it is possible to separate vascular endothelial cells (GP38-) 
to lymphatic endothelial cells (GP38 +). A DNA dye can be 
added to exclude dead cells. Analysis of blood-circulating 
cells only requires a red blood cell lysis prior to incuba-
tion with antibodies of interest. Cells can also be stained for 
apoptosis [259], DNA content (to determine cell cycle state), 
for the expression of intracellular proteins such as kinases 
(including their phosphorylation state) [260], cytokines, and 
pro-angiogenic factors [261] by adding a permeabilization 
step during the staining procedure.

The advantages of FACS-based studies are manifold: 
They allow the analysis of multiple markers, routinely 6–10, 
and up to 12 or 16, depending on the machine, laser, and 
configurations. This permits monitoring multiple cell popu-
lations at once with limited numbers of cells (e.g.,  105–106). 
FACS experiments are easy and rapid to do and can be effec-
tively used as a screening platform to determine the effect 
of drugs on endothelial cells or on tumor-associated pro-
angiogenic cells. By using the right strategy and markers, 
one can determine the percentage of most cells of the TME. 
For example, we used FACS to characterize the effect of 
VEGFR/VEGFR-2 inhibition on angiogenesis and immune/
inflammatory cells [262, 263], to identify a novel pro-meta-
static/angiogenic  CD11b+cKit+ cell [254, 263] and to study 
the contribution of  CD11b+ cells to angiogenesis and lym-
phangiogenesis [247, 264, 265] in mice and human. Many 
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factors regulating angiogenesis, including soluble proteins 
and microvesicles, are released from the primary tumor site 
and can enter the systemic circulation. FACS can be used to 
quantify multiple circulating cytokines at once using bead 
arrays (e.g., BD™ Cytometric Bead Array) [266]. The assay 
takes advantage of the broad dynamic range of fluorescence 
detection offered by flow cytometry and the simplicity of 
antibody-coated beads resulting in the efficient detection of 
multiple cytokines at once. This assay allows analysis of 
smaller sample volumes and is faster compared to traditional 
ELISA. Cancer-released microvesicles, encompassing exo-
some, apoptotic bodies, and microparticles, are small cell 
membrane-derived vesicles expressing cellular proteins at 
their surface and containing DNA, RNA, miRNA and pro-
teins, and small molecules of the cell of origin. They have 
gained considerable attention recently as they allow to study 
tumor features through a so-called liquid biopsy approach 
[267, 268]. FACS can be used to study microvesicles to 
determine their level and the surface composition [269].

Fluorescent and Magnetic Activated Cell sorting (FACS 
and MACS) Virtually, all stainable cells can also be isolated 
by FACS, including endothelial cells, immune/inflamma-
tory cells, CAF, and tumor cells. Isolated cells can be used 
for functional experiments or lysed immediately to measure 
mRNA/DNA content by RNA/DNA sequencing or PCR or 
detect proteins by proteomics or antibody arrays, during 
natural tumor progression or in response to treatments, for 
example to identify pathways and their alteration by drugs 
[262, 264, 270]. A critical parameter for successful cell iso-
lation is the relative density of the to-be-sorted cells in the 
starting population: The lower the frequency (e.g., below 
1%) the longer the sorting time (which may affect viabil-
ity) and the lower the purity (which can pose problems for 
genetic, genomic, or proteomics studies). Microvesicles can 
also be isolated by FACS [269]. An alternative to cell isola-
tion by FACS is magnetic cell sorting (MACS). Cells are 
stained with antibodies coupled to nanosized superparamag-
netic particles and isolated positively or negatively with the 
aid of a column and a magnet [271]. This technique allows 
gentle separation of a larger number of cells. While negative 
selection can be performed with multiple antibodies (i.e., to 
eliminate many different cells), positive selection can only 
be done with one marker at a time. MACS is often used as 
a first enrichment step for rare cells of interest, followed by 
multi-parametric FACS sorting.

14.2  Limitations and challenges

Despite the power of FACS to analyze multiple cellular 
or molecular parameters in a single experiment, there are 
important limitations. A main one is the absence of mor-
phological information and position of cells. For example, 
the pericyte coverage of blood vessels and the organization 

of the vessels (size and diameter) as well as the relative 
positioning of immune/inflammatory cells to vessels or 
tumor cells cannot be obtained by FACS analysis. Having 
this information is important as, for example, some treat-
ments do not decrease the number of vessels but alter their 
structure (“vascular normalization”) or modify the localiza-
tion of immune/inflammatory cells but not their number. 
Thus, FACS studies should be supported by immunohisto-
logical analyses. A second limitation is that the technique 
is semiquantitative. Absolute cell numbers can be indirectly 
calculated though, by relating the relative frequency of the 
cell of interest obtained by flow cytometry analysis, to one 
main population in the test sample (e.g., CD45 + cells), 
whose cell number was previously counted manually. Cell 
sorting has limitation for viability and contamination. For 
example, endothelial cells obtained by FACS are difficult 
to culture and use for ex vivo/in vitro (functional) experi-
ments. As stated above, sorting of rare cells (< 1%) can be 
hampered by contaminating cells (in some cases, up to 50%). 
A pre-enrichment by MACS is highly recommended in such 
situations. As these technologies are rapidly evolving, new 
opportunities are emerging allowing circumventing some 
of these limitations or opening new opportunities. These 
include laser scanning cytometry for the multi-parametric 
study of tumor microenvironment in situ [272] and assess-
ment of cellular/subcellular elements in individual cells 
[258], the use of label-free spectral measurements to analyze 
native individual cells [273], or the detection and imaging 
of circulating cells directly in blood or lymph [274], to cite 
only a few.

14.3  Concluding remarks

Flow cytometry and FACS-based experiments and analy-
ses offer important (semi)quantitative, high content, and 
accurate information about tumor angiogenesis and associ-
ated cells of the TME and in the circulation. It is a remark-
able powerful and robust technique, which can be used as a 
screening platform to test the anti-angiogenic capability of 
molecules and drugs for anticancer treatment or to in-depth 
analysis of the composition of the TME during tumor pro-
gression or in response to therapeutic interventions. FACS 
analysis should always be complemented with immunohisto-
logical studies to characterize the morphology of the vessels 
and positioning of cells of interest, particularly when inves-
tigating anti-angiogenic effects of new molecules and drugs.
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Fig. 11  Representative flow-
chart of flow cytometry and cell 
sorting experiments. Overview 
of samples collection (tumors, 
organs bearing metastasis, 
and blood) from mice and the 
procedure to obtain a single-
cell suspension after tissue 
dissociation, erythrocytes lysis, 
and cell labeling with fluores-
cent or paramagnetic-coupled 
antibodies. Analysis of blood-
circulating cells only requires 
a red blood cell lysis prior to 
incubation with antibodies of 
interest. Intracellular antigens 
can be detected by adding a cell 
permeabilization step. Fluores-
cent labeled cells are analyzed 
by flow cytometry and sorted 
by FACS while cells labeled 
with paramagnetic-coupled 
antibodies can be sorted by 
MACS. MACS can be used to 
pre-enrich cells for subsequent 
FACS sorting. Cell populations 
of interest are identified in by 
dot plots analysis of collected 
data
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15  Loss‑of‑function approaches 
in the developing zebrafish

In recent years, the zebrafish (Danio rerio) has become a 
highly utilized vertebrate model system for studying vascu-
lar development and angiogenesis in vivo. Vascular develop-
ment in zebrafish is remarkably similar to that in mice and 
humans in terms of both anatomy and function. Zebrafish 
are genetically accessible with externally fertilized, opti-
cally clear embryos and larvae that permit high-resolution 
imaging of developing tissues. Fish also have large clutch 
sizes for experimentation, and their embryos can survive 
and continue to develop for several days without a functional 
circulation via passive diffusion of oxygen. Although the 
beneficial experimental attributes of zebrafish have made 
this an extremely appealing and approachable model system, 
like any model organism, there are limitations to the stud-
ies that can be performed and their interpretation. Here, we 
focus on loss-of-function approaches used to study vascular 
development in the zebrafish and address some of the pit-
falls in interpreting data generated using currently available 
approaches.

15.1  Morpholinos

Prior to the advent of genome-editing technologies in the 
zebrafish, other than mutations fortuitously isolated in 
forward-genetic screens, morpholinos (MOs) were the 
only available reasonably well-validated loss-of-function 
method. MOs are specially modified stable antisense oli-
gomers designed to block either gene translation or gene 
splicing when injected into embryos [275]. In the absence of 
reverse genetic tools, MO-based experiments rapidly gained 
popularity in the fish community. Although the advent of 
this technology was a huge step forward for the zebrafish 
community, over time many concerns have been raised about 
the specificity of phenotypes generated from MO injections, 
particularly the potential for off-target and/or pleiotropic 
effects from MO injection [275–278]. Indeed, while it is 
possible to show that a particular MO has the desired inhibi-
tory effect on the target gene, it is impossible to exclude 
that there are (latent) unspecific effects [279]. These con-
cerns have been greatly heightened by mounting evidence 
that MOs and genetic mutants for the same genes frequently 
do not yield comparable phenotypes [276]. In order to pro-
mote greater validity of experimental studies using MOs, 
attempts have been made to develop standards for their use. 
One recently promulgated set of “community guidelines” 
suggests the use of multiple MO targets, RNA/DNA rescue 
experiments, dose–response curves for titration of the MO, 
and, importantly, validation with a genetic mutant where 
possible [275]. It is generally accepted that proper MOs 

use requires rigorous confirmation of their specific block-
ing ability, either by assessing loss of protein production 
for translation-blocking MOs (if specific antibodies are 
available) or by assessing the generation of alternate splice 
variants by RT-PCR when using splice blocking MOs. MO-
based experiments can also be “rescued” by co-administra-
tion of mRNA or transgenes expressing a wild-type copy of 
the targeted gene. However, the best and generally accepted 
validation for any MO phenotype is confirmation of the same 
phenotype in a zebrafish genetic mutant. As discussed fur-
ther below, many mutants are now available from forward 
genetic ENU (N-ethyl-N-nitrosourea) mutagenesis screens, 
“TILLING” approaches [280], or genome-editing methods. 
CRISPR technologies have made it easy and straightforward 
for any laboratory to carry out reverse genetic mutation of 
virtually any gene of interest [278, 281–301]. In short, when 
possible, all MO experiments should be confirmed and vali-
dated with a genetic mutant before they are used extensively 
for experimental studies.

Common off-target effects noted in MOs-injected animals 
include p53-mediated cell death, defective circulation and 
“ballooning” (edema), and developmental delay/stunting 
of embryos and larvae. Altered vascular development and 
patterning should be interpreted with extreme caution in 
the presence of any of these phenotypes, as vessel growth 
and patterning in developing embryos and larvae are highly 
dependent on the integrity of adjacent tissues and of the 
animal as a whole (see below for further detailed discus-
sion). The recently published community guidelines noted 
above include recommendations on how to interpret MO 
phenotypes, how to validate these phenotypes, and current 
expectations in the field for MO usage [275].

Although MOs approaches, and especially their use with-
out proper validation, have justifiably come under a great 
deal of scrutiny (if not outright skepticism) in recent years 
due to well-documented frequent off-target effects and lack 
of correlation with mutant phenotypes, it is worth noting 
a few positive/beneficial features of MOs that make their 
continued use (with caution) worthwhile. First, translation-
blocking MOs can block both the zygotic and maternally 
supplied activity of target genes, whereas maternal-zygotic 
mutants can be difficult or impossible to obtain. Second, 
MOs can be used immediately with any zebrafish line or 
strain unlike mutants, which need to be crossed into the 
appropriate genetic backgrounds (when using combinations 
of mutants and transgenes, this can take many generations). 
Third, multiple MOs can be injected simultaneously to target 
two, three, or more members of a gene family with poten-
tially overlapping functions. Fourth, recent work has shown 
that upregulation of related compensating gene family mem-
bers can sometimes occur in genetic mutants (by mecha-
nisms that are not yet clear), while this does not appear to 
take place in MOs-injected animals [277], arguably making 
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MOs a better representation of targeted loss of gene function 
in these cases.

15.2  Genetic mutants

The ability to carry out large-scale forward-genetic phe-
notype-based ENU mutagenesis screens for developmen-
tal mutants has been one of the major strengths of the 
zebrafish. Large numbers of mutants have been isolated 
affecting almost every conceivable developmental pro-
cess, and these mutants have led to innumerable important 
new discoveries [302–309]. Forward genetics has been an 
extremely powerful approach for identifying genes neces-
sary for developmental processes, but until recently reverse 
genetic approaches for targeting specific genes of interest 
were not available in the zebrafish. “TILLING” approaches 
employing high-throughput next-generation sequencing of 
libraries of mutagenized fish have been used to screen for 
ENU-induced mutations in specific genes [310] but these 
approaches are relatively laborious and expensive, and some 
genes are not as easily mutagenized. More recently, genome-
editing technologies and particularly CRISPR/Cas9-based 
methods have made reverse genetic targeting of virtually 
any gene easy and cost-effective for most laboratories 
[281–283]. A number of resources now make identifying 
“ideal” CRISPR cut sites, primer selection, and mutation 
screening relatively simple [281, 311]. Generating specific 
alleles by homologous integration is still relatively challeng-
ing in the zebrafish, but the technology and resources to gen-
erate “knock-in” mutants using are also rapidly improving 
and are likely to soon become accessible to most zebrafish 
laboratories [283].

Although CRISPR mutants offer a simple and effective 
approach for loss-of-function analysis free of many of the 
caveats regarding off-target effects associated with MOs use, 
the resulting phenotypes must still be interpreted rigorously. 
Vascular phenotypes observed in animals that display signif-
icant cell death, defective circulation, edema, developmen-
tal delay/stunting of embryos and larvae—while they result 
from defects in the targeted gene—may represent second-
ary, indirect consequences of the genetic mutation and may 
not reflect a direct requirement for the targeted gene during 
angiogenesis. It is also worth noting that transient CRISPR 
approaches involving, for example, injection of guide RNAs 
into animals transgenically expressing Cas9 in specific tis-
sues (“CRISPRi”) are subject to the same general concerns 
regarding off-target effects of MOs, although the spectrum 
of off-target effects observed with the two approaches will 
likely be distinct. Phenotypes observed in either MO- or 
CRISPR-injected animals must be interpreted with caution 
and ideally should be verified using a stably transmitted ger-
mline genetic mutation.

The ease and efficiency with which CRISPR mutants can 
be generated also makes it possible to simultaneously induce 
and screen for mutations in multiple genes at the same time. 
This is advantageous for studying the role of gene fami-
lies in the zebrafish. Gene paralogues are more common in 
zebrafish than in mammals due to a genome duplication that 
occurred many millions of years ago during the evolution 
of teleost fish, and genetic compensation by alternate gene 
family members can lead to obscured phenotypes [277]. It 
has become more common to see reports in which double 
or even triple mutants have been generated in closely related 
gene family members [312]. As noted above, compensatory 
upregulation of related family members has been shown to 
occur in at least some genetic mutants [277], and pheno-
types comparable to those noted in MO-injected animals 
have been unmasked by generating double or triple mutants.

15.3  Assessing vascular phenotypes 
in loss‑of‑function models

Whether MOs or mutants are used, assessment of vascular 
phenotypes involves a number of specialized considerations, 
since proper vessel formation can be altered or disrupted by 
developmental delay or by changes in circulatory flow and 
local or generalized defects in non-vascular tissues. Below, 
we discuss some general considerations in assessing vascular 
phenotypes and point out some potential pitfalls in utilizing 
and interpreting zebrafish vascular data.

15.4  Where is the gene expressed?

One of the first considerations in assessing the vascular func-
tion of a particular gene, whether using MOs or mutants, 
is where it is experessed. This is generally assessed using 
whole-mount in  situ hybridization (WISH) of zebrafish 
embryos and early larvae [313], although in older ani-
mals in situ hybridization of tissue sections can be used. 
If a gene shows an exclusive vascular expression pattern 
(Fig. 12a, b), the gene may have a vascular-specific function, 
and vascular phenotypes observed likely reflect a vascular-
autonomous role for the gene. On the other hand, if the 
gene shows an exclusively non-vascular expression pattern 
(Fig. 12c, d), it is not reasonable to assume that the gene 
has a vascular-autonomous function, and any vascular phe-
notypes that are observed are likely indirect. In many cases, 
expression is observed in both vessels and in non-vascular 
tissues (Fig. 12e), and some commonsense judgment must 
be applied in assessing whether observed loss-of-function 
phenotypes make sense in terms of the expression pattern of 
the gene. If significant non-vascular expression is observed, 
additional experimental approaches will be needed to assess 
the cell autonomy of gene function, including transplantation 
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experiments or tissue-specific transgenic expression to “res-
cue” the phenotype (Fig. 12f–h).

15.5  Assessing general morphology 
and development in morphants or mutants

Apparent vascular-specific phenotypes often occur as sec-
ondary, non-specific consequences of general developmental 
delay and other localized or general changes in non-vas-
cular tissues or organs. Staging tables are available for the 
zebrafish [294], and it is important to determine whether 
MO injections or genetic mutants result in either overall 
delays to development or gross embryonic/larval patterning, 
or localized defects in the development and morphology of 
specific tissues or organs (Fig. 13a, b). For morphants, this 
should be done by comparing animals injected with specific 
MOs to siblings injected with a control MOs and uninjected 
siblings. For mutants, they should be compared to pheno-
typically wild-type siblings from the same clutch of eggs. In 

either case, if the overall development of the animal is sig-
nificantly delayed or readily apparent, gross morphological 
changes are noted compared to the control sibling animals 
and vascular phenotypes noted in these animals should be 
interpreted with caution. For example, reduced head size 
and/or extensive cell death in the central nervous system are 
common effects noted in both mutant and morphant models, 
and this secondarily results in vessel defects in the heads of 
affected animals (Fig. 13g, h). The timing and extent of trunk 
intersegmental vessel growth is frequently used as a conveni-
ent and quantitatively robust assay for assessing angiogene-
sis defects in zebrafish embryos, but delayed development or 
abnormal formation of the adjacent somites results in defects 
in vessel sprouting and growth that, again, are not directly 
linked to vascular-specific functions (Fig. 13c–f, i–j). Simi-
larly, the formation of the thoracic duct as a readout for lym-
phatic development is sensitive to developmental delay and 
general effects on morphology; hence, the absence of the 
thoracic duct in itself is insufficient to demonstrate a defect 

Fig. 12  Assessing EC autonomous gene function in zebrafish. a–e 
Whole mount in  situ hybridization of 24–48 hpf zebrafish embryos. 
a–b ve-cadherin labeling of the vasculature in the trunk (a) and 
head (b) of a zebrafish embryo showing vascular-specific labe-
ling. c–d tagln/sm22 (c) and vegfa [308] (d) showing labeling 
of non-vascular (somitic) tissues in the trunk. e cds2 [309] labe-
ling of both vascular (arrows) and non-vascular tissues. f Confo-
cal micrograph of a growing trunk intersegmental vessel in a 32 hpf 
Tg(kdrl:mRFP-F)y286  embryo (red vessels), mosaically expressing 

Tol2(fli1a:H2B-TagBFP-p2A-egfp-F) transgene (blue EC nuclei, 
green EC cytoplasm), showing blue, green, and red fluorescent chan-
nels and all three merged. g–h Higher-magnification images of GFP 
fluorescence (g) and merged GFP/BFP/RFP fluorescence (h) in a 48 
hpf  Tg(kdrl:mRFP-F)y286 transgenic animals mosaically expressing 
a Tol2(fli1a:H2B-TagBFP-p2A-egfp-F) transgene in a single EC in 
a trunk intersegmental vessel. Scale bars = 20  µm (f), 10  µm (g–h). 
Images in panels f–h are from Ref. [649]
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in lymphangiogenesis. Staging of embryos and excluding 
developmental delay are critical, as is monitoring the dis-
tance between dorsal aorta and PCV in phenotypic embryos. 
Importantly, lack of a lymphatic system as found in ccbe1 or 
vegfc mutant embryos [314–316] only leads to formation of 
edema after 120 dpf—any edema formation prior to 120dpf 
in experimental embryos is therefore very unlikely to result 
from a lymphatic defect.

15.6  Assessing circulatory flow and cardiac function

Even in animals with apparently normal overall develop-
ment, defective blood flow (due, for example, to heart-
specific defects) can affect the timing and extent of vessel 
growth. Assessing blood flow and cardiac function in the 
zebrafish is easily accomplished by direct imaging using a 
dissecting light microscope. For higher resolution, tracers 
injected into the blood stream such as quantum dots, fluo-
rescent microspheres, lectins, and varying molecular weight 
fluorescent dextrans can be used to assess blood flow rates, 
blood flow directionality, vascular leak, vessel drainage 
sites, and solute uptake [317–320]. Although zebrafish can 
survive a number of days in the absence of blood flow, ani-
mals lacking circulation do eventually become sick, edemic, 
stunted in growth, and die. If a mutant or MO experiment 
generates zebrafish with no blood flow or decreased cardiac 
output, assessment of vascular phenotypes should take place 
as early as possible during development, during a time frame 
in which the animal is as healthy as possible. Although 
embryos and early larvae can develop reasonably normal 
for one or 2 days in the absence of circulation (Fig. 13k, l), 
overall vascular development becomes increasingly affected 
as time goes by (Fig. 13k, p). As a general rule, pheno-
types in animals deficient in flow should be assessed prior 
to 6 days post-fertilization (dpf), and ideally before 3 dpf, 
particularly when flow is entirely absent. As noted for ani-
mals with general developmental delay or morphological 
defects, caution should also be taken in interpreting vascular 
phenotypes observed in animals that lack circulatory flow.

Quantitative assessment of blood flow and hemodynam-
ics can be accomplished using Particle Velocimetry (PV), 
in which tracer particles injected into the blood stream are 
tracked through different vessels [321] and flow speed is 
determined by calculating the displacement of the particles 
over time [322]. Due to depth and/or the decreased transpar-
ency at later stages, PV has mainly been used in embryos or 
early larvae, although recent advances in confocal micros-
copy, ultrasound, and tomography tools [323] and methods 
have facilitated deeper imaging in more opaque tissues.

15.7  Assessing vascular patterning

Visualization and assessment of vascular patterning in 
the zebrafish is easily accomplished using widely avail-
able transgenic fluorescent reporter lines labeling vessels. 
Numerous transgenic zebrafish lines are available with 
cytoplasmic, nuclear, or membrane-localized fluorescent 
proteins expressed specifically in cardiovascular cells and 
tissues [324–326]. These include lines marking the heart 
endocardium and myocardium, blood and lymphatic vessel 
endothelium, hematopoietic derived cells, and perivascu-
lar cells like pericytes and fluorescent granular perithelial 
cells. Long-term time-lapse imaging methods have also been 
developed that permit continuous, real-time imaging of heart 
and vascular development in these transgenic lines [327]. 
Together, the availability of fluorescent transgenic reporter 
lines and methods for high-resolution, dynamic imaging of 
these lines has revolutionized the study of cardiovascular 
development.

Alternatively, or in addition, intravascular injection of 
fluorescent tracers such as quantum dots, fluorescent micro-
spheres, or fluorescent dextrans, or non-fluorescent tracers 
such as India ink, Berlin blue, or Evans blue dyes can be 
used to visualize zebrafish blood vessels and their pattern-
ing [317, 319, 327–332]. Although the wide availability of 
vascular-specific transgenic lines has reduced the need for 
these traditional methods for examining the patterning of 
developing vessels, microangiography is still the method of 
choice for assessing vascular integrity [333], vessel lumeni-
zation, and flow (as noted above) in blood vessels, as well as 
permeability, drainage, and solute/fluid uptake in lymphatic 
vessels. The microangiographic techniques are fast, robust, 
and cost-effective methods for visualizing the vasculature 
and can be used to visualize vessels in non-transgenic ani-
mals or at more mature developmental stages.

The patterning of vessels in genetically or experimentally 
manipulated animals can be examined for alterations includ-
ing reduced/absent vessel growth, excessive vessel growth 
or branching, altered patterning of vessels, changes in flow 
patterns/vascular connections, etc. Changes can occur either 
broadly throughout the animal or may be localized to par-
ticular vascular beds. Up to approximately 7 dpf, the pattern 
of blood vessels observed should be compared to the pub-
lished staged atlas of vascular anatomy [328]. Although the 
positioning of major vessels (e.g., dorsal aorta, cardinal vein, 
and intersegmental vessels in the trunk, or basilar artery in 
the head) is relatively invariant in normal animals at given 
stages, the precise location and paths taken by many smaller 
and/or later forming vessels (e.g., the central arteries of the 
hindbrain) are less stereotypic, and minor changes in the 
patterning of these vessels may not be significant. As noted 
above, it is important to assess vessel defects in genetically 
or experimentally manipulated animals in the context of 
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the animal as a whole, including whether any developmen-
tal delay or gross morphological defects are present. The 
timing and extent of intersegmental vessel sprouting is fre-
quently used to assess angiogenic phenotypes in developing 
zebrafish, but their patterning can be strongly affected by 
developmental delay, non-vascular morphological defects, 
and reduced or absent circulatory flow (Fig. 13).

15.8  Concluding remarks

A variety of approaches for reverse genetic targeting of spe-
cific genes for loss-of-function analysis are now available 
in the zebrafish, most notably MOs and CRISPR-generated 
mutants. Although MOs have been somewhat discredited in 
recent years as a “first line” tool for assessment of loss-of-
function phenotypes, they remain valuable when rigorously 

Fig. 13  Assessing embryonic morphology and effects on vascu-
lar patterning. a–f Transmitted light (a, b), epifluorescence (c, d), 
and confocal (e, f) images of three dpf developmentally normal (a, 
c, e) or developmentally abnormal (b, d, f) embryos from the same 
Tg(fli1:egfp)y1 transgenic “wild-type” zebrafish population. The nor-
mal animal has a normal morphology (a) and normal vessel pattern-
ing (c, e), while the developmentally abnormal animal has a stunted, 
somewhat malformed trunk (B) and also displays trunk intersegmen-
tal vessel patterning defects (d, f). g, h Confocal images of the cra-
nial vasculature in 48 hpf wild-type sibling (g) and y284 mutant (h) 
Tg(kdrl:mRFP-F)y286 animals. The y284 mutants have small heads 
heads and eyes, accompanied by reduced and abnormal formation 
of cranial vessels and aortic arches (brackets). The vascular defects 
should be interpreted with caution, as they can be primary or solely 
a consequence of the smaller head (or possibly both). Transplanta-
tion and/or mosaic transgenic expression can be used to assess the 
vascular cell autonomy of phenotypes. i, j Confocal (top) and corre-
sponding transmitted light (bottom) images of 48 hpf Tg(fli1:egfp)y1 
wild-type sibling (i) and fused somites (fssy66) mutant (j) animals. 

Improper somite formation in fssy66 mutants (lack of chevron shaped 
somite segments, seen in the bright-field images) indirectly results 
in altered intersegmental vessel patterning (j, top). k–p Confocal 
images of the hindbrain vasculature (k, l) or trunk intersegmental ves-
sels (m–p) in Tg(fli1:egfp)y1 control (k) or cardiac troponin T type 2a 
(tnnt2a) (l–p) deficient animals at 1.5 (m), 2 (k, l, n), 2.5 (o), or 3.5 
(p) days post-fertilization (dpf). Control animals have normal blood 
flow, but tnnt2a-deficient animals have no heart beat and lack all 
blood flow. Although formation of the vasculature is largely normal 
for several days in the absence of blood flow (l, n, o), abnormalities in 
vessel growth and patterning begin to appear at later stages, such as 
enlargement of the dorsal intersegmental vessels at 3.5 dpf (p). This 
illustrates the need to analyze vascular phenotypes as early in devel-
opment as possible in zebrafish with absent or defective blood flow. 
All images are lateral views, rostral to the left, except panels k and l, 
which show dorsal views, rostral to the left. Images in panels i and j 
are from Ref. [306], images in panels k and l are from Ref. [650], and 
images in panels m–p are from Ref. [651]. Scale bars = 50 μm
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validated by a corresponding mutant with the same pheno-
type. Furthermore, in some cases, mutants are susceptible 
to genetic compensation by upregulation of related genes, 
while morphants are not. Detailed “community guidelines” 
for the use of MOs were recently published and should be 
referred to [275].

Any researcher generating loss-of-function vascular phe-
notypes in the zebrafish (or in any other model organism, 
for that matter) needs to critically assess their data in light 
of some key questions. Where is the gene expressed? Do 
mutant or morphant phenotypes make sense when compared 
to the expression pattern of the gene? The more “vascu-
lar-specific” expression is, the more likely the associated 
vascular phenotypes are specific. Conversely, if a gene is 
ubiquitously expressed throughout the animal, the burden 
of proof is on the researcher to determine the vascular cell-
autonomous function of the gene, using transplantation, 
tissue-specific transgene “rescue” experiments, or other 
methods. Do mutants or morphants show significant devel-
opmental delay or gross morphological phenotypes, and do 
the vascular phenotypes most likely reflect developmentally 
“younger” animals or problems in non-vascular tissues? Do 
the mutants or morphants have absent or strongly reduced 
circulatory flow? Are vessel phenotypes being assessed in 
these animals at a time point prior to lack of flow caus-
ing significant general defects in development? Taking all 
of these criteria into consideration when assessing vascu-
lar phenotypes resulting from gene knockdown or genetic 
mutants is important to ensure that reliable, valid conclu-
sions are made when studying regulators of angiogenic 
development utilizing the zebrafish.

16  Chorioallantoic membrane assays

Although the chicken chorioallantoic membrane (CAM) 
assay (Fig. 14a) appears to have been first reported by Rous 
and Murphy in 1911 [334], more than a century ago, to 
study xenoplastic growth of mammalian tumors, the chick 
embryo itself has been a target of scientific study beginning 
with Aristotle. Due to the fact that fertilized chicken eggs 
are readily available and the embryos are easily visualized, 
chicken embryos became a favorite target for experimental 
biologists and, not surprisingly, the CAM assay became one 
of the classic procedures for students, being included in one 
form or another in virtually every college laboratory manual. 
Due to these advantageous properties, the CAM has been 
widely used not only for direct vascular biology studies, but 
also in bioengineering, cosmetics testing, transplant biology, 
drug and vaccines development, vaso-occlusive therapies, 
or cancer research [335–343]. There are certainly several 
hundreds of variations in the experimental protocol, all of 
them involving placing a test material on the CAM or an 

intraveneous injection. The variables, however, often largely 
unbeknownst to the user, lead to highly significant differ-
ences in results and a striking diversity in observations and 
conclusions. Several aspects of the diversity are described 
below.

16.1  In ovo CAM assays

The “standard” (i.e., “classic”) assay consists of exposing 
the CAM in the incubated egg by making a window through 
which the CAM can be accessed and placing a test graft, 
implant, or substance on, in, or through it. After resealing 
the window, periodical examination of the test area can be 
performed, ultimately measuring the result, frequently by 
harvesting the area for chemical or histological analysis.

Incubation temperature. The standard Hamburger and 
Hamilton stages of chick embryo development for stages 
14–35 were based on incubation at 39.4 °C using White 
Leghorn chickens [344]. The other stages were based on 
incubation temperature of 37.5 °C. Stage 33 (7 days) is when 
many investigators place a graft or sample on the CAM. This 
may sound trivial, but at stage 33 the CAM is slowing its 
growth. If the CAM is accessed on day 7 of an embryo incu-
bated at 37 °C (common in most laboratories), CAM cells 
are still rapidly proliferating [56]. Moreover, depending on 
the source and strain of eggs used, there may be a 12–18 h 
variation in developmental age.

Making a window. The original method used a handheld 
saw blade, which worked well but frequently led to debris 
falling on the developing CAM. Such debris can provide 
artifacts difficult to distinguish from results due to planned 
experimental protocols. Ed Zwilling (in 1952) had a Dremel 
drill sanding disk in his garage which worked well and is 
now used nearly universally, but even so, debris, often too 
fine to see, can materially influence the results [56].

Placement of test material/grafts. The CAM itself is, as 
indicated by its name, multilayered. Placing a filter or graft 
on the membrane is quite different from inserting it part way 
(preferred by many) or penetrating the CAM completely so 
that it projects through the entire membrane. Results may 
be completely different depending on the mode of insertion 
as well as on the physical forces used [345]. A second vari-
able is the choice of location on the membrane. The CAM 
at stage 30–35 is highly vascularized (hence, a good choice 
for transplants), but there are vessels of all sizes. Choosing 
a site near a large vessel sets up conditions quite different 
from choosing a less vascular site. Sprouting will depend 
on placement as well rate of dispersion of test substances 
and the elution from disks and filter membranes. The reader 
is referred to several excellent comprehensive reviews that 
describe a wide range of modifications and adaptations of 
the basic CAM assay [335, 346–351].
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Day 7 of the CAM incubation represents the proper time 
to place grafts on the CAM surface for investigation of angi-
ogenic responses. There are several reasons why this time 
for grafting is preferential: (1) Areas between big vessels are 
less vascularized and the assessment of angiogenic events is 
more objective, (2) the immune system is not yet developed, 
and (3) interaction between immature developing mesoderm 
of the CAM and a graft gives a proper microenvironment 
for the survival, development, and vessels acquisition by 
angiogenic grafts.

16.2  Ex ovo CAM assays

Once it was demonstrated that one can carry out CAM 
assays in shell-less egg cultures [352, 353], this modifica-
tion became a staple variant of the assay. Again, there have 
been numerous improvements and variants, but all involve 
transferring the egg content at an early stage (day 2–3) into 
a container, allowing the CAM to develop and then carry 
out procedures as in the standard in ovo protocol. The major 
modification from the original petri dish method is the use 

of a curved rather than flat-bottomed dish, and modifications 
have ranged from specially designed watch glass-type ves-
sels to plastic wrap loosely fastened over emptied food cans. 
Major advantages over in ovo methods are better visibility, 
potential to use transmitted light, ready application of sev-
eral test sites, time-lapse monitoring, and multiple manipu-
lations. Disadvantages include significant mortality, greater 
risk of infection, the need for more rigorous control of the 
incubation environment, and materially greater expense.

16.3  Angiogenesis platform using a cubic artificial 
eggshell with patterned blood vessels

One of the newest models using the chick embryo chorioal-
lantoic membrane as a tool for blood vessels assessment and 
dynamics was recently described by Huang et al. [354]. The 
authors provided a methodology to direct blood vessel for-
mation on the surface of a three-dimensional egg yolk using 
a cubic artificial eggshell with six functionalized mem-
branes. By using this method, blood vessel assessment of 
the CAM is improved by controlling their growth directions 

Fig. 14  Chorioallantoic membrane of the chicken embryo (CAM). a 
Bright-field image of the CAM vasculature presenting the functional 
vascular network from capillaries to big vessels imaged at embryo 
development day 10 (E10). Bar corresponds to 500  μm; b Vascular 
network of the CAM presented on the fluorescent angiography with 
FITC-dextran and an intravenous contrast agent. Bar corresponds to 
500  μm; c Scanning electron microscopic picture showing the cho-
rionic epithelium (CH) and two large vessels (VE) in the intermedi-
ate mesenchyme of a CAM at day 5 of incubation (reproduced from 
[652]); d A 12-day CAM incubated on day 8 for 4 days with bioptic 
specimen of ACN/neuroblastoma cell line tumor xenograft, showing 
numerous blood vessels around the graft (reproduced from [653]). 

Bar corresponds to 500  μm; e Immuno-histology of a glioma (U87 
tumor) implanted on the CAM with tumor cells in red (vimentin 
staining and vessels in green(SNA isolectin staining), magnification 
x4; with permission from [362], copyright (2005) National Acad-
emy of Sciences, USA; (f) a pancreatic adenocarcinoma (BxPC3) 
nodule (blue, Hoechst) inside of the CAM surrounded by blood ves-
sels (green, SNA isolectin staining). bar corresponds to 100  μm; 
with permission from [363], copyright, Elsevier (License number 
4307171269037); g MCF7-derived tumor implanted on CAM induces 
angiogenic response. Tip cell (red arrow) and incompletely attached 
pericytes (yellow arrow)
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in special microfluidic chambers with a width of 70, 250, 
and 500 μm. Since the blood vessels with blood flow in 
microchannels are still alive, several culture chambers for 
implanted cells/tissues can be fabricated in the patterned 
surface during one experiment. Because the cubic eggshell 
with patterned surfaces is transparent, reagent injection and 
screening is possible in each of the chambers separately, 
and the development and spreading of blood vessels into 
the cultured tissues in the chamber can be observed using a 
microscope [354].

16.4  Assessing vascular patterning

Visualization and assessment of vascular patterning in the 
CAM model is one of the most challenging aspects of the 
assay. Quantification of angiogenesis by appearance (number 
of vessels and their hierarchy, degree of branching, etc.), 
whether by simple inspection or quantitative image analy-
sis, is highly variable. To obtain statistically significant data 
requires multiple samples. Monitoring during the course of 
the experiment is often foiled by the spreading and hence 
moving of the test site from the observation window. Most 
importantly, many of the visible measurements cannot dis-
tinguish well between neovascularization and vasodilation or 
between inhibition and vasoconstriction. Several semiquan-
titative or quantitative imaging [355, 356] or immunohisto-
chemistry-based [357] methods for vascular and capillary 
pattering assessment have been developed. The descriptors 
include, for example, branching points/area, vessel or capil-
lary density, or mean mesh size. Apart from intravenous 
injection of fluorescent dextrans (Fig. 14b) [358, 359] or 
non-fluorescent tracers such as ink [360, 361], MRI and PET 
imaging, scanning electron microscopy (Fig. 14c), or opti-
cal Doppler tomography are now available to facilitate the 
visualization of the CAM vasculature (see a comprehensive 
review [335]). For some of these techniques, however, the 
resolution might be an important limitation and should be 
considered prior to imaging technique selection. Another 
point to take into account in imaging technique selection 
is the vascular development stage, vascular permeability, 
and lymphatic uptake. Recently, imaging was facilitated by 
the replacement of the original eggshell by an artificial one 
[354].

16.5  The experimental chicken embryo tumor 
model

Tumor cells can easily be grafted on the chicken CAM and 
develop vascularized tumor (Fig.  14d). The way tumor 
implantation is done is dependent on the tumor type that 
is studied, see Table 2. In the case of glioblastomas, when 
implanted onto the CAM [362] (Fig. 14e), a plastic ring 
is placed on the surface of the chorioallantoic membrane 

at embryo development day 10 (E10). Gentle lacerations 
of the CAM surface are carried out with scalpel blades in 
order to facilitate and promote tumor engraftment. Implan-
tation of four million tumor cells inside of the plastic ring 
in serum-free culture medium is usually used with daily 
monitoring over seven to 8 days. At E17 or E18, remove the 
plastic ring by cutting out the CAM area and proceed for 
analysis (OCT inclusion, snap-frozen, etc.). Tumors such as 
the highly angiogenic glioblastomas (U87 etc.) are growing 
very well with an angiogenic response that starts at day 3–4 
post-implantation.

In case of highly metastatic tumors such as pancreatic 
ductal adenocarcinomas (PDAC), the procedure is a lit-
tle different [363]. In this case, tumor cells are deposited 
directly inside the plastic ring without previous laceration 
of the CAM. Tumor nodules are invading deeply the CAM 
tissue and are surrounded by blood vessels [363] (Fig. 14f). 
CAM tumor samples can then be analyzed using various 
methods (qPCR, Western blot, immunolabeling, etc.).

Another variant is the CAM metastasis assay [364]. This 
assay can be used either to determine spontaneous metastasis 
of cells deposited on the CAM or to determine experimental 
metastasis after intravenous injection of tumor cells in the 
chorioallantoic vein. If the metastasis assay is not strictly 
speaking an angiogenesis assay, it allows, however, the study 
of tumor cell dissemination through the vasculature.

16.6  Functional genomics analysis using 
the chicken CAM model

Transcriptomic analysis of the CAM Transcriptomic analysis 
can be performed on the CAM tissue during development, 
after stimulation by exogenous factor or after tumor implan-
tation [362, 363]. CAM tissue can either be processed as a 
whole, or vessels can be micro-dissected and analyzed by 
qPCR, micro-array, or RNAseq. In case of tumor implanta-
tion, the signals coming from the tumor and the stroma can 
de differentiated because there is only 5% overlap. Bioin-
formatics analysis may help to identify the vascular cell sig-
nature of genes identified by determining vascular-specific 
ESTs and an angioscore [365].

Proteomic analysis of the CAM Proteomic studies can 
be done on the whole CAM tissue (snap-frozen after dis-
section) or can be carried out by in vivo biotinylation of 
the chick embryo using shell-less embryo cultures [366]. 
The experimental procedures can be divided into a number 
of independent steps: (1) embryo cultivation; (2) perfusion 
and biotinylation of chicken embryo and its extra-embry-
onic vasculature; (3) lysis of selected tissue or organs and 
purification of proteins; (4) deglycosylation of proteins; (5) 
proteolytic (trypsinization) digestion of proteins; (5) mass 
spectroscopy of peptides obtained from proteolytic digestion 
of proteins and measurement of peptide masses and their 
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relative representation within the sample; and (6) statistical 
identification of original proteins from known genetic data-
base after calculation of nucleotide sequence from acquired 
peptide masses. Also, in this case, bioinformatics analysis 
may help to identify the vascular cell signature of genes 
identified by determining vascular-specific ESTs and an 
angioscore. A detailed protocol can be found in [367].

16.7  Limitations and challenges

The CAM assay is a model of developmental angiogenesis. 
Exponential growth of new blood vessels and capillaries 
occurs between embryo development days 5 and 9. For test-
ing drugs or transplants, it should always be realized that 
effects are observed in the context of this developmental 
background. After Day 9, the CAM vasculature is fully 

established and allows investigation under conditions with-
out this background angiogenesis. By evolutionary point 
of view, chickens and humans are far from each other, but 
a paper published by the International Chicken Genome 
Sequencing Consortium [368] highlighted a high similarity 
between human and chicken genome, proving that 60% of 
chicken genes have counterparts in humans. Although this 
might be a an argument in favor of the use of the chicken 
CAM, we need to be conscious for species differences and 
consider other models to validate experimental results. It 
should also be realized that the chicken model is genetically 
further remote from the human system, which in some cases 
induces difficulties using the CAM. Although the model is 
very attractive for many researchers, the chicken embryos 
hatch around development Day 21. It is therefore recom-
mended not to exceed day 18 for experimental testing. In 

Table 2  Variety of applications 
with the CAM

References

Developmental angiogenesis
Differentiation of vascular endothelium [352, 655]
Membrane proteome associated with the vasculature [366]
Gene transfer/global gene expression [654–658]
Metabolic profiling [659]
Transcriptome analysis in the “wound model” [660]
Vascular and endothelial cell targets from isolated chicken membranes [367]
Lymphangiogenesis
Prox-1 in the lymphatic endothelial cells [357, 661]
Ingrowth of lymphatics into the tumors [662]
Embryonic lymphangiogenesis [663]
Vasomodulating therapies
Radiosensitizing activity [662–666]
Microbeam radiation therapy [667]
Photodynamic therapy and diagnosis [666–676]
Tumor angiogenesis
Tumor growth in the CAM [348, 362, 363, 677, 678]
Experimental metastasis [677–682]
Interstitial  pO2 gradients in solid tumors [341, 683]
Accessing molecules activity
Growth factor (receptors) inhibitors; endothelium-targeting molecules [341, 684, 685]
Metal-based compounds [684–691]
Inflammatory and tumor cells or purified effector molecules [692]
Pro-angiogenic molecules [693]
Stem cells
Human mesenchymal stem cells [692–696]
Human skin-derived stem cells [697]
Drug delivery, nanoparticles
Drug delivery for cancer treatment [698, 699]
Visible laser irradiation + gold nanoparticles [700]
Screening of nanocarrier vehicles [701, 702]
Engineering
Tissue engineering and biomaterials [701–706]
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some countries, regulatory rules apply after development 
day 14–15, resulting in limitations of experimental testing 
for only 10–11 days. Nonetheless, there is little doubt that 
the classic CAM assay has produced a remarkable array 
of highly valuable information about neovascularization, 
inhibition of angiogenesis, normal xenograft behavior, and 
tumor growth and development. Its relative simplicity, its 
avoidance of many of the regulatory rules placed on live 
animal research, as well as its low cost have made it a rea-
sonable assay for preliminary screening. In the case of prot-
eomic analysis when using the biotinylation technique, there 
may be problems with biotin penetration since biotin may 
diffuse in the surrounding tissue in excess. This may lead 
in picking-up proteins not strictly linked to the vasculature. 
Thus, the duration of the biotinylation procedure is critical. 
Harsh conditions of protein elution, which can be a prob-
lem, which may lead to contamination of the protein pool 
by non-specific proteins. Despite the lack of its immunity, 
chick embryo CAM does not support implants from tissues 
rich in lymphocytes as colon and lymph nodes, nor implants 
derived from bone marrow. This is considered a limitation 
of the model, but also a challenge to find alternative ways to 
use such tissues in the CAM model.

16.8  The CAM as a screening platform

The CAM model has been used for various applications 
in various fields of research. Many excellent papers and 
reviews summarize these applications, showing that each 
application demands the use of specific protocols (Table 2).

16.9  Concluding remarks

Even in the last 3 years, close to a thousand publications 
have employed CAM assays. Whereas classically trained 
embryologists are well aware of the complexity of embryo-
genesis and are almost overly cognizant of the problems 
encountered when working with a rapidly changing target, 
researchers less acquainted with the vagaries associated with 
developing embryos may need to develop a grudging respect 
for the intricacies underlying the CAM assay. This being 
said, it is deservedly a most important technique, major con-
tributions have resulted from its use, and no doubt it will 
continue to be an important tool in angiogenesis research.

17  Murine allantois assay

The allantois is an extra-embryonic structure, which under-
goes vasculogenesis, vascular remodeling, and angiogenesis 
and is pivotal in establishing the chorioallantoic placenta 
and umbilical circulation. The allantois is characterized by 
a mesenchymal core and by an enveloping mesothelium and 

appears at E8.0. Vasculogenesis starts in the distal allantois 
and forms a plexus that connects with the dorsal aorta of 
the embryo (E8.25) before the chorioallantoic fusion (E8.5), 
which is instrumental in placenta formation (E9.5). This 
plexus undergoes a deep remodeling resulting in the forma-
tion of umbilical artery and vein, which invade the chorion 
by sprouting angiogenesis. These processes recapitulate 
the molecular and genetic distinct features of developing 
vasculature in embryo and in adult life, including the role 
exerted by signaling and transcriptional pathways triggered 
by established angiogenic inducers and modulators [369, 
370], such as VEGFs, PDGFs, ANGPTs, ephrins, NOTCH 
ligands, and WNTs.

Even if less known than other angiogenesis assays, the 
murine allantois explant assay represents a powerful tool to 
investigate general mechanisms of blood vessel formation, 
including the remodeling of a primitive vascular plexus, the 
angioblast differentiation, the arterial and venous fate, the 
sprouting angiogenesis, and the maturation of the capillary 
network by mural cell recruitment. In particular, this assay 
allowed reaching seminal contributions to vascular biology. 
For example, it was exploited to investigate the role of VE-
cadherin, vascular endothelial protein tyrosine phosphatase, 
and sphingosine-1-phosphate in angiogenesis [371–374].

17.1  Overview assay

The allantois is dissected from E8.5 mouse embryos using 
tungsten needles and is placed individually on collagen- or 
fibronectin-coated coverslips in eight-well culture dishes 
(BD Biocoat). Explants are cultured in 0.5 ml of culture 
medium (DMEM 4.5 g/l glucose, 10 mM l-glutamine, Pen-
Strep), containing 15% fetal calf serum for 18 h. Explants 
are then washed and fixed in 4% paraformaldehyde or 
methanol:DMSO (4:1) for 20 min at room temperature and 
processed for immunohistochemistry or TUNEL assay.

Pregnant female mice are killed on day 8 of gestation 
(approximately E7.75) or the following day (approximately 
E8.75). It is important to synchronize mice mating to dissect 
the allantois at the proper stage [375, 376]. Uteri are placed 
in Dulbecco’s A phosphate-buffered saline for isolation of 
decidua that is placed in Hepes-buffered DME medium 
with 7.5% fetal calf serum. With the aid of fine forceps and 
a scalpel, the embryo is isolated from the uterine tissues 
under a stereomicroscope. In the embryo, two structures 
can be recognized: embryonic tissues (clear and cylindrical 
shaped,) and the ectoplacental cone (reddish, cone shaped, 
and located at the end of embryonic tissue in the uterine 
mesometrial region). Allantoises are mouth-aspirated into a 
hand-pulled glass microcapillary (60–120 μm diameter). The 
ectoplacental cone/chorion should cleanly break off, leaving 
an opening to the exocoelomic cavity for the easy aspiration 
of the allantois. Immediately after inflating the exocoelom, 
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which allows better visualization of the allantois through 
the yolk sac, the tip of the microcapillary is aimed toward 
the distal tip of the allantois and, while gently aspirating, 
“sheathe” the entire length of the allantois with the tip of 
the microcapillary. While maintaining minimal aspiration, 
lift the allantois, still in the exocoelom, toward the menis-
cus. At the meniscus, gently suction the allantois into the 
microcapillary, thus leaving behind the embryo, which will 
drop to the bottom of the dish. The allantois can now be 
manipulated [375].

Three different methods can be used to maintain the allan-
tois in culture. It can be kept in suspension in rolling cultures 
allowing the development of a 3D spheroid characterized by 
a vascularize core enveloped by a mesothelial layer. Explants 
are cultured in 0.5 ml of DMEM medium containing 50% 
rat serum or 5% (“low serum”) or 50% fetal calf serum. 
To culture longer than 1 day, explants are given completely 
fresh gas-equilibrated medium at 24 h intervals [375, 376].

A second system is based on the hanging drop system. 
The allantois is suspended in 0.03 ml of DMEM supple-
mented with 10% FCS and located onto the underside of a 
lid of a plastic bacterial dish. The hanging drop cultures are 
placed into a 5%  CO2 incubator, and after 18 h, the origi-
nated 3D spheroids can be resuspended in the above medium 
containing angiogenic inducers (e.g., VEGF) and the hang-
ing drop procedure is repeated [377]. Finally, allantois can 
be easily maintained in adherent conditions (50% rat serum 
in DMEM medium) up to 72 h on glass surface or on plastic 
surface coated with fibronectin or poly-lysine and differ-
ently stimulated [370, 374, 378]. Allantois isolated at E8.0 
adheres within 12 h, and after 18–20 h of culture, the explant 
adopts a circular shape with a vascular plexus, which covers 
the central area.

17.2  Limitations and challenges

The main positive feature of this assay is that it can analyze 
vasculogenesis or angiogenesis dependent on the explant 
isolation. Actually, when the allantois is isolated early (E8.0, 
headfold stage), explants undergo vasculogenesis, and when 
isolated later (E9.5, 22–26 somites), undergo angiogenesis 
[370, 371]. Second, allantois explants can be imaged with 
the use of time-lapse microscopy to follow the sequence 
of events that occur during vessel formation in vitro [372]. 
Finally, cultured allantois explants can be immunostained for 
markers of vessel formation and can be sectioned for histo-
logical analysis. It is further evident that allantois isolated 
from genetically manipulated mouse models can be useful 
to understand the role of specific genes in vascular develop-
ment. Finally, because the allantois is implicated in placenta 
vascularization, this model can be specifically exploited to 
investigate pathogenetic mechanisms of placental diseases. 
Negative aspects of the murine allantois assay are the short 

time of culture viability (72 h) and a solid experience in 
manipulating embryo mice.

17.3  Concluding remarks

The allantois angiogenesis assay is not so popular and widely 
used in the vascular biology community but it is useful to 
discriminate if a vascular phenotype is primitive or second-
ary to other embryonic genetic defects, in particular when 
the genetic manipulation is early lethal. The robustness of 
the assay also validated by computer-assisted analysis [379] 
can be exploited in drug evaluation as recently reported 
[380]. Thus, the allantois is an important tool at infancy to 
address relevant issues of vasculogenesis and angiogenesis 
in development and disease.

18  In vivo angiogenesis plug assay

A widely used in vivo assay for the evaluation of pro- or anti-
angiogenic factors is the in vivo angiogenesis plug assay, 
which makes use of basement membrane extracts (BME) or 
Matrigel. This assay is reliable, easy to perform without the 
need for special equipment, reproducible, quantitative, and 
quick [381–383]. The assay is performed by injecting, for 
example, 0.1 ml BME/Matrigel in the subcutaneous space of 
an animal. The liquid solidifies to form a plug at body tem-
perature. Over time, blood vessels will sprout into the plug. 
With two plug sites per animal, the setup is quick and allows 
for multiple test compounds or concentrations to be tested. 
Thus, drug screening can also be evaluated for effects on the 
activity of angiogenic or anti-angiogenic factors [384–387]. 
The drug can either be placed in the plug together with the 
test factor by mixing with the Matrigel matrix or be given to 
the host animal. Cells or even exosomes can also be tested 
when mixed into the gel for their production of angiogenic 
factors. Furthermore, the assay is highly versatile. For exam-
ple, the role of certain genes can be evaluated using geneti-
cally modified mice (overexpressing or ablating a protein 
gene), or animal models of diseases, such as aged or diabetic 
animals. Also, the effect of certain drug treatments can be 
evaluated. Matrigel is a mixture of basement membrane 
components derived from an animal tumor [388, 389]. It 
contains predominantly laminin-111, collagen IV, heparan 
sulfate proteoglycans, and various growth factors. Matrigel 
is a liquid at 4 °C and gels at higher temperatures. It is used 
in various angiogenesis assays, including the tube formation, 
aortic ring, and plug assays.

18.1  The in vivo plug assay method

In this assay, the test compound and/or growth factor is 
mixed with a basement membrane extract at 4 °C, known 
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as Matrigel, and then injected, while still cold, subcuta-
neously into mice where it will gel. After approximately 
1 week, the plug is excised and assayed for angiogenesis 
by various methods, including histology, the Drabkin assay 
(hemoglobin content), immunofluorescence, quantification 
of fluorescent Dextran injected intravenously just before 
plug harvest, etc. [381, 382, 384–387]. Complete protocols 
have been published [382, 387].

The assay requires the use of BME/Matrigel without phe-
nol and with low content of growth factors. BME/Matrigel 
is thawed overnight on ice in the refrigerator, because it 
gels at a temperature above 4 °C and is not usable. BME/
Matrigel can be supplemented with an angiogenic inducer, 
and it is mandatory to mix it well (do not vortex as bubbles 
will form) with the BME/Matrigel at 4 °C without dilut-
ing the matrix as this reduces the gelling properties. The 
test mixture or the control without test materials should be 
cold when injected as it will gel quickly in the subcutaneous 
location due to the warmth of the animal. Injection is done 
with 1-inch 21–25 g needles, which are changed after 2–4 
injections as they may become dull. Mice (n = 3) are slowly 
injected with 0.1 ml into both groin areas (Fig. 15) with the 
tip of the needle as far as possible from the injection site to 
prevent leakage. A bump should appear at the site where 
the test material is released from the tip of the needle. It 
is preferable to hold the syringe in place for about 30 s to 
allow the test material to gel. The syringe is gently rotated to 
remove the needle to help further seal the injection site hole.

At the end of the experiments, mice are killed. For the 
harvest, a square segment of skin containing the plug is 
excised. Alternatively, the skin can be cut around the plug 
leaving plenty of space so as not to damage the plug. Then, 
the underside is exposed. The plug is small and yellow in 
color but it may also be pink or red depending on the degree 
of angiogenesis. The control plug depending on the assay 
method will be colorless. The plug is safely and gently 
removed with scissors, embedded in HistoGel, and fixed for 
histology, followed by sectioning and staining with Mas-
son’s trichrome. Most of the angiogenesis will be from the 
edges of the plug, and the quantitation can be based on the 
density of the vessels and/or extent of in growth toward the 
center of the plug. At least three fields per plug located at 
approximately the same distance from the edge of the plug 
are analyzed. Alternatively, Drabkin reagent can be used to 
assess to the amount of blood in the plug or fluorescein iso-
thiocyanate dextran (Mw 150,000–200,000) can be injected 
into the tail vein of the animals and extracted from the plug 
for quantitation. However, these approaches can be flawed by 
either the presence of compressed non-perfused vessels or 
by the presence of leaky blood vessel or hemorrhagic areas. 
Some researchers isolate RNA from the plugs and use qPCR 
of EC genes [390] as a quantitation assay.

18.2  Key steps in 3D imaging and analyses

Matrigel is very amiable to a variety of fluorescence labeling 
techniques and generation of 3D images, due to being opti-
cally translucent and highly permeable. Intravenous injection 
of large (200,000 Mw) fluorescein isothiocyanate (FITC)-
labeled dextran identifies functional vessels within Matrigel, 
while smaller (4400 Mw) tetramethylrhodamine (TRITC)-
labeled dextran can be used to highlight the permeability of 
these vessels. Figure 14 shows an example of differences in 
vascular permeability detected with this method. Stable vas-
cular networks with low permeability are induced by FGF-2 
(Fig. 14b), whilst highly permeable vessels are induced by 
VEGF (Fig. 14c). To achieve these images, labeled dextrans 
at 10 mg/ml each are mixed in a 1:1 ratio in 100 µl, and 
injected i.v. 15 min prior to euthanasia. Excised Matrigel 
plugs can be fixed in 4% PFA for 2 hours and then stored in 
70% ethanol. Using a scalpel, all skin or connective tissue is 
removed and then Matrigel plug slices of ~ 300–500µm are 
prepared for whole-mount imaging using confocal micros-
copy. Antibody labeling, such as VE-cadherin (clone BV13, 
eBioscience) and endomucin (clone V7C7, Santa Cruz) can 
be performed over-night using a permeabilization buffer 
containing 1 % BSA, 0.5 % Triton X-100. High resolution 
imaging is carried out using confocal microscopy, to acquire 
a series of Z stacks, which can be used to generate 3D pro-
jections using software such as Volocity. Permeability can 
be identified by the presence of extravasated TRITC-dextran, 
which is quantified and normalized against FITC-dextran 
[391].

18.3  Limitations and challenges

As the age and gender of mice can influence the results of 
this assay, it is important to standardize these parameters. 
Young C57BL/6 mice are recommended as Matrigel is 
derived from this mouse strain. Immunodeficient mice can 
also be used (when heterologous cells are mixed in the gel), 
but are more costly. It is important to note that there can 
be considerable variability in the plug responses under the 
same treatment; therefore, the use of 3–6 mice per data point 
is recommended, with two injections in each mouse. For 
pro- and anti-angiogenic agents that are tested as a local 
application in the gel, it is important to establish their resi-
dence time in the gel. Some known pro-angiogenic factors 
are known to leak out too fast to be effective.

The Matrigel should be handled according to the instruc-
tions. If the Matrigel has solidified or contains particulate 
matter after thawing, it should not be used, because this may 
interfere with the even distribution of the test material and 
can yield artefacts. When mixing the test material with the 
Matrigel, it is not recommended to vortex, as bubbles may be 
formed that will distort the gel in vivo. Letting the mixture 
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stand on ice for 10 min will reduce bubbles. Diluting the 
Matrigel matrix with too much test substance volume will 
reduce the gelling capacity and therefore the ingrowth of 
blood vessels. Purchasing Matrigel that is at least 12–14 mg/
ml will reduce this problem. A common problem may be that 
in certain cases the plug may be hard to see when harvesting. 
If this happens it may be best to take the larger area of skin 
around the injection site for histology. It should be noted that 

fixation can affect some antibody epitopes therefore, frozen 
sections may also be considered. HistoGel (Thermo Scien-
tific) is recommended for preservation of the fragile plug 
before fixation. Cracks or bubbles in the matrix may require 
selection of areas in the plug that are clear of these artifacts.

An adaptation of the assay is an easy to use kit: DIVAA, 
Directed In Vivo Angiogenesis Assay, Trevigen Inc., that 
avoids many of the injection and artifact problems [392].

Fig. 15  In vivo BME/Matrigel 
plug assay in mice. Injection 
of BME/Matrigel in the groin/
abdomen areas of a mouse. The 
left image is a plug without 
growth factors; the right image 
represents a plug with an 
angiogenic growth factor. b, c 
Confocal microscopy images 
of whole-mount Matrigel 
plugs, with labeled dextran 
tracers. Matrigel plug angio-
genesis induced by (b) FGF-2 
resulted in stable vessels, with 
co-localization of large FITC-
dextran and small TRITC-
dextran within the vessels, 
which appear as yellow (XYZ 
planes). Matrigel plug angio-
genesis induced by (c) VEGF 
resulted in highly permeable 
vessels, with most TRITC-
dextran extravasated outside the 
FITC-dextran positive vessels. 
Images were captured using a 
Carl Zeiss LSM510 META or 
LSM 780 confocal microscope. 
 Volocity® software (Perkin 
Elmer) was used to reconstruct 
3D images of the vessels from 
serial Z-sections
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18.4  Concluding remarks

Among the various in vivo angiogenesis assays, the plug 
assay is the most widely used because it is the most versatile, 
least costly, and easiest to perform. Furthermore, results are 
available within a week. Care must be taken at all steps in 
the assay, including in the selection of the recipient mice, 
handling and injecting the Matrigel, harvesting the plug, and 
counting the vessels.

19  In vivo vascular network forming assay

In this assay, human endothelial cells (ECs) and mesen-
chymal cells are combined to form perfused vascular net-
works as rapidly as 4 days after subcutaneous injection into 
immune-deficient mice. Thus, this assay provides an in vivo 
system to study human blood vessel formation and func-
tion with the option to manipulate the human cells in vitro 
prior to implantation. Briefly, human ECs are suspended in a 
liquid extracellular matrix (ECM) or hydrogel with support-
ing mesenchymal cells and the mixture is then subcutane-
ously injected into immune-deficient mice (Fig. 16a). The 
selected ECM or hydrogel should be compatible with vascu-
lar morphogenesis and should ideally polymerize soon after 
injection to confine the cells. The vascular networks formed 
within the implant are lined with the human ECs and sur-
rounded on the abluminal side by human perivascular cells 
[393–396] (Fig. 16b). This assay is simple and essentially 
relies on three key components: (1) human ECs, (2) support-
ing mesenchymal cells, and (3) hydrogel. Nevertheless, the 
nature of these three elements can vary considerably, confer-
ring wide versatility to the assay. For example, the human 
ECs can be derived from progenitor cells (e.g., endothe-
lial colony-forming cells (ECFCs) isolated from umbilical 
cord blood or adult peripheral blood), from primary tissues 
(e.g., human umbilical vein ECs (HUVECs), human dermal 
microvascular ECs, or white adipose tissue-derived ECs), or 
from differentiated human embryonic or induced pluripotent 
stem cells [393, 394, 397, 398]. The supporting mesenchy-
mal cells may originate from a plethora of sources as well, 
including progenitor cells (e.g., mesenchymal progenitor or 
stem cells (MPCs, MSCs) from bone marrow, cord blood 
[394, 399], or adipose tissue [400]), and primary cells (e.g., 
saphenous vein smooth muscle cells (HSVSMC) [393] and 
human dermal fibroblasts [401]). Moreover, murine sources 
of mesenchymal cells can alternatively be used, including 
MSCs from bone marrow, white adipose tissue, skeletal 
muscle, and myocardium [402] as well as the murine embry-
onic mesenchymal precursor 10T1/2 cell line [403]. Lastly, 
this assay is compatible with a variety of ECMs and hydro-
gels that support formation of human vascular networks 
including Matrigel [393], Type I collagen [395], fibrin [395], 

PuraMatrix [395], and photo-crosslinkable methacrylated 
gelatin (GelMA) hydrogels [404]. In summary, this two-cell 
model for building human vascular networks in the mouse is 
versatile, rapid, and relatively simple to perform.

19.1  Background/history

Seminal studies by Schechner and colleagues [405, 406] set 
the stage for the assay described above. They suspended 
HUVECs in collagen/fibronectin gels wherein the HUVECs 
formed tubular structures in vitro within 20 h. They then 
placed the cell-laden gel pieces by incision into the abdom-
inal wall of severe combined immune deficiency (SCID) 
mice. Human EC-lined vessels were detected in the implants 
by 30 days, although the investigators found that HUVECs 
needed to be transduced with the anti-apoptotic gene Bcl-2 
to achieve meaningful survival. After 60 days, basement 
membrane deposition, EC-EC junctions, recruited host 
α-smooth muscle actin + mural cells, and TNF-α induced 
E-selectin and VCAM-1 were evident [406]. In summary, 
HUVECs formed well-developed, functional vessels, albeit 
slowly. The next logical step was to supply mural cells 1) 
to avoid reliance on host mural cell recruitment and 2) as 
a source of growth factors for the implanted ECs. In this 
regard, including the murine mesenchymal precursor cell 
line 10T1/2 was shown to significantly increase vessel den-
sity beginning at day 14 after implantation [407]. In sum-
mary, these early studies represented a “tissue-engineering” 
proof-of-concept that collectively demonstrated that pre-
assembled human vascular networks transplanted into mice 
were able to connect with host vessels.

19.2  Assay overview

We adapted these concepts to develop a rapid, simple, and 
non-surgical approach for the vascular network forming 
assay. Our prototypical assay consists of 2 × 106 human 
ECFCs + human bone marrow-derived MSCs combined 
at a ratio of 2:3 and suspended in 200 microliters of ice-
cold Phenol Red-free Matrigel for each implant. The cell/
Matrigel suspension is then injected subcutaneously using a 
26 gauge needle; two implants are placed on each dorsal side 
of 6–8-week-old athymic nu/nu mice. Soon after implanta-
tion, Matrigel forms a gel at 37 °C such that cells are con-
fined at the site of injection. Perfused vessels are detected 
as early as day 4, have a robust presence by day 7 (~ 100/
mm2), and are long lived [394, 396]. Inclusion of 1 µg/ml 
basic fibroblast growth factor (bFGF) in the cell/Matrigel 
suspension significantly increases the number of perfused 
vessels detected on day 4 [408]. Negative controls usually 
include injecting the ECM or hydrogel without cells or with 
ECs alone. Detailed descriptions of the methods including 
endothelial and mesenchymal cell isolation procedures are 
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provided in these publications from our laboratories [95, 
394, 408]. Also, a detailed video protocol of this assay is 
available [409].

19.3  Visualizing and quantifying vessels

At desired time points, the cell/hydrogel implants are 
removed by making a dorsal incision adjacent to the implan-
tation site to expose the subcutaneous space. The implants 

are 3–5 mm in diameter and easily distinguishable from sur-
rounding subcutaneous adipose tissue by shape, consistency, 
and pink/red (vascularized) color (Fig. 16). Digital photo-
graphs provide initial data on the macroscopical aspect of 
the implants. The excised specimens are then fixed in 10% 
neutral buffered formalin overnight, followed by paraffin 
embedding and sectioning (5–7 µm sections) for histologi-
cal analysis. Hematoxylin and eosin (H&E) staining is used 
to identify red blood cell-containing lumens; empty lumens 

Fig. 16  In vivo vascular net-
work formation assay. a Sche-
matic of the two-cell model. b 
Tail vein injection of rhoda-
mine-UEA-I and FITC-GS-B4 
labels perfused human (red) and 
murine (green) vessels on day 
7 after cell/Matrigel subcutane-
ous injection. c) Quantifica-
tion of lectin-labeled human 
and murine vessels shows that 
perfused human vessels present 
at day 5 and day 7
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can be counted separately to track non-perfused vascular 
tubes [396]. This analysis will capture human vessels as 
well as host vessels that have sprouted into the gel to form 
connections with the human vessels [410]. Typically, ves-
sels are counted in ten randomly selected areas from two 
H&E-stained sections, ~ 150 µm apart, for a total of 20 areas 
for each implant. Ideally, counters should be blinded to the 
experimental groups to reduce potential bias. Image analysis 
software such as ImageJ can also be used to facilitate the 
counting. As noted above, this assay typically produces a 
total vessel density between 50 and 150 vessels/mm2.

19.4  Distinguishing human from murine vessels

Three strategies have been used to visualize and quantify 
human versus murine blood vessels in the implant. The first 
is to use human-specific antibodies such as the monoclonal 
antihuman CD31 antibody (clone JC70A, Dako, Agilent) 
that has been shown by numerous groups to specifically label 
human vessels in histological sections. The second approach 
is to genetically label the human ECs prior to implantation 
with green fluorescent protein or an equivalent fluorescent 
marker using lentiviral or retroviral constructs. The support-
ing human mesenchymal cells can be labeled with a different 
fluorescent marker for dual in vivo tracking [394]. The third 
approach is to use plant lectins—Ulex europaeus aggluti-
nin I (UEA-I) which is specific for human endothelium and 
Griffonia simplicifolia isolectin  B4 (GS-B4), which binds to 
mouse endothelium but has no reactivity with human cells 
because humans lack the α-linked galactose residue needed 
for GS-B4 carbohydrate binding. For instance, tail vein 
injection of rhodamine-labeled UEA-I and FITC-labeled 
GS-B4 10 min before removing the implants has been shown 
to effectively label perfused blood vessels and shows the 
connections between human and mouse vessels within the 
grafts [410] (Fig. 16b). Using this lectin approach, three 
distinct patterns can be seen: UEA-I-positive human ves-
sels, GS-IB4-positive murine vessels, and UEA-I/GS-IB4-
double-positive chimeric vessels; each can be quantified and 
reported as vessels/mm2 (Fig. 16c) [410–412]. Alternatively, 
biotinylated forms of UEA-I and GS-B4 can be used to stain 
the vessels in histological sections.

19.5  Longitudinal analyses

Vascular volume within the implants can be measured lon-
gitudinally by contrast-enhanced ultrasonic imaging using 
a high-resolution system such as the Vevo 2100 (Visual-
Sonics Inc, Toronto, Canada) [396, 410]. This technique 
requires imaging before and shortly after tail vein injec-
tion of an echogenic microbubble contrast agent, preferably 
with a syringe pump to achieve consistent levels of con-
trast among the different animals. In addition, to assess cell 

retention over time, the human ECs can be genetically modi-
fied for luciferase expression (e.g., Lenti-pUbiquitin-firefly 
luciferase-GFP); this allows visualizing the location of the 
human ECs over time in individual mice [394, 411, 412]. 
This procedure simply requires an intraperitoneal injection 
of the substrate luciferin followed by live bioluminescence 
imaging 30–40 min later using a system such as the Xenogen 
IVIS 200.

19.6  Advantages

This in vivo vascular network model is ideally suited for 
studies on the cellular and molecular mechanisms of human 
vascular network formation. The assay is amendable to both 
loss-of-function and gain-of-function experiments. For 
example, specific genes of interest can be tested by carry-
ing out shRNA/siRNA knockdown or CRISPR/Cas9 gene 
editing in the ECs and/or the mesenchymal cells prior to 
implantation. Conversely, specific genes can be expressed 
using retroviral or lentiviral constructs, providing a gain-
of-function test strategy. Alternatively, the human cells can 
be treated with drugs prior to implantation, which restricts 
drug exposure to the cell of interest and avoids confound-
ing systemic effects. These types of experiments have been 
used to study human vascular tumors and vascular malfor-
mations [413–415]. Furthermore, Melero-Martin and col-
leagues showed that human ECs can be genetically engi-
neered to provide controlled release of a protein of interest 
from the newly formed human vascular networks. In their 
study, human ECFCs that were genetically engineered to 
overexpress erythropoietin (EPO) were shown to form vas-
cular networks that increased erythropoiesis and corrected 
anemia in the recipient mice [416], revealing the engineered 
network’s potential to serve as a drug delivery device. An 
additional advantage is that the human ECs and mesenchy-
mal cells, as well as host cells, can be easily retrieved from 
the implant at any desired time point and sorted into puri-
fied populations for molecular and biochemical analyses, or 
for transplant into secondary, recipient mice. Finally, it is 
worth noting that hydrogel suspensions of human ECs and 
mesenchymal cells have also been shown to form vascular 
networks in murine ischemic myocardium and ischemic hind 
limbs, providing physiological benefit to those tissues [411, 
412]. This demonstrates that the blood vessel-forming abil-
ity of the cells can be recapitulated in settings beyond the 
subcutaneous implant site.

19.7  Limitations and challenges

Implanting human vascular cells necessitates the use of 
immune-deficient recipient mice, which precludes the use 
of many available transgenic murine models. The use of 
murine cells would solve this, although obtaining robust and 
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phenotype-stable murine ECs remains a challenge. Murine 
mesenchymal cells are less problematic; murine MSCs from 
four different tissue sources have already been shown to sup-
port vessel formation in vivo [402]. Therefore, it should be 
feasible to switch to syngeneic murine cells for implanta-
tion into desired murine strains. Second, this assay is not 
well suited for high-throughput studies because of the rela-
tively large number of human cells required, the expense of 
immune-deficient mice, and the time-consuming analytical 
procedures. Alternatively, in vitro 3D microfluidic models in 
which perfusable human vascular networks form can provide 
a valuable intermediary between this in vivo assay and 2D 
cell culture models [417].

19.8  Concluding remarks

This in vivo vascular network forming assay is technically 
simple, reliable, and experimentally accessible; it provides 
a functional test for assessing the blood vessel-forming 
potential of human ECs in vivo. The assay allows wide ver-
satility in the use of cell sources. The human cells can be 
manipulated genetically and/or pharmacologically prior to 
implantation to address a variety of questions. Human (and 
murine) cells can be retrieved from the implants at desired 
time points for cellular and molecular analyses. The assay 
is also amendable to the use of human ECs from patients or 
ECs genetically engineered to express a human mutation to 
model specific vascular pathologies.

20  Developing mouse retinal vasculature—
tip cells

The developing mouse retina is an extensively used model 
to study angiogenesis. Vessels originate around birth from 
the optic nerve and grow radially to the peripheral retinal 
margin during the first postnatal week as a flat and easily 
imaged plexus. Subsequently, the superficial capillaries start 
sprouting downwards to form the deep and intermediate vas-
cular plexus. The network also undergoes some remodeling, 
and in approximately the third postnatal week, all vascular 
layers are completely mature. Several aspects of vascular 
development can be studied in this system, such as endothe-
lial tip/stalk behavior, sprout anastomosis, lumen formation, 
vessel pruning, network remodeling, formation of arteries 
and veins, and others. The model is particular useful for the 
analysis of genetically altered mice.

20.1  Visualization of cellular markers and gene 
expression

To appreciate spatial relationships and network topology, 
the retinal vasculature is best studied in retinal whole-mount 

preparations. This, however, contains some challenges. Dis-
secting the retina in one piece requires practice. Further-
more, depending on fixation conditions and antibodies used, 
immunohistochemistry can be difficult. The likely reason for 
this is the formation of diffusion barriers at the retina–vitre-
ous interface. Two fixation protocols have emerged minimiz-
ing these problems. The first approach uses fixation for just a 
few minutes in paraformaldehyde followed by a longer incu-
bation in ice-cold methanol (which can also act as storage 
medium) [418]. Alternatively, paraformaldehyde fixation is 
carried out for several hours on ice. Different antibody stains 
may behave differently depending on the fixation method 
used. Furthermore, in situ hybridization (ISH) can also be 
used on retinal wholemounts. Here, care needs to be taken 
to prevent the retina from curling up during the hybridiza-
tion step [419]. By far the most simple and robust method of 
staining the retinal vasculature is based on labeled isolectin 
B4 (IB4), which binds a carbohydrate epitope on mouse 
endothelial cells, but also on microglia and macrophages.

20.2  Analysis of tip cells

Endothelial tip cells are defined by their position at the 
tips of vascular sprouts (Fig. 17). They also have long and 
dynamic filopodia, migratory behavior, and low prolifera-
tive activity. On the other hand, stalk cells, following the tip 
cells, proliferate and form the vessel lumen. Manipulations 
that change the balance between the tip and stalk pheno-
type alter branching frequency of angiogenic sprouts. The 
basis for this concept was set by Gerhardt et al. [420], who 
used lectin labeling (Fig. 17a, b) and ISH against PDGFB 
(Fig. 17c) or VEGFR2 to identify tip cells. The Notch ligand 
DLL4 plays an important role for maintaining the tip cell 
state and is also a tip cell marker. In the search for additional 
tip cell-specific markers, whole genome genetic profiling 
strategies were used [421, 422] and many other useful mark-
ers have emerged such as CD34, apelin (APLN), angiopoi-
etin-2 (ANGPT2), chemokine receptor type 4 (CXCR4), and 
endocan (ESM1) [419–423]. ESM1 is probably the most 
specific tip cell marker in mouse retinal vasculature, labe-
ling additionally only some arterial ECs, whereas labeling 
of CXCR4 is high in tip cells, but also to a lesser extent 
present in some EC of the vessel plexus, in arterial EC and 
in perivascular cells [423].

The actin cytoskeleton provides a driving force for tip 
cell movement during angiogenesis, and labeling F-actin 
with phalloidin [420] is another way of assessing endothe-
lial tip cells, especially by highlighting and counting their 
filopodia. As an indirect method to distinguish tip cells from 
other EC phenotypes, labeling with antibodies against the 
adherens junction protein VE-cadherin, the adhesion pro-
tein PECAM1/CD31 or against proteins in the basal lam-
ina (fibronectin, collagen, laminin) is used in combination 



Angiogenesis 

1 3

with IB4, in which all ECs are labeled, but tip cell filopodia 
exclusively with IB4 [420, 424]. The use of markers of the 
basal lamina is based on the concept that formation of new 
sprouts requires degradation of extracellular matrix to allow 
migration of tip cells, thus showing reduced staining in prox-
imity of tip cells. Indeed, it was recently shown by triple 
labeling of tip cells with F-actin, cortactin, and collagen 
type IV that tip cells use so-called podosomes to degrade the 
extracellular matrix [425]. Labeling with anti-Ki67 or BrdU 
[420, 424] is used as marker of proliferation, a property that 
is greatly reduced in tip cells.

Several transgenic mouse models are also available today 
to specifically study tip cells in the mouse retina. Lifeact-
EGFP labels actin associated with cell–cell junctions, and 
apical and basal membranes, and highlights actin-based 
structures such as filopodia and stress fiber-like cytoplas-
mic bundles [426]. Also, a Cre transgenic strain was devel-
oped (Esm1-CreERT2) [423], mimicking tip cell-specific 
expression of ESM1 in the retina [421]. Combining this 
transgenic strain with the R26-mTmGT/+ Cre reporter gen-
erated, a conditional knockout strain that can be cross-bred 
with global knockout strains for tip cell genes as Cxcr4, or 
stalk cell-specific genes as Notch1, and Jag1 to study tip 
cell fate [423]. Furthermore, mosaic mutant mice can be 
generated by injecting morulas or blastocysts of mice with 
DsRed or eGFP expressing embryonic stem cells that have 
undergone gene targeting. The ability of the mutant embry-
onic stem cells to contribute to EC in the tip position is a 
direct readout of the importance of the mutated gene for EC 
tip cell function. Mosaicism can also be achieved by using 
very low amounts of tamoxifen in tamoxifen-inducible, 
endothelial specific Cre transgenic strains. Interestingly, 

even heterozygous gene deletions, with no phenotype in 
globally targeted mice, can result in a competitive disad-
vantage in a mosaic background, resulting, for example, in a 
reduced proportion of mutant EC in tip position [427, 428].

Tip cell behavior can also be studied in ex vivo and 
in vitro models, which have the advantage over in vivo 
models that they are suitable for an array of interventions 
and readouts and allow a rapid and low-cost screening of 
potential anti-angiogenic molecules. These models, such as 
retinal or dorsal aorta explants, and EC-coated beads embed-
ded in fibrin gels are well suited to study tip cells and are 
described in detail in other chapters of this article. It has 
recently also been demonstrated that tip cells can be identi-
fied in EC monolayer cultures such as primary HUVECs, 
HMVECs and in immortalized endothelial cultures by stain-
ing for CD34, an endothelial and hematopoietic stem cell 
marker, which stains the tips of vascular sprouts but also 
the luminal side of all EC in vivo [429]. In contrast, in vitro 
CD34 reliably and specifically stains endothelial cells with 
almost all characteristics of tip cells in vivo (Fig. 17d). This 
in vitro model of tip cells allows studies into the differentia-
tion and regulation of tip cells, as well as the discovery of 
novel tip cell genes [422].

20.3  Network analysis of retinal vasculature

The size and topology of the developing retinal vasculature 
can be used as a general readout to assess angiogenic pro-
cesses. The overall diameter or the plexus covered during the 
initial expansion phase of retinal vasculature development is 
widely used as an indicator of decreased or increased angio-
genesis. Moreover, branching frequency, branch length, and 

Fig. 17  Identification of tip 
cells. The tip cell is the leading 
cell of an angiogenic sprout 
with long filopodia extensions, 
followed by stalk cells that pro-
liferate and phalanx cells that 
form a matured new capillary. 
a Tip cells in the developing 
mouse retina can be identified 
by staining with isolectin B4 
(IB4). b The mouse retinal vas-
culature (IB4) follows the astro-
cytic meshwork (GFAP) when 
forming the superficial vascular 
plexus during development. c A 
combination of collagen type IV 
IHC (in pink) for general stain-
ing of blood vessels and ISH 
for PDGFB (black) for specific 
identification of tip cells in the 
developing mouse retina. d Tip 
cells in endothelial cell cultures 
are identified by CD34
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vessel diameter are strongly affected by tip/stalk imbalances 
and can easily be assessed by image analysis (e.g., using 
tools in ImageJ or Fiji) [430]. The plexus central to the 
leading front is unstable and remodeled via the pruning of 
capillaries, leading to reduced vessel density. In addition, 
capillary free spaces form in the vicinity of arteries. These 
readouts can indicate changes in vessel stability [431]. Fur-
thermore, artery–vein differentiation is particularly noticea-
ble in the developing retinal vasculature because of the radi-
ally alternating patterning of arteries and veins. Arteries are 
easily labeled with an antibody against alpha smooth mus-
cle actin, which is strongly upregulated in arterial smooth 
muscle cells. Endothelial specific arterial (e.g., ephrin B2 or 
DLL4) and venous markers (e.g., Eph B4) can also be used.

20.4  Limitations and challenges

Retinal whole-mount IHC and ISH can be tricky, and the 
accessibility of antibodies in the retina may be dependent 
on the protein or mRNA targeted. Transgenic reporter mice 
partly overcome these problems greatly reducing back-
ground and show a more equally distributed expression, but 
are not affordable for every laboratory. A further limitation 
to the use of tip cell markers is that none of the current mark-
ers exclusively labels tip cells, as they can also be expressed 
in other EC of the vascular plexus, arteries, or perivascular 
cells. Therefore, identification of tip cells relies mainly on 
their position, morphology, and their filopodial protrusions. 
To confirm the endothelial identity of tip cells, staining with 
multiple antibodies is necessary to distinguish between EC 
and perivascular cell types.

Another major limitation of the developing mouse retinal 
vasculature as a model system is that experimental manipu-
lations are challenging. Although intraocular injections are 
possible, they are prone to artefacts and requires highly 
skilled and experienced operators. Genetic models are more 
robust but usually require an inducible approach (e.g., the 
tamoxifen-inducible Cre-lox system) because the retinal vas-
culature develops postnatally and cannot be studied when 
vascular abnormalities lead to embryonic death. The associ-
ated mouse breeding can be very costly and time-consuming. 
Thus, ex vivo and in vitro assays may be in many instances 
more appropriate as they are faster, cheaper, and ethically 
more responsible. However, more complex network develop-
ment depends on in vivo approaches and can so far not be 
studied in vitro.

20.5  Concluding remarks

The developing retinal vasculature is a very well-defined 
and widely used model to assess vascular phenotypes in 
mutant mice. It has been particularly useful in the study 
of endothelial tip/stalk behavior in physiological context. 

However, inducible genetic tools are usually required and 
the associated mouse breeding makes it a resource and time-
intensive model.

21  Corneal angiogenesis assays

In the early 1970s, the Folkman’s group firstly set up an 
in vivo angiogenesis by exploiting the anatomical features 
of rabbit cornea and in particular the absence of blood vessel 
and the easy access to monitor the neovascularization by a 
slit lamp after implanting tumor cells or tissues or slow-
release pellets containing angiogenic inducers [432]. This 
strategy was further extended to rodents (mouse and rats), 
which are smaller and less expensive than rabbits and allow 
studying specific molecular correlations by taking advan-
tages of using genetic engineered mouse models [433–435]. 
Corneal assays are instrumental to characterize angiogenic 
inducers and inhibitors, interactions between different fac-
tors, and to study cellular and molecular mechanisms of 
angiogenesis [436]. Interestingly corneal assay can also be 
used to study other biological processes. For example, stud-
ies of lymphangiogenesis were made possible through the 
implantation of low-dose bFGF pellets, which allowed the 
visualization of lymphatic vessels through specific molecu-
lar markers [437].

21.1  Assay overview

The protocol is based on the creation of a small pocket in 
the cornea to introduce tissue samples, cells, or slow-release 
pellets incorporating growth factors. Surgical procedures are 
performed on anesthetized animals, in sterile conditions to 
avoid inflammatory reactions and with the help of a stere-
otaxic microscope. Generally, the resins used are etylen-
vinyl acetate (Elvax 40W, 40% by weight ethylene–vinyl 
acetate comonomer content with a “W” amide additive, 
Dupont) or a mixture of sucralfate and poly(2-hydroxyethyl 
methacrylate) (Hydron). To produce slow-release Elvax 40 
pellets, 1 g of the polymer is washed in 100 ml of absolute 
alcohol for at least 15 days and then dissolved in 10 ml of 
methylene chloride to prepare 10% casting stock solution 
(60 min in at 37 °C). Two hundred microliters of this solu-
tion is layered on a Teflon film, and the methylene chloride is 
allowed to evaporate under a laminar flow hood. The result-
ing film of polymer is cut under a stereomicroscope into 
1 × 1 × 0.5 mm pieces, which are used as implants. Ten 
implants (see above) are monitored for 14 days after implan-
tation. The casting solution is eligible for the use when the 
implants performed with a specific casting solution do not 
induce reactive inflammatory injury at microscope and his-
tological examination of the cornea. To incorporate the test 
substance, a predetermined amount of casting solution is 
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mixed with a given amount of the molecule and processed 
as above described. Alternatively, pellet is incubated with 
a solution of the testing molecule dissolved in sterile phos-
phate buffer solution for 40 min at room temperature in a 
plate rotator and then dried in a laminar airflow hood under 
sterile condition.

Elvax-40 containing testing molecules can be stored up 
to 1 month at − 80 °C. Empty pellets of Elvax-40 are used 
as negative control, while positive control contains VEGF-
A (200 ng/pellet). In the case the experiment protocols 
require the use of cells or tissues, it is used to implant 5 
μl of medium containing 2–5 × 105 cells, or a fragment of 
2–3 mg of fresh tissue.

A second resin is hydron stabilized by sucralfate. Ten 
milligrams of sucralfate is added to solutions of sterile saline 
(20–50 μl) containing the appropriate amount of testing sub-
stances (e.g., 0.05 mg VEGF-A as positive control) that are 
then speed vacuumed until the mixture is dry (30–60 min). 
To this suspension, 10 μl of 12% hydron in ethanol is added. 
This suspension is layered on a sterilized 1.5 × 1.5 cm piece 
of nylon mesh (pore size 0.4 × 0.4 mm). Both sides of the 
mesh are covered with a thin layer of hydron and allowed 
to dry in sterile conditions. Then, the fibers of the mesh are 
pulled apart under a microscope, and only uniformly sized 
pellets of 0.4 × 0.4 × 0.2 cm are selected for implantation. 
All procedures are performed under sterile conditions. Such 
pellets can be stored at − 80 °C for 1 month without loss of 
bioactivity.

Pellets are implanted in anaesthetized animals, and the 
eye is further anesthetized with few drops of local anesthetic. 
A central incision (1.5 × 3 mm in rabbit; 1.5 × 1.5 mm in 
mouse or rat) is produced into the corneal 3 mm (rabbit) or 
1–1.5 mm (mouse, rat) from the limbus, and using a von 
Graefe knife (2 × 30 mm), a micropocket is dissected to 
insert the pellet with forceps. This procedure allows the dif-
fusion of test molecule in the tissue, with the formation of 
a gradient for the ECs of limbal vessels. The distance of 
the pocket from the limbus can influence the angiogenic 
response, which depends on the features of the angiogenic 
inducer [438].

Observations of the implants are made with a slit lamp 
stereomicroscope over a set period of time on anaesthetized 
animals. Images are recorded for subsequent analysis. In 
rabbit, an angiogenic response is positive when budding 
of the vessels from the limbal plexus occurs after 3–5 days 
and capillaries progress to reach the implant in 7–10 days. 
Implants with an inflammatory reaction or that are unable 
to induce angiogenesis within 10 days are discarded. The 
angiogenic activity is evaluated on the basis of the angio-
genic score calculated by the formula vessel density/cornea 
x distance from the limbus [439, 440]. The number of posi-
tive implants over the total number is also scored.

In the mouse or in the rat, the vascular response is meas-
ured as the maximal vessel length [441, 442]. By using 
the slit lamp microscope with an ocular grid, the y-axis of 
the reticule is located along limbal vessel directly beneath 
implant. It is possible to refer the eye as a clock with inter-
vals from 1 to 12, and the measurement of the number of 
clock hours with new vessels is performed during each 
observation. Two measurements are obtained for each eye: 
the linear response representing the maximal vessel length 
(an average of the five longer vessels) extending from the 
limbus toward the implant and the circumferential response 
representing the neovascularization zone (measured in clock 
hours). The vessel area is calculated according to this for-
mula: vessel length × clock hour × 0.2π. At the end of the 
experiments, cornea is fixed and analyzed for the presence 
of inflammatory cells and to investigate the vessels features.

21.2  Limitations and challenges

Corneal assays present advantages and disadvantages in 
different species. The rabbit’s size enables an easy manipu-
lation of both whole animal and the eyes, and the inflam-
matory reactions are easily detectable as corneal opacity. 
However, the experimental cost is higher in rabbit than in 
mouse or rat. Multiple observations are easier in rabbit than 
in mouse or rat and can be done in not anaesthetized ani-
mals. Furthermore, the angiogenic response in mouse and 
rat is highly variable and a large number of animals are 
required. Thanks to its size, the rabbit eye offers a large area 
for the placement of stimuli in different forms including the 
presence of two pellets. All species can be also used to test 
the effect of local or systemic drug treatment on the local 
angiogenic response. Obviously, the systemic drug treatment 
of rabbit is more expensive than the treatment of mouse or 
rat. There are some critical steps in performing a successful 
corneal assay. The first issue is the preparation of pellets, 
which need to be uniform, without any inflammatory activ-
ity and able to ensure a good distribution of the angiogenic 
molecule. Surgical procedure is another challenge issue of 
the assay, and it is important to calibrate the appropriate 
depth of the incision to avoid the eye rupture. In mouse, 
this assay permits to induce neo-angiogenesis on different 
genetic backgrounds, which can be useful to evaluate the 
effect of a specific gene on angiogenesis.

21.3  Concluding remarks

Corneal angiogenesis assay, which requires high technical 
competences, represents a powerful tool to monitor and 
quantify in vivo neo-angiogenesis, to test specific drug treat-
ment and the effect of genetic manipulation. To possibility of 
final histological examinations allows an initial description 
of the cellular mechanisms sustaining the process.
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22  Mouse oxygen‑induced retinopathy 
model

Pathological angiogenesis plays a pivotal role in the most 
common causes of blindness including neovascular age-
related macular degeneration (AMD) [443], polypoidal 
choroidal vasculopathy (PCV) [444], or diabetic retinopathy 
and retinopathy of prematurity (ROP) [445]. Animal angio-
genesis models are an essential tool to understand pathways 
involved in physiological and pathological angiogenesis for 
basic comprehension of the biology and to determine the 
basis for in vivo anti-angiogenic drug development in trans-
lational cancer and ophthalmic research. Moreover, they are 
critical in preclinical drug testing.

The oxygen-induced retinopathy (OIR) model was origi-
nally developed to reflect the pathological stages of human 
ROP, vaso-obliteration of retinal vessels with oxygen expo-
sure (phase I), followed by vaso-proliferation (phase II). 
Oxygen exposure of neonatal dogs, cats, rats, and mice cre-
ates a relative hypoxic state in the retina with stimulation of 
growth factors resulting in eventual vaso-proliferation as is 
seen in preterm infants with ROP [446]. A major distinction 
of this model is that mice, rats, dogs, and cats are born with 
incompletely vascularized retinas, similar to humans born 
preterm allowing the study of retinal vascular development. 
Mice are the least expensive and most genetically manipula-
tive animal model and therefore the most commonly used. 
Murine retinal angiogenesis occurs postnatally in a tightly 
regulated, predictable manner similar to humans allowing 
for manipulations seen postnatally in preterm babies such 
as oxygen exposure [445].

Since the introduction of the current mouse OIR model 
in 1994, it has been extensively used in many studies of 
angiogenesis and retinopathy. A Google Scholar search with 
the keywords “oxygen-induced retinopathy mice” revealed 
approx. 45,000 publications with an increase of 9500 publi-
cations in the last year, reflecting the feasibility and practi-
cality of this in vivo model in many areas of vascular biology 
research. The major advantages lies in its reproducibility, 
affordable costs, short duration (10 days), and accessibility 
of the retinal vasculature for isolation, imaging, and inter-
ventions [447, 448]. Further, the well-established platforms 
for creating systemic or conditional transgenic strains and 
access to a wide availability of recombinant proteins and 
antibodies make it a powerful tool for basic angiogenesis 
research.

22.1  Assay overview

The current OIR model was developed by Smith et al. [446] 
and optimized by Stahl et al. in 2009 [449]. In brief, neonatal 
mice with nursing mothers are placed into 75% oxygen from 

postnatal day (P)7 until P12 and returned to room air (21% 
oxygen) from P12 to P17 (Fig. 18a). Due to the high  pO2 
levels during the first hyperoxic phase (P7–P12), retinal ves-
sels stop developing and immature capillaries in the central 
retina regress resulting in a central zone of vaso-obliteration 
(Fig. 18a, b′) [450]. Interestingly, the oxygen-induced vaso-
obliteration (VO) develops very rapidly with peak VO 48 h 
after onset of oxygen exposure [446]. The retina starts revas-
cularizing slowly under remaining oxygen exposure from 
P9 to P12 [446, 451], likely reflecting increasing oxygen 
demands of the developing retina. On return to room air at 
P12, the VO area becomes hypoxic [452] and significant 
upregulation of HIF-1-dependent, pro-angiogenic path-
ways including VEGF ensues resulting in neovasculariza-
tion (NV) with its peak at p17 [453–455] (Fig. 18a, b″). A 
comprehensive step-by-step protocol of this mouse model 
has been published [456].

The two main quantifiable components in the OIR mouse 
model are the NV (maximum at P17) and VO areas. If a 
study is designed to determine the amount of vasculature lost 
during the hyperoxic phase, the VO area can be measured at 
P12 or even as early as P8 by manually outlining the VO in 
an image software such as Adobe Photoshop (Fig. 18c). In 
most cases, NV and VO are measured at P17 when abnormal 
vessel growth is at its peak. It has to be kept in mind that 
the VO area on P17 can differ between experiments with 
same VO area at p12 depending on the extent of vascular 
repair, which can be determined by examining the differ-
ence between VO at P12 and P17. The current method to 
quantify NV is the SWIFT_NV method, which is a com-
puter-aided semiquantitative technique detecting NV tufts 
and clusters on retinal wholemounts using the free NIH soft-
ware ImageJ [449]. In brief, using different macros, retinal 
flat mounts are divided into four quadrants and background 
fluorescence is removed allowing NV structures to stand out 
clearly (Fig. 18c′, c″). This enables the user to set a fluores-
cent threshold marking NV, but not normal vessels. Arti-
facts can be manually excluded during this step. Recently, 
a novel Web-based image analysis tool (http://oirse g.org/) 
has been developed based on deep learning segmentation, 
which greatly facilitates the quantification of NV structures 
[457]. This method greatly improved efficiency, reliability, 
and objectivity compared to the prior methods such as cross-
sectional techniques and whole-mount grading systems 
based on predefined characteristics.

22.2  Limitations and challenges

Despite standardization of the OIR mouse model over the 
last 23 years, several essential factors can result in substan-
tial phenotype variability if not controlled. One of these fac-
tors is postnatal weight gain (PWG) during the OIR period. 
A study from Stahl et al. [458] revealed that pups with poor 

http://oirseg.org/
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postnatal weight gain (PWG) (defined as pups weighing 5 g 
or less at P17) have a significantly delayed and prolonged 
vaso-obliteration and NV compared to medium (5–7.5 g) 
and extensive (≥ 7.5 g) PWG. Therefore, the weight of each 

pup at P7 and again at P17 should be measured. Mice below 
6 g and over 7.5 g at P17 should be excluded from the analy-
sis. To avert poor PWG during OIR, several adjustments can 
be considered. We recommend avoiding large litter sizes 

Fig. 18  Mouse model of oxygen-induced retinopathy (OIR). a The 
mouse model of oxygen-induced retinopathy (OIR). Neonatal mice 
and their nursing mother are placed into 75% oxygen from P7 to P12, 
which induces loss of immature retinal vessels, leading to a central 
zone of vaso-obliteration (VO). After returning to room air at P12, 
the central avascular retina becomes hypoxic, inducing vascular 
regrowth with pathologic neovascularization (NV). At P17, the maxi-
mum severity of NV is reached. NV starts to regress shortly after P17 
and almost no VO or NV remains visible by P25. b Retinal whole 
mount stained with isolectin-B4-Alexa (red) displaying a normal 
vascular development at P17 under normoxic condition. b′ OIR P12 
retinal whole mount showing an extensive VO area without NV. b″ 
OIR P17 retinal whole mount showing a decreased VO with NV at 

its maximum. c Quantification of vaso-obliteration (VO) by manually 
outlining the avascular area with image-processing software (Photo-
shop, Adobe Systems) c′ For computer-aided NV quantification, both 
the original image and the VO image generated with Adobe Photo-
shop were imported into NIH’s free-access ImageJ software. The 
SWIFT_NV macroset isolates the red color channel, subtracts back-
ground fluorescence, and divides the VO image into four quadrants. 
c″ SWIFT_NV then allows the user to outline NV tufts but not nor-
mal vessels by setting a fluorescence threshold for each quadrant. The 
macroset then quantifies all NV pixels from all four quadrants, reports 
the result as neovascular total area, and creates an overlay of NV and 
original image
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over eight pups by removing some pups (or if pups are too 
heavy by adding pups to maintain appropriate weight gain) 
and surrogating C57BL/6 pups at P2 or P3 with S129 lactat-
ing mice due to their lower susceptibility to oxygen toxicity 
if weight gain is low. It is important to note that nursing 
mothers are no longer fertile after exposure to OIR. Under 
hyperoxia exposure and especially after transfer to normoxia, 
we found that mothers cannibalize their pups. Therefore, 
we recommend careful handling after return to normoxia as 
stress leads to less lactation and increased cannibalization.

Another important variable, which needs to be consid-
ered, is the phenotype variability between different strains 
and even within one strain due to vendor-related substrain 
differences. These differences can be easily addressed by 
using the same strain from a single vendor. To correct for 
age and genetic heterogeneity as well as environmental dif-
ferences, the use of littermate controls is strongly recom-
mended. When using transgenic mice, controls with exactly 
the same background will help to minimize strain-dependent 
phenotype variability.

Last, it has to be noted that the OIR mouse model does 
not cover all aspects of human ROP since mice are not born 
preterm even though retinal development occurs postnatally 
as it does with preterm infants. Thus, systemic factors result-
ing from preterm delivery are not taken into account, such 
as low IGF-1 seen after preterm birth in humans. Also, mice 
have no macula (the area of acute central vision) and have 
fewer cones than humans. However, vascular development 
is very similar.

22.3  Concluding remarks

The OIR mouse model is a robust, reliable, and quantifiable 
model to investigate developmental and pathological angio-
genesis when variables are carefully controlled.

23  Laser‑induced choroidal 
neovascularization mouse model

Age-related macular degeneration (AMD) is one of the 
major causes of vision impairment in the elderly [459]. 
Although AMD does not lead to complete blindness, loss 
of central vision makes it difficult for patients to recognize 
faces, drive, or read. Nonexudative or non-neovascular AMD 
includes early and intermediate forms of AMD, as well as 
geographic atrophy, in which progressive loss of retinal 
cells leads to some loss of visual function. In 10–20% of 
AMD patients, nonexudative AMD progresses to neovas-
cular AMD, which accounts for ~ 90% of AMD-associated 
vision loss with deterioration of central vision [460]. Neo-
vascular AMD is characterized by choroidal neovasculari-
zation (CNV), with blood vessels from the choriocapillaris 

penetrating through Bruch’s membrane into the normally 
avascular subretinal space [461]. However, in some patients, 
pathological angiogenesis develops from retinal vessels 
known as retinal angiomatous proliferation (RAP). In vitro 
EC culture models of CNV lack complex in vivo cellular 
interactions of photoreceptors, retinal pigment epithelium, 
pericytes, inflammatory cells, and glial cells [462]. There-
fore, reproducible animal models that mimic the pathologi-
cal angiogenesis in the retina and choroid are needed to 
study AMD [463]. No models, however, mimic the aging 
aspects of the disease, nor do non-primates have a macula.

23.1  Laser CNV model advantages and limitations

A laser-induced in vivo model of CNV, first described in 
1979, uses photocoagulation to disrupt Bruch’s membrane, 
inducing the growth of new choroidal vessels into the sub-
retinal area [464]. This model is similar to the majority of 
neovascular AMD in which pathological angiogenesis arises 
from the choroid. However, it differs from AMD as it is 
a wounding model unlike neovascular AMD that is initi-
ated with aging changes. The laser-induced CNV model 
has been used successfully to predict the clinical efficacy of 
anti-vascular endothelial growth factor (VEGF) therapy to 
suppress neovascular growth in AMD [465]. Laser-induced 
CNV has been used in mice, rats, rabbits, pigs, and non-
human primates. Non-human primates’ retinal anatomy 
(with a macula) is most similar to humans, but primates 
are costly to maintain, and rarely develop AMD and only 
do so after decades. Rodent models offer the advantages 
of lower cost but lack an anatomical macula [466]. Several 
gene-targeted mouse models, such as the very low-density 
lipoprotein receptor knockout (Vldlr −/−), superoxide dis-
mutase (SOD) knockout (Sod1 −/−), and apolipoprotein E 
(APOE) e4 transgenic mice, demonstrate some aspects of 
CNV such as spontaneous subretinal neovascular lesions 
[462]. However, these models are difficult to further manip-
ulate genetically to determine pathways involved in AMD 
progression, whereas the laser-induced CNV model can be 
used in transgenic animals to explore the molecular mecha-
nisms of CNV formation.

C57BL/6J mice are usually recommended for laser-
induced CNV experiments, because only pigmented mice 
absorb laser energy well and respond reliably to laser burns. 
Previous studies suggest that both gender and age of ani-
mals influence the outcome of laser-induced CNV [467]. 
In one study, mice of both genders more than 12 weeks old 
developed more severe CNV than mice less than 8 weeks 
old. Gender difference was only significant in 12–16-week-
old mice, but not in the younger 6–8-week-old mice [467]. 
However, Zhu et al. [468] observed larger CNV lesions in 
female mice at 5–8 weeks old. This discrepancy may be 
due to differences in analysis time points and fluorescent 



Angiogenesis 

1 3

methods between the studies. Especially noteworthy, the 
older female mice developed significantly larger CNV 
lesions than both older male and younger female mice. The 
larger area of CNV in older female mice is suggested to be 
related to their high circulating levels of estrogen, which 
increases pro-angiogenic functions of both EC and smooth 
muscle cells in vivo and promotes wound healing in both 
human and animal models. Moreover, compared with the 
younger mice, the lesion area in the older mice had increased 
variability. These studies suggest that mice of either gen-
der weighing 15–23 g at 6–8 weeks of age are optimal for 
the laser-induced CNV model for testing efficacy of drugs, 
although age- and gender-matched mice may be essential for 
specific experiments.

23.2  Assay overview

The general procedure of laser-induced CNV induction 
involves careful mouse anesthesia, mouse positioning, 
laser burn, with optional optical coherence tomography 
and fundus fluorescein angiography, eye dissection, cho-
roid staining and imaging, and CNV lesion quantification 
(Fig. 19a). Only intact eyes (Fig. 19b) without observable 
structural or morphological abnormalities are used for the 
laser-induced CNV model. Eyes with anomalous structures 
(Fig. 19c), cataract, or visible defects of the cornea or fun-
dus are excluded. Mice are anesthetized with a mixture of 
xylazine and ketamine, and pupils are dilated with topical 
drops of Cyclomydril. 2 min after pupil dilation, lubricating 
eyedrops are applied to the cornea. Four laser burns at equal 
distance from the optic nerve (which optimally is approxi-
mately twice the diameter of the optic nerve) are induced 
one by one in each eye by a green Argon laser pulse with 
a wavelength of 532 nm (Fig. 19d). The distance between 
laser burns must be at least double the diameter of the optic 
nerve to avoid fusion of lesions. Major retinal and choroi-
dal vessels should be avoided to prevent potential bleeding. 
The formation of a vaporization bubble immediately after 
laser photocoagulation indicates the success of a laser burn, 
which correlates with rupture of Bruch’s membrane. Opti-
cal coherence tomography immediately after laser photo-
coagulation may be used to confirm the success of the laser 
burn with visible rupture of Bruch’s membrane (Fig. 19e). 
After laser photocoagulation, the eyes are gently rinsed with 
sterile saline to remove the lubricating eyedrops and treated 
with an antibiotic ointment, erythromycin. Mice are then 
placed on a pre-warmed warming plate at 35 °C after the 
laser treatment until they are fully awakened. Mice with or 
without treatment can be subjected to fundus fluorescein 
angiography to evaluate the levels of vascular leakage from 
CNV lesions 6 days after laser burn (Fig. 19f, g). The in vivo 
retinal structure may also be examined by optical coherence 

tomography, if applicable, to determine the cross-sectional 
area of CNV lesions 7 days after laser burns. To measure the 
surface area of CNV lesions, the fluorescence-stained retinal 
pigment epithelium/choroid/sclera flat mounts are imaged 
(Fig. 19h, i) and quantified by researchers masked to treat-
ment. The choroidal CNV samples may also be analyzed for 
RNA or protein.

23.3  Limitations and challenges

The laser-induced CNV model in mice has been often char-
acterized as variable and inconsistent. Establishing a set of 
consistent exclusion criteria is necessary for ensuring reli-
able data analysis. In a typical study, ten mice per group 
with four lesions per eye would optimally provide 80 data 
points for each experimental condition. To account for data 
or mouse loss, including (1) cataract and corneal epithe-
lial edema before laser photocoagulation, (2) unsuccessful 
laser burn without Bruch’s membrane rupture, (3) odd lesion 
shape due to mouse movements during laser induction, (4) 
death of mice post-laser treatment, or (5) damage of the 
CNV lesions during tissue dissection and processing, more 
mice may be needed and should be considered in a power 
analysis to account for an anticipated intervention effect.

To accurately evaluate the laser-induced CNV, some 
lesions should be excluded. Severe hemorrhages will 
cause much larger CNV lesions, whereas choroidal dam-
age will yield a CNV lesion much smaller than the fellow 
CNV lesions in the same eye. First, choroidal hemorrhages 
encroaching on the lesion should be analyzed and classified 
carefully: (1) If the diameter of the bleeding area is less than 
that of the lesion, the lesion will be eligible for inclusion of 
analysis; (2) if the diameter of the bleeding area is more than 
that of the lesion but less than two times of the lesion diam-
eter, the lesion should be excluded from quantification; and 
(3) if the diameter of bleeding area is more than two times 
the lesion diameter, all lesions in the same eye should be 
excluded from analysis. Second, excessive laser burns that 
damage not only Bruch’s membrane but also the choroid and 
retinal pigment epithelium should be excluded. These exces-
sive burns can be seen clearly as a solid “hole” in the bright 
field of choroid imaging. Lesions should also be excluded 
if (1) the lesion is fused with another lesion, (2) the lesion 
is either more than five times larger than the mean of the 
lesions under the same experimental conditions, or (3) the 
lesion is the only one eligible for statistical analysis among 
all lesions in an eye. Previous studies provide the optimal 
settings and conditions to make use of the laser-induced 
CNV model for the goal of improving the consistency and 
reproducibility of experimental results for AMD and other 
pathological angiogenesis research [467].
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23.4  Concluding remarks

The laser-induced choroidal neovascularization model is an 
attractive model to study AMD. The model is available in 
many species and is, despite the fact that the initiation of the 
pathology is through wounding and not because of aging, 
suitable for the development of drugs for the treatment of 
AMD.

24  Transparent window preparations 
for angiogenesis studies in mice

Our ability to observe living tissues with the microscope 
improved dramatically in the 1920s when Sandison began 
implanting transparent windows over wounds in rabbit ears. 
This allowed him to view the underlying tissue noninva-
sively and longitudinally [469, 470]. In the 1940s, Algire 
modified Sandison’s method to visualize the dorsal skin in 
mice [471]. With this powerful tool, he was able to perform 
detailed studies of angiogenesis during wound healing and 

Fig. 19  Experimental flowchart of the image-guided laser-induced 
CNV model and data collection. a Overview of the procedure for 
CNV induction involving mouse preparation and followed by experi-
mental treatment, sample preparation, and analysis. b Representative 
image of normal fundus (Green check mark). c Representative image 
of anomalous structure (white arrow) in the eye, which is not suit-
able for laser photocoagulation (Red X). d Representative image of 
normal fundus with four laser burns shown as bright white spots. e 

Representative image of a successful laser burn (white arrow) with 
3D optical coherence tomography. f, g Representative ocular fundus 
fluorescein angiography images at 5 and 10 min after the injection of 
fluorescent dye at day 6 after laser burn. h Representative images of 
flat-mounted choroid with IB4 staining at day 7 after laser photocoag-
ulation. Scale bar: 200 μm. ON: optic nerve. (i) Higher magnification 
of the laser-induced CNV lesion highlighted in panel H. Scale bar: 
50 μm. Reproduced with permission from [467]
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Table 3  Angiogenesis assays and vascular analysis

References

Development of novel imaging techniques
Direct measurement of interstitial diffusion and convection of albumin using fluorescence photobleaching [707]
Tumor induction of VEGF promoter activity in stromal cells [506]
Interstitial pH and  pO2 gradients in solid tumors in vivo [505]
In vivo measurement of gene expression, angiogenesis, and physiological function in tumors [487]
Two-photon fluorescence correlation microscopy to reveal transport in tumors [498]
Quantum dots to spectrally distinguish multiple species within the tumor milieu in vivo [490]
Three-dimensional in vivo microscopy using optical frequency domain imaging [485]
Simultaneous measurement of RBC velocity, flux, hematocrit, and shear rate in vivo [495]
In vivo validation of MRI vessel caliber index with intravital optical microscopy in a mouse brain tumor model [515]
Video-rate resonant scanning multiphoton microscopy [496]
Next-generation in vivo optical imaging with short-wave infrared quantum dots [708]
Analysis of vessel function
Regulation of transport pathways in tumor vessels: role of tumor type and microenvironment [501]
Effect of tumor–host interactions on distal angiogenesis and tumor growth [709]
Kinetics of vascular normalization in response to VEGFR2 blockade [510]
pH/pO2

Calibration and application of fluorescence ratio imaging of pH gradients [503]
Noninvasive measurement of microvascular and interstitial oxygen profiles [504]
Simultaneous in vivo high-resolution measurements of interstitial pH and  pO2 gradients [505]
Extracellular matrix and interstitial transport
Fluorescence photobleaching with spatial Fourier analysis for measurement of diffusion [502]
Dynamic imaging of collagen in tumors in vivo using second-harmonic generation [491]
In vivo imaging of ECM remodeling by tumor-associated fibroblasts [492]
Angiotensin inhibition enhances drug delivery by decompressing tumor blood vessels [500]
Anti-VEGF therapy induces ECM remodeling and mechanical barriers to therapy [481]
Immune cells
VEGF and bFGF regulate natural killer cell adhesion to tumor endothelium [497]
Ly6Clow monocytes drive immunosuppression and confer resistance to anti-VEGFR2 therapy [511]
Analysis of lymphatic vessel function
Conventional and high-speed intravital multiphoton laser scanning microscopy [508]
Lymphatic metastasis in the absence of functional intratumor lymphatics [710]
A genetic Xenopus laevis tadpole model to study lymphangiogenesis [711]
Investigation of the lack of angiogenesis in the formation of lymph node metastases [486]
Drug delivery, nanoparticles
Vascular normalization improves the delivery of nanomedicines in a size-dependent manner [499]
Compact high-quality CdSe-CdS core–shell nanocrystals with narrow emission linewidths and suppressed blinking [489]
Magneto-fluorescent core–shell supernanoparticles [712]
Engineered vasculature
Tissue engineering: creation of long-lasting blood vessels [407]
Paradoxical effects of PDGF-BB overexpression in EC in vivo [713]
Engineered blood vessel networks connect to host vasculature via wrapping-and-tapping anastomosis [509]
Generation of functionally competent durable engineered blood vessels from human pluripotent stem cells [398]
Mathematical analysis of angiogenesis
Scale-invariant behavior and vascular network formation in normal and tumor tissue [517]
Cancer, angiogenesis, and fractals [519]
Scaling rules for diffusive drug delivery in tumor and normal tissues [518]
Assessing therapies
Herceptin acts as an anti-angiogenic cocktail [714]
Targeting placental growth factor/neuropilin 1 pathway inhibits growth and spread of medulloblastoma [478]
Vascular endothelial protein tyrosine phosphatase inhibition in tumor vasculature and metastatic progression [512]
A cerebellar window for intravital imaging of medulloblastoma in mice [479]
Tissue isolation chambers
Implantable tissue isolation chambers for analyzing tumor dynamics in vivo [493]
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tumor growth. Intravital imaging techniques have provided 
unprecedented insight into tumor vessel formation and 
function [472–474]. By implanting transparent windows in 
various anatomical locations in the mouse, it is possible to 
observe angiogenesis associated with tumor development, 
wound healing, and immune/inflammatory responses with 
high resolution, and in the native microenvironment. To 
date, transparent window preparations in mice have been 
developed to observe angiogenesis and lymphangiogenesis 
in the dorsal skin [475], brain [476, 477], cerebellum [478, 
479], liver [480, 481], lung [482], pancreas [483, 484], 
breast [485], and lymph node [486], Table 3.

24.1  Development and capabilities

Advances in intravital microscopy have come with the 
development of new window models, but also with inno-
vations in microscopy. Multiphoton laser scanning micro-
scopes provide high resolution, 3D images of vessel anat-
omy, gene expression, and network topology, even in deeper 
regions of tumors [487]. More recently, frequency domain 
optical coherence tomography (OCT) imaging has been 
applied in window chambers to improve depth penetration 
and contrast, providing unprecedented images of vascula-
ture noninvasively and longitudinally [485]. Another imag-
ing technology, short-wave infrared imaging (SWIR), has 
been adapted from the defense industry to improve imaging 
depth penetration and reduce scattering [488]. The devel-
opment of novel probes for improving contrast has also 
improved the ability to monitor angiogenesis in vivo [489, 
490]. Furthermore, advanced imaging technologies such as 
second-harmonic generation imaging allow us to see impor-
tant components of the angiogenic process such as ECM 
fibers [491]. This ability has improved our understanding 
of the involvement of matrix components in the angiogenic 
process [491–493].

Chronic window preparations allow analysis of vessel 
function, including hemodynamics [494–496], immune cell 
trafficking [497], transport of materials in the vascular and 
interstitial spaces [472, 487, 498–501], the binding kinet-
ics of drugs in vivo [502], and other microenvironmental 
parameters such as perivascular pH and  pO2 [503–505]. 
Using intravital reporters, it is possible to study spatiotem-
poral expression of genes [506], to quantify vessel struc-
ture, function, and dynamics [485, 493], and to probe the 
abnormal organization, structure, and function of angio-
genic vasculature (e.g., hyper-permeability, heterogeneous, 
and compromised blood flow) [475, 477, 487, 507, 508]. 
When combined with sophisticated imaging and analysis 
techniques, we can quantify blood velocity, hematocrit, and 
shear rate in vivo [495].

Intravital microscopy through transparent windows has 
been used to study many aspects of neovascularization and 
vessel dynamics (Fig. 20). In addition to tumor angiogenesis 
and wound healing, they have been valuable for understand-
ing the integration of engineered tissue grafts into existing 
vascular beds [398, 407]. By following various cell popula-
tions as angiogenic host vessels make new connections with 
those of the graft, it is possible to understand the cellular 
mechanism of anastomosis [509].

Intravital imaging also allows assessment of therapies that 
affect the vasculature. For example, it is possible to quantify 
the abnormalities in structure and function that are hallmarks 
of tumor angiogenesis, and then assess how these abnormali-
ties change when the vasculature is normalized with anti-
angiogenic or anti-fibrotic therapies [478, 500, 508–513]. 
Intravital optical microscopy [514] has also been useful for 
calibrating clinical imaging modalities in patients [515].

With information about the structure and dynamics of the 
angiogenic network, it is possible to analyze performance 
and efficiency of the vasculature at a deeper level. These 
analyses allow for further probing of the pathophysiology of 

Fig. 20  Tumor angiogenesis imaging. Vasculature in the brain (left) and the dorsal skin (right) visualized using IR frequencies to image deeper 
into tissue; blood flow creates the contrast, so it is noninvasive (from [485])
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tumor angiogenesis and the implications of abnormal vascu-
lature for drug and nutrient delivery [516–519].

Microfabrication technologies popularized in the past 
two decades have allowed the design and implementation 
of more sophisticated chamber designs. By creating custom-
designed window chambers from polydimethylsiloxane, a 
clear, biocompatible polymer, it is possible to control the 
interactions between host and implanted tissues and to 

improve imaging by partially constraining the growing tis-
sues [493] (Fig. 21).

24.2  Advantages of intravital microscopy/chronic 
window chambers for angiogenesis studies

Intravital microscopy in window chambers is characterized 
by the following features: (1) It allows studies in an in vivo 

Fig. 21  MMTV tumor vasculature in the cranial window pillar TIC. 
a MPLSM/SHG image of the indicated region in the bright-field 
image (b). Near the edge of the PDMS, the vasculature extends radi-
ally into the central chamber. At this time point (day 7 after implan-
tation), the vasculature is mature and has normal morphology in the 
regions far from the tumor. Four feeding arterioles (red arrowheads) 
and three venules (blue arrowheads) are indicated. These vessels have 

significant flow and have acquired smooth muscle cells in their walls 
(red, αSMA+-DsRed). Note that the arterioles generally have more 
αSMA signal than the venules, as expected. c The vasculature near 
the growing tumor has dramatically different morphology and flow, 
as observed in other animal models and human tumors. The tumor 
was not fluorescently labeled in this group, but is visible as the mass 
extending from the central tumor (T) in b (from [493])

Fig. 22  Imaging of vasculature in the cranial window preparation. 
Vascular sprouts entering a cranial window tissue isolation cham-
ber. Time sequence of new vasculature (green) migrating toward the 
top left into a cranial window TIC, past the edge of the PDMS disk 
(dashed line) (imaged using MPLSM and SHG). Alignment of col-
lagen fibers (white) is evident, and alpha-SMA+ cells can be seen 

on the PDMS surface (red). The vasculature (green, FITC-dextran) 
extends by forming perfused loops and sprouts. As the matrix remod-
els, the vessels also remodel as they advance. a: D1: day 1, D3: day 3, 
D6: day 6 post-TIC implantation. A pillar structure, which defines the 
height of the chamber, is indicated with * (from [493])
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microenvironment, while ex vivo or in vitro studies require 
more extensive validation; (2) it enables visualization and 
measurement of the dynamics of the same vessels and cells 
as the new vasculature forms and changes in response to 
various treatments (Fig. 22); (3) it permits a variety of func-
tional studies of angiogenic vessels which are being increas-
ingly recognized in the angiogenesis field; (4) it allows dis-
section of the role of various mechanical (shear stresses, 
hoop stresses, etc.) and biochemical signals known to govern 
angiogenesis, (5) it allows investigation of the role of differ-
ent organ microenvironments on vessel formation and func-
tion; and (6) a wide range or reagents are readily available 
for the murine system (Abs, genetic manipulation, etc.).

24.3  Limitations and challenges of intravital 
microscopy and window chambers

Intravital microscopy and window chambers experience some 
limits: (1) They are labor-intensive, making screening stud-
ies expensive; (2) creating the window may cause transient 
inflammation and inappropriate implantation of the window 
can induce tissue damage; the use of compromised windows 
affects angiogenesis in the windows (wound healing response); 
(3) for single-photon microscopes, depth penetration is limited 
to a few cell layers due to light scattering. Multiphoton micro-
scopes permit deeper imaging but still limited to a few hundred 
micrometers. OCT, Doppler OCT, and SWIR permit deeper 
imaging, but are more expensive; (4) commercially available 
advanced imaging techniques are very expensive and the most 
advanced imaging techniques are not widely available.

24.4  Concluding remarks

Optical microscopy provides the high-resolution imaging 
needed to distinguish cell dynamics, ECM components, and 
intracellular features. By placing transparent windows over 
various organs in animal models, we can take advantage of 
optical microscopy to follow the formation of new vasculature 
noninvasively for time periods of weeks or months. This ena-
bles studies of neovascularization in normal processes such as 
wound healing and diseases such as cancer and allows detailed 
analyses of responses to drugs that target blood vessels.

25  The RIP1‑Tag2 transgenic mouse model

The RIP1-Tag2 mouse model was one of the earliest onco-
genic mouse models used in pioneering studies by Hanahan 
and Folkman to identify and characterize the angiogenic 
switch and multi-step progression to pancreatic neuroendo-
crine tumors. Due to its high vascularity, and synchronous 
and rapid tumor development, it became a valuable preclini-
cal tool for developing and evaluating response and relapse 

from anti-angiogenic therapy from its earliest stages to the 
current day. Studies in the RIP1-Tag2 model predicted effi-
cacy and helped to motivate clinical trials that led to the 
approval of two compounds, everolimus and sunitinib, for 
human pancreatic neuroendocrine tumors (PNET) in 2011.

25.1  The angiogenic switch

The RIP1-Tag2 mouse was developed by Douglas Hanahan 
as a result of his interest in using newly developed transgenic 
technology to use a well-characterized rat insulin promotor 
to express a viral oncogene, SV40 T antigen, in the beta 
cells of the pancreatic islets of Langerhans in order to study 
oncogenic transformation of normal tissues [520]. The first 
transgenic mice died at an early age from hypoglycemia, 
consequent to the rapid proliferation of beta-islet cells, 
which produced high insulin levels. Tumors from viable 
mice were characteristically bright red and highly vascular-
ized, and it was immediately proposed that this was likely 
the result of what was later called the “angiogenic switch,” 
which Judah Folkman had postulated, must occur for tumors 
to grow beyond a small size [521]. But when and how is 
this switch activated? Co-culture of the total islet population 
with EC in a collagen matrix resulted in proliferation and 
migration of EC toward only a small subset of “angiogenic” 
islets to form capillary tubes, elegantly confirming that the 
angiogenic switch occurred in hyperplastic islets prior to 
tumor formation [522]. This also implies that a soluble fac-
tor [521], later identified as VEGF through multiple lines 
of evidence, was critical. In normal adult mammals, the 
vasculature is quiescent, and new blood vessels are formed 
through angiogenesis, wherein new capillaries sprout from 
existing vessels in a process largely driven through VEGF 
signaling. Hanahan and Folkman proposed that this angio-
genic switch is a discrete early step in tumorigenesis and 
that the stages of progression that characterize RIP1-Tag2 
tumorigenesis, where progressively smaller subsets of quies-
cent islets sequentially become hyperplastic, angiogenic, and 
finally progress to invasive carcinomas (Fig. 23a), also exist 
in human tumors [523]. In contrast to the popular hypoth-
esis at that time that the angiogenic switch is induced by 
upregulation of pro-angiogenic factors, RT-PCR analysis 
of all VEGF ligands and their receptors, flt-1 and flt-2, as 
well as acidic fibroblast growth factor (FGF1) indicated that 
their expression levels were similar in islets before and after 
the angiogenic switch [524, 525]. The fact that normal non-
transgenic islets already contained high levels of various 
pro-angiogenic factors suggested another mechanism in the 
activation of angiogenesis. Indeed, the switch from vascular 
quiescence to an angiogenic state involved the matrix met-
alloproteinase MMP-9, which was secreted by infiltrating 
myeloid cells. MMP-9 rendered ECM-sequestered VEGF 
bioavailable to its receptor, thus triggering an angiogenic 
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switch; this identification was confirmed using co-culture 
studies of angiogenic islets derived from MMP-9 KO RIP1-
Tag2 mice and EC in collagen matrices—in contrast to wild-
type islets, the MMP-9 KO islets did not induce EC capillary 
formation [526]. The result that VEGF-A is a pivotal factor 
in the angiogenic switch was further confirmed with an islet 
beta cell-specific knockout of VEGF-A in RIP1-Tag2 mice, 
which impaired both angiogenic switching and subsequent 
tumor growth [525].

25.2  Preclinical and clinical studies

These and many other concurrent studies identifying the 
VEGF/VEGFR2 axis as a powerful therapeutic target led to 
the development of numerous anti-angiogenic compounds. 
Sarah Parangi and colleagues were the first who used the 
RIP1-Tag2 model to perform preclinical studies with a 
combination of three early compounds with anti-angio-
genic activity—AGM-1470, the antibiotic minocycline, 

Fig. 23  RIP1-Tag2 mouse model. a Multi-step progression to tumors 
in RIP-Tag2. Although oncogene expression begins during embry-
onic development (E8.5), the pancreatic islets initially have a normal 
anatomical and histological appearance (“normal” stage). Begin-
ning at 4–5  weeks of age, hyperplastic and dysplastic islets begin 
to appear to comprise about 50% of islets by 10 weeks. Angiogenic 
islets appear beginning around 6  weeks of age, and represent 10% 
of all islets at 10.5 weeks. Angiogenic islets are recognized by their 
dilated blood vessels and microhemorrhages. Tumors form begin-
ning at 9–10 weeks and represent 2–4% of all the islets by 14 weeks. 

About half of the tumors at end stage evidence either focal or wide-
spread invasion to the surrounding acinar tissue. RIP-Tag2 mice die 
at approximately 14 weeks of age primarily due to hyperinsulinemia. 
b Anti-angiogenic Therapy Response and Relapse. Tumors treated 
with anti-angiogenic therapy using an RTK inhibitor starting at 
12–15  weeks “Response,” or 12–20  weeks “Relapse,” when vessels 
have significantly rebounded. Tumors are stained with anti-insulin in 
blue, vessels are stained with anti-CD31 in red, and surrounding exo-
crine pancreas is stained with amylase in green
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and interferon alpha/beta [527]. The combination can reduce 
tumor growth, but not prevent it, and was an early preclini-
cal success for anti-angiogenic therapy that helped to propel 
this class of inhibitors into the clinic [527]. The rapid and 
synchronous multi-step tumor progression that character-
ized the RIP1-Tag2 model made it then ideal for designing 
three different trial formats (Fig. 23a): early treatment at 
the hyperplastic stage to block the angiogenic switch com-
mencing prior to tumor formation (prevention trial), treat-
ment of mice bearing small tumors to determine whether 
tumor growth and progression can be stopped (intervention 
trial), and treatment of mice with substantial tumor bur-
den and near death to test whether drugs can induce tumor 
regression and promote survival benefits (regression trial). 
These trials were first tested with AGM-1470, batimastat 
(BB-94), Fc-endostatin, Fc-angiostatin, or a combination 
of the latter two compounds and produced distinct efficacy 
profiles in the various trial formats [528]. These studies sug-
gested that those anti-angiogenic compounds needed to be 
fine-tuned to target specific stages of disease progression 
and that combinatorial strategies can broaden the effects 
and enhance survival. Subsequent studies illustrating the 
importance of targeted therapies that disrupt both tumor EC 
and pericytes brought this notion to fruition in combination 
therapy trials with two different Sugen inhibitors, SU5416 
and SU6668, that target VEGFR2 and PDGFR, respec-
tively [529]. While the VEGFR inhibitor SU5416 was most 
potently effective against early-stage disease, SU6668 was 
shown to block further growth of end-stage tumors suggest-
ing that PDGFR+pericytes in tumors present a complimen-
tary target to EC for efficacious anti-angiogenic therapy. 
Combination therapies of these compounds were more 
efficacious against all stages of islet carcinogenesis than 
either single agent [529]. Congruently, subsequent studies 
with sunitinib (SU11248), which targets both VEGFR2 and 
PDGFR, showed remarkable efficacy in preclinical studies 
in RIP1-Tag2 mice and produced increased survival relative 
to monotherapy targeting VEGFR2 [530]. Collectively, these 
studies were used to incentivize the use of sunitinib in clini-
cal trials for PNET. These clinical trials produced an impres-
sive extension in progression-free survival that leads to the 
approval of sunitinib in 2011 [531], along with everolimus 
that primarily targets mTOR signaling. Interestingly, mTOR 
inhibitors also are very efficacious and produced increased 
survival in the RIP1-Tag2 model [532]. Thus, the RIP1-Tag2 
model predicted the beneficial effects of both sunitinib and 
everolimus. However, significantly increased overall survival 
of RIP1-Tag2 mice, but not PNET patients treated with these 
inhibitors, can be reflective of the consequence of the dif-
ferent life spans of mouse versus human (approximately 
15 weeks versus 70 years); therefore, a relatively short life 
extension can be significant. Also, preclinical studies in the 

RIP1-Tag2 mice are confounded by the fact that tumors are 
multifocal and that mice die from hypoglycemia, with rela-
tively low (collective) tumor burdens and little metastasis 
relative to that characteristic of other mouse tumor models or 
human cancer. However, it is also noticed that evaluation of 
overall survival in clinical studies is confounded by the fact 
that placebo-treated PNET patients (unlike RIP1-Tag2 mice) 
elect to “cross-over” to the treatment cohort, likely reducing 
the calculated overall survival benefit in patients [533].

25.3  RIP1‑Tag2 versus PNET tumors

Another major complication in interpreting preclinical stud-
ies using the RIP1-Tag2 mouse lies in fundamental biologi-
cal differences from PNET. Tumors in the RIP1-Tag2 model 
are rapidly progressive and rarely form metastases, in con-
trast to the more indolent PNET tumors, although a subset 
of PNET tumors is more aggressive and metastasized [534]. 
Further, the tumor gene driving RIP1-Tag2 oncogenesis is 
a viral protein that interferes with p53 and retinoblastoma 
tumor suppressor function, while the genes associated with 
human PNET are predominantly chromatin-remodeling 
genes, DNA repair genes, mTOR-PI3K pathway genes, and 
menin mutations [534]. Notwithstanding these differences, 
expression profiling of human PNET tumors split them into 
three distinct groups, and remarkably two of them corre-
spond to expression profiles identified in RIP1-Tag2 tumors 
[535]. Interestingly, human PNET tumors rarely adapt to 
culture, and while many cell lines from RIP1-Tag2 tumors 
(βTC cell lines) have been generated, they are surprisingly 
difficult to culture in comparison with other mouse tumor 
cell lines in spite of their aggressive growth in vivo.

25.4  Adaptation to anti‑angiogenic therapy

The RIP1-Tag2 mouse represents a powerful model to 
assess therapeutic response and relapse to anti-angiogen-
ics due to their very synchronous tumor progression, and 
this has made it a potent model to study adaptation to anti-
angiogenic therapy. The response phase is characterized by 
tumor stasis and markedly reduced vascularity and vessel 
normalization blocking hemorrhage formation that pro-
duces whitish tumors, while the angiogenic relapse phase 
is characterized by tumor regrowth and revascularization 
(Fig. 23b). McDonald and colleagues investigated the kinet-
ics and mechanisms underlying vessel regrowth upon with-
drawal of anti-angiogenic therapy and found that although 
two different VEGFR inhibitors, AG-013736 or AG-028262, 
significantly regressed tumor vasculature, they left behind 
empty sleeves of pericyte-covered basement membrane 
which functioned as a scaffold for rapid revascularization 
after treatment withdrawal. They concluded that targeting 
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pericytes and the sleeves of basement membrane appeared 
to be an important strategy to produce an enduring response 
to anti-VEGF therapy [536]. Casanovas et al. [537] per-
formed preclinical studies in the RIP1-Tag2 model, which 
demonstrated that after a period of response to continuous 
anti-VEGFR2 monotherapy, tumors rebounded although 
blockade of VEGFR2 signaling persisted. They found that 
the mechanism for regrowth was induction of alternative 
pro-angiogenic factors, including the fibroblast growth factor 
family (FGF) and ephrins. In addition, the response phase 
is characterized by the angiostatic and immunostimulatory 
polarization of myeloid cells that contributes to pruning and 
normalization of the vasculature [538]. Tumors respond to 
these changes by activating and repolarizing myeloid cells 
to an angiogenic and immunosuppressive phenotype and by 
initiating an adaptive immune response by upregulating the 
negative immune checkpoint regulator, programmed cell 
death ligand PDL1; both immune adaptations limited the 
efficacy of VEGF/VEGFR inhibitors [538–540]. Another 
form of evasion from anti-angiogenic therapy that was 
characterized in the RIP1-Tag2 model (and glioblastoma) 
is that of increased invasion and metastasis following phar-
macological and genetic targeting of the VEGF signaling 
axis [530], the consequence of increased hypoxia induced 
by vascular fallout. While increased invasion has not yet 
been found in PNET treated with anti-angiogenic therapy, it 
appears bevacizumab treatment can cause increased invasion 
in a subset of patients with glioblastoma multiforme [541], 
again highlighting the predictive power of this model.

25.5  Limitations and challenges

In spite of the fact that preclinical studies in the RIP1-Tag2 
model predicted the efficacy of two approved therapies, the 
model is multifocal, rapidly progressive, and driven by a 
viral oncogene unlike its human counterpart. Because some 
PNET patients progress on available targeted therapies, it 
is desirable to further develop biomarkers of therapeutic 
response together with Patient Derived Xenograft (PDX) 
models from resistant tumors in humanized mouse mod-
els in order to identify beneficial secondary or concurrent 
therapies [533].

25.6  Concluding remarks

The RIP1-Tag2 model of beta islet-cell carcinogenesis has 
been instrumental in studying mechanistic underpinnings 
of tumor angiogenesis and in revealing adaptations to the 
environmental stresses elicited by anti-angiogenic therapies, 
leading to valuable insights and predictions regarding clini-
cal successes and failure.

26  The MMTV‑PyMT breast cancer model

The MMTV-PyMT mouse breast cancer model was 
described in 1992 by Guy, Cardiff, and Muller [542] and has 
been broadly employed for studying several aspects of breast 
cancer progression, such as the regulation of angiogenesis, 
cancer cell intravasation and dissemination, and metastatic 
colonization. In this transgenic model, the polyomavirus 
middle T antigen (PyMT) is expressed in the mammary 
epithelium from the long terminal repeat (LTR) promoter 
of the mouse mammary tumor virus (MMTV). The trans-
forming activity of the PyMT is dependent on its association 
with several oncogenic proteins, resulting in the multifocal 
growth of mammary adenocarcinomas that metastasize to 
the lung [542].

26.1  Tumor angiogenesis in MMTV‑PyMT mice

Lin et  al. have examined breast cancer progression in 
MMTV-PyMT mice [543–545]. Early malignant transition 
occurs between 8 and 12 weeks of age and is associated 
with increased nuclear pleomorphism, peri-acinar infiltra-
tion by leukocytes, and angiogenesis [544]. The angiogenic 
switch—the conversion of a quiescent, non-angiogenic vas-
culature into one that is actively growing and infiltrative—
generally demarcates the malignant progression of benign 
lesions [5]. Although the transition from hyperplasia to the 
adenoma/mammary intraepithelial neoplasia (MIN) involves 
the enlargement of the tumor mass in MMTV-PyMT mice, 
the density of functional blood vessels remains constant in 
these premalignant stages and is comparable to that of nor-
mal mammary glands [545].

A change in blood vessel distribution and density occurs 
during the transition from premalignant to malignant stages. 
In early adenocarcinomas, the acinar structures are replaced 
in the core of the lesion by small solid nodules displaying 
increased nuclear pleomorphism and cytologic atypia [545]. 
A high-density vascular network becomes evident in the 
solid nodular area, whereas surrounding premalignant acini 
are not associated with angiogenesis. Therefore, the develop-
ment of adenocarcinomas, but not premalignant adenoma/
MIN, is accompanied by angiogenesis in MMTV-PyMT 
mice. Of note, both high- and low-density vascular networks 
are found in early or late adenocarcinomas [545]. Variation 
in the features and density of blood vessels in transgenic 
(autochthonous) tumors is likely controlled by a multitude of 
parameters, including the spatiotemporally regulated expres-
sion of pro- and anti-angiogenic factors and inflammatory 
mediators, as well as biophysical forces, which dynamically 
control vessel functionality, growth, and regression in dis-
tinct tumor microenvironments [5].
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26.2  Role of macrophages in MMTV‑PyMT tumor 
angiogenesis

Monocytes and macrophages have been implicated in 
MMTV-PyMT tumor angiogenesis and progression [543, 
545]. MMTV-PyMT mice carrying a homozygous muta-
tion in the colony-stimulating factor-1 (Csf1) gene (Csf1op/op) 
recruit fewer tumor-associated macrophages (TAMs) than 
Csf1-proficient mice [543]. The macrophage-deficient 
phenotype of MMTV-PyMT/Csf1op/op mice is associated 
with delayed tumor progression (decreased incidence of 
invasive adenocarcinomas and pulmonary metastasis) and 
defective tumor angiogenesis [543, 545]. Conversely, the 
genetic overexpression of Csf1 in the mammary epithelium 
of MMTV-PyMT mice results in the premature accumula-
tion of macrophages around hyperplastic lesions and adeno-
mas and accelerates both the development of an angiogenic 
vasculature and tumor progression [545]. These findings are 
consistent with results obtained using a macrophage-deplet-
ing CSF1 receptor (CSF1R) inhibitor [546] and agree with 
studies in other mouse tumor models, such as RIP1-Tag2 
transgenic mice [547].

Conditional overexpression of vascular endothelial 
growth factor-A (Vegfa) in the mammary epithelium of 
4–6-week-old MMTV-PyMT mice was sufficient to induce 
the formation of enlarged, angiogenic blood vessels around 
premalignant acini [548]. Also, VEGF-A overexpression res-
cued macrophage infiltration, stimulated the formation of a 
high-density vascular network, and restored tumor progres-
sion in MMTV-PyMT/Csf1op/op mice [548]. These findings 
suggested that macrophages can promote tumor angiogen-
esis in MMTV-PyMT mice, at least partly, through VEGF-
A [548]. In another study, conditional deletion of Vegfa 
specifically in myeloid-lineage cells, which encompass 
macrophages, altered vascular patterning in MMTV-PyMT 
mice [549]. This phenotypic conversion involved decreased 
vessel tortuosity and density and increased pericyte cov-
erage, which are consistent with an attenuated angiogenic 
response. While overall VEGF-A levels were unabated by 
loss of myeloid-derived VEGF-A (likely due to substantial 
VEGF-A production by cancer cells), the phosphorylation 
of endothelial VEGF receptor 2 (VEGFR2) was decreased 
in the tumors [549]. These findings suggest that myeloid 
cells, or subsets thereof, provide a non-redundant source of 
bioactive and pro-angiogenic VEGF-A in the perivascular 
microenvironment of MMTV-PyMT tumors. Macrophages 
enwrap angiogenic blood vessels in MMTV-PyMT tumors 
[550, 551], which may explain the importance of mac-
rophage-derived VEGF-A for tumor angiogenesis [549]. 
However, it should be noted that attenuation of angiogenesis 
does not necessarily translate into tumor inhibition. Indeed, 
Stockmann et al. observed accelerated tumor progression 

in MMTV-PyMT mice with myeloid-specific Vegfa dele-
tion [549]. This finding can be attributed to the “normal-
ized” structure of the blood vessels, which may have led to 
improved tumor oxygenation and cancer cell growth [552].

Besides VEGF-A, TAMs secrete additional pro-angio-
genic factors [5]. For example, the genetic deletion of Wnt7b 
in TAMs reduced the expression of WNT/β-catenin mito-
genic target genes in vascular endothelial cells and decreased 
the MVD in MMTV-PyMT adenocarcinomas [553].

MMTV-PyMT mice have also been instrumental for 
studying macrophage–vascular interactions in the mammary 
tumors. The genetic inactivation of Tie2/Tek in TAMs did 
not block their recruitment to tumors, but impaired their 
ability to associate with immature blood vessels and sus-
tain tumor angiogenesis [551]. Further to supporting angio-
genesis, perivascular TAMs enhance vascular permeability 
through VEGF-A, which facilitates cancer cell intravasation 
and metastasis in MMTV-PyMT mice [554]. The association 
of macrophages with tumor blood vessels is increasingly rec-
ognized as an important determinant for early breast cancer 
metastasis in both MMTV-PyMT mice and patients with 
breast cancer [554–556].

26.3  Anti‑angiogenic therapy in MMTV‑PyMT mice

The pharmacological inhibition of VEGF-A signaling atten-
uates tumor angiogenesis in both transgenic MMTV-PyMT 
mice and mice carrying orthotopic MMTV-PyMT tumor 
transplants [557, 558]. More marked anti-angiogenic effects 
are observed when VEGF-A and angiopoietin-2 (ANGPT2) 
are neutralized concomitantly in the mammary tumors [557, 
558]. Dual VEGF-A and ANGPT2 blockade also leads to 
substantial tumor inhibition and significantly extends the 
survival of transgenic MMTV-PyMT mice [558]. Further 
to suppressing tumor angiogenesis and abating the density 
of the vascular network, combined VEGF-A and ANGPT2 
blockade normalized the structure of the blood vessels 
that survived in viable tumor regions and facilitated the 
extravasation and perivascular accumulation of activated, 
interferon-γ (IFNγ)-expressing  CD8+ T cells [558]. These 
tumor phenotypes were likely due to the complementary 
actions of ANGPT2 and VEGF-A inhibitors on the tumor 
microenvironment: Whereas VEGF-A blockade has more 
marked vascular-pruning activity, at least acutely [559], 
ANGPT2 blockade limits angiogenesis [551] and enforces 
the maturation and stabilization of the remaining vessels, 
making them permissive to T cell extravasation and traffick-
ing [560, 561]. Thus, MMTV-PyMT mice provide a useful 
model for studying the kinetics of angiogenesis inhibition 
and vascular normalization in response to anti-angiogenic 
drugs.
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26.4  Limitations and challenges

Although angiogenesis has been extensively studied in 
primary adenocarcinomas, little is known of the mecha-
nisms controlling vascularization of pulmonary metastases 
in MMTV-PyMT mice. Because macroscopic pulmonary 
metastases become evident only in aging mice (12–16 weeks 
of age), the development of multifocal primary tumors may 
impose significant constraints on the investigator’s abil-
ity to examine metastatic lesions whose mass would be 
large enough to stimulate angiogenesis. In this regard, it is 
increasingly appreciated that metastatic tumors may rely, 
at least partly, on vessel co-option and be less dependent 
on angiogenesis than primary tumors [562]. Further studies 
are required to establish whether pulmonary metastases that 
develop in MMTV-PyMT mice vascularize through angio-
genesis, vessel co-option, or both.

27  Tumor implantation models

27.1  Implantation of angiogenic tumors

Tumors may be implanted in mice as xenografts or in a 
syngeneic context. Implantation may also be done subcu-
taneously or orthotopically at the correct organ site where 
the tumor usually grows. There are many angiogenic tumor 
models to cite only a few such as glioma (U87 human glio-
blastoma, mouse GL261 glioma), breast (MDA-MB-231, 
66cL4 mouse mammary tumor), lung (Lewis lung car-
cinoma, human LNM35 lung) melanoma (B16 mouse 
melanoma), prostate (human prostate CWR22Rv1 tumor) 
[563]. Tumor cells may be injected as single-cell suspen-
sion, embedded in matrix such as matrigel or implanted 
as spheroids or organoids. Cells may be transduced with a 
suitable reporter construct (such as luciferase), and tumor 
development may be followed by imaging. Usually at a given 
time point, animals are killed and tumors are processed for 
immunohistochemistry, RNA expression analysis, or protein 
detection (immunoblot). The angiogenic response is ana-
lyzed by immunohistochemistry or immunofluorescence 
using appropriate antibodies for endothelial cells (CD31, 
CD34) or pericytes (alpha2SM actin, desmin). This analysis 
will give information about vessel density, vessel size distri-
bution, and vessel quality (tight or loose pericyte coverage). 
The angiogenic response is usually high in the viable core 
of the tumor. At the invading front, tumor cells may use 
preexisting vessels for invasion.

It is of note that tumors may exhibit different angiogenic 
responses when they are either implanted in orthotopically 
or subcutaneously as it has been shown in the case of astro-
cytomas [564].

27.2  Detection of “non‑angiogenic” tumors, which 
rely instead on “vessel co‑option”

While there is an overwhelming body of preclinical/experi-
mental and clinical evidence accumulated over 40 years 
showing the importance of sprouting neo-angiogenesis in 
tumor growth, progression, and metastasis, it is increas-
ingly appreciated that there are many circumstances in 
which tumors can grow and expand without inducing any 
new blood vessel capillaries. This realization has major 
implications for understanding some of the clinical efficacy 
limitations including failures of anti-angiogenic drugs. Thus, 
new blood vessels can be formed by a process of the “split-
ting” of existing vessels, a process known as intussusception, 
as discussed above. Or, certain tumors, especially neural 
crest-derived cancers, may form blood forming channels by 
“vasculogenic mimicry” whereby tumor cells line the vessel 
lumen, rather than authentic host EC. However, the most 
dominant manifestation of non-angiogenic tumors is likely 
“vessel co-option” and it is particularly prominent in vascu-
lar-rich organs that are the most common sites of metastatic 
disease, namely lung, liver, lymph nodes, and brain [117].

Broadly speaking, vessel co-option refers to the ability 
of tumors to parasitize preexisting blood vessels of the tis-
sue, bypassing the requirement of developing new ones. 
The modern era of vessel co-option may have begun in 
1996–1997 with the publication of two pathology reports by 
Pezzella and colleagues. Therein, a pattern of tumor growth 
of non-small cell lung cancer and lung metastases was rec-
ognized which made use of alveolar air spaces for expansion 
and alveolar vessels for blood supply without any indication 
of angiogenesis [121, 565]. Histopathological descriptions 
of similar growth pattern in the lungs and analogous patterns 
in the brain and liver date to the late 1800s and early 1900s. 
The distinction between so-called newly formed versus pre-
existing blood vessels was noted in the past, but the biologi-
cal significance of each form was generally not appreciated. 
This has changed in the era of anti-angiogenic therapy—for 
example, targeting the vascular endothelial growth factor 
(VEGF) pathway to impair and cause regression of new 
vessel sprouts does not deplete preexisting vessels. Tumor 
exploitation of vessel co-option has recently been shown to 
account for instances of intrinsic and acquired resistance 
to anti-angiogenic drugs, both preclinically [122, 566, 567] 
and clinically [119]. Moreover, growth patterns associated 
with vessel co-option are emerging as important for patient 
prognosis [120, 568].

There is currently no “assay” as such to quantitate the 
extent of vessel co-option in tumors. Conventional measure-
ment of tumor microvessel densities (MVD) within tumors 
has high potential for error when one considers that nor-
mal tissue vessel densities—as well as tumors where cancer 
cells surround these vessels—may be high [569]. Rather, 
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histopathological analysis is currently used with certain 
key features being looked for. Some examples are briefly 
described below; more detailed descriptions can be found 
elsewhere [117, 569].

27.3  Some “hallmarks” of detecting vessel 
co‑option in tumors growing within the lungs, 
liver, and brain

Though the histological structures of these organs are dis-
tinct, tumors within these sites that co-opt preexisting blood 
vessels—either as part of its overall mass or throughout—
often have some of the following features:

1. The architecture of the normal host tissue is preserved 
within the tumor. This is in contrast to angiogenic 
tumors, which tend to destroy the surrounding tissue. 
Tissue architecture preservation has been aided by 
immunohistochemistry for basement membrane and 
epithelial markers showing continuity of form across 
the tissue–tumor interface.

2. Lack of surrounding capsule or desmoplastic tumor 
boundary. Angiogenic tumors often form defined masses 
or nodules, a symptom of the inflammatory response of 
the host to the tumor, but this is lacking in “purely” ves-
sel co-opting tumors.

3. Invasive, infiltrative, and replacing tumor growth. 
Minimal compressive tumor growth and compression 
of normal tissue structures. Rather, tumor cells tend to 

Fig. 24  Visualization of vasculature in transplanted mouse models. 
Immunofluorescence and immunohistochemical staining of forma-
lin-fixed mouse lung samples to enable differentiation between ves-
sel co-option and angiogenesis in tumors. a, b Vessel co-opting 
tumors are observed in spontaneously formed lung metastases from 
mice with orthotopically implanted then surgically resected MDA-
MB-231/LM2-4 breast tumors. In a sections are stained for alveolar 
cell marker podoplanin, EC marker CD34 and nuclei marker DAPI. 
Tumor cells can be seen filling alveolar spaces along the border and 
incorporating alveolar capillaries into the tumor core. In b is the cor-
responding section stained for HLA human cell marker and hema-
toxylin to show the presence of tumor cells with respect to host 
stroma and lung parenchyma. A bronchiole is also seen to be taken 

into the tumor and gradually filled with tumor cells. The tumor bor-
der is irregular. c, d Angiogenic growth is observed in spontaneously 
formed lung metastases from mice bearing intra-renal implanted 
RENCA tumor cells that later underwent nephrectomy. Sections are 
stained for alveolar and bronchial epithelium cell marker cytokeratin 
7, EC marker CD34 and nuclei marker DAPI. RENCA tumors grow 
in “cannonball” shape, compressing lung tissue and excluding them. 
The lung–tumor interface of another nodule is shown at high mag-
nification in d. Lung tissue is compressed or “pushed” aside to allow 
tumor expansion. The tumor border is smooth, and microvessels are 
not associated with alveolar epithelium within the tumor. Scale bar 
represents 200  µm. Regions in dashed boxes are expanded on the 
right. “T” = tumor. Arrow = columnar bronchial epithelium
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infiltrate along preexisting vessels, often in direct con-
tact with epithelial–endothelial basement membranes. 
Epithelial cells may become destroyed or stripped from 
their vessels during this process. Tumor borders are 
irregular.

4. Incorporation of characteristic cells and structures of 
the tissue into the tumor. Parenchymal epithelial cells 
(e.g., lung pneumocytes, liver hepatocytes, neuralglia) 
and larger intact structures (e.g., lung bronchioles and 
large vessels in the lungs, portal triads in the liver) are 
taken up into the expanding infiltrative tumor mass and 
get locked into the tumor.

5. Maintained vessel morphology and marker expression. 
Co-opted vessels are known to be remodeled by sur-
rounding tumor tissue and therefore may not in all cases 
appear “normal.” Newly recruited co-opted vessels in 
particular may maintain morphological and molecular 
characteristics of tissue endothelium (e.g., GLUT-1 and 
p-glycoprotein endothelial expression in brain tumors).

6. Low rates of endothelial cell proliferation relative to 
angiogenic tumors. Specific molecular markers of co-
opted blood vessels are not currently known; thus, sev-
eral criteria are used to distinguish between vessel sub-
types and differential growth patterns of tumors. Vessel 
co-option was first identified in tumors from patients; 
however, experimental mouse models have also been 
shown to recapitulate the growth patterns observed in 
human tumors.

The major question now for future studies is whether 
“anti-vascular” therapeutic strategies can be developed that 
target co-opted vessels, in addition or instead of angiogenic 
vessels, without impacting the normal vasculature; some 
possibilities have recently emerged, for example using anti-
body–drug conjugates [570].

Shown in Fig. 24 are preclinical examples of both ves-
sel co-opting and angiogenic tumors. Lung metastases from 
mice with breast cancer cell (MDA-MB-231/LM2-4) vs. 
kidney cancer (RENCA). The former develops purely non-
angiogenic vessel co-opting lung metastases, whereas the 
latter forms both angiogenic (shown here) and vessel co-
opting lung metastases. Staining for lung-specific epithelial 
and EC markers shows the architecture of blood vessels in 
lung tissue and metastases. In vessel co-opting lung metasta-
ses, alveolar cells surrounding capillaries are taken up by the 
expanding mass at the tumor border, but alveolar epithelial 
cells are gradually shed from vessels toward the tumor center 
while capillaries remain.

27.4  Limitations and challenges

Implantation models are generally very useful in deciphering 
mechanisms of the tumor angiogenesis and the role of given 

angiogenesis stimulator or inhibitor, receptors or modulating 
intracellular factors. The only drawback is that the adaptive 
immune system in xenotransplantations is absent and thus 
the data must be interpreted with care. The other challenge 
is the implantation site. Usually, it is better to orthotopically 
implant tumor cells since the correct host tissue is present 
in this case. Another challenge is whether or not to implant 
cell suspensions or spheroids. Spheroids seem in many cases 
better suited because they already adopt a 3D tissue configu-
ration which preserves some of their genetic program that is 
encountered in a 3D tissue.

Co-optive growth may be induced by anti-angiogenic 
therapy as it is encountered in glioblastoma for instance. 
Thus, a switch from angiogenesis to co-option may occur in 
this case. It would be important to develop therapies against 
co-opted vessels but this may be damaging because there 
are for the moment no specific markers discovered for co-
opted vessels.

27.5  Concluding remarks

Tumor implant models are of great value to decipher tumor 
vessel interactions. Despite several limitations, this is still 
important methodology that is useful in characterizing many 
molecular mechanisms of tumor angiogenesis.

28  Mouse hind limb ischemia model

Peripheral arterial disease (PAD) is caused by atherosclero-
sis and occlusion of peripheral blood vessels and results in 
intermittent claudication or in more severe stage in critical 
limb ischemia. The prevalence of PAD increases with age, 
affecting 6% of individuals aged 50–60 years, and 10–20% 
of individuals aged > 70 years [571, 572]. In the upcom-
ing years, the number of PAD patients will increase even 
more due to the aging of the population and the increase in 
number of patients with obesity and type 2 diabetes. Unfor-
tunately, current therapies for improving the perfusion of 
the lower limbs in patients with PAD are hardly effective 
[573, 574]. Therefore, much effort has been put in the last 
decade in defining new strategies to improve the blood flow 
to the lower extremities and to promote blood vessel growth. 
These strategies that are based on the concept of therapeutic 
neovascularization are often also called therapeutic angio-
genesis or more general, neovascularization [573].

Neovascularization comes in three anatomical and physi-
ological forms; angiogenesis, arteriogenesis, and vasculo-
genesis [574]. Angiogenesis describes an expansion of the 
microvasculature, because of sprouting of EC from preex-
isting capillaries, followed by their proliferation, migration, 
and capillary formation and is mainly hypoxia driven [246]. 
By contrast, arteriogenesis describes the remodeling of 
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existing arterioles into collateral arteries so that they can 
deliver more blood flow to the limb [575]. Finally, adult vas-
culogenesis describes the incorporation of circulating (pro-
genitor) cells into the regenerating microvasculature [573]. 
In PAD, neovascularization primarily occurs in the form of 

arteriogenesis or collateral formation, although angiogenesis 
in more distally located ischemic areas does occur.

To test new therapeutic approaches to induce neovascu-
larization, as well as unraveling the complex cellular and 
molecular mechanisms involved in the regulation of the neo-
vascularization process, mouse models mimicking critical 

Fig. 25  Laser Doppler perfu-
sion imaging and angiography 
of blood flow. Analysis of blood 
flow recovery in time by laser 
Doppler perfusion imaging (left 
panels) and angiography (right 
panels)
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limb ischemia have been developed. Although these models 
may vary in crucial aspects, commonly they are referred to 
as the mouse hind limb ischemia model. Being in vivo mod-
els they are complex and not always straightforward to inter-
pret, but they faithfully reproduce the physiology of blood 
recovery in PAD after stenosis of the original conduit. In this 
section, we will discuss the critical aspects of the variations 
in the use of the mouse hind limb ischemia model, their 
consequences for interpretation of the data obtained, and the 
limitations and pitfalls in their use.

28.1  Mouse model for hind limb ischemia

Couffinal et al. were among the first to describe a mouse 
model for hind limb ischemia [576]. They induced acute 
hind limb ischemia by ligating the proximal end of the femo-
ral artery, and the distal portion of the saphenous artery, 
followed by excision of ligated part of the femoral artery and 
attached side branches. The recovery of blood flow in the 
ischemic limb due to angiogenesis and arteriogenesis was 
monitored by laser Doppler perfusion imaging (LDPI) [576], 
Fig. 25. Subsequently, many groups used similar approaches 
and variants of this model [577, 578]. Surgical procedures 
range from a single ligation of the femoral or iliac artery 
[579–581] to a complete excision of the artery [576] and 
sometimes even the vein and the nerve were dissected as 
well [582, 583]. Several excellent review papers have been 
written on these variations in the hind limb ischemia model 
[584–587]. When choosing a particular variant of the mouse 
hind limb ischemia model for a study, it is important to 
define the goal of the study. For instance, when testing new 
pro-arteriogenic approaches, there should be an appropriate 
therapeutic window in which an improvement of blood flow 
recovery can be monitored. In mice that rapidly form new 
collaterals, for example, C57BL/6 mice with a single ligation 
of the femoral artery, it is difficult to monitor an increase 
toward an even faster collateral formation [588], and there-
fore a model with more severe injury is required [589, 590]. 
On the other hand, such a fast model is ideal for mechanistic 
studies in which the effects of the deficiency or inhibition 
of crucial factors on blood flow recovery are studied [591, 
592]. The fast recovery model is also associated with less 
animal discomfort.

Another crucial question is which aspect of neovascu-
larization will be studied. Arteriogenesis is the remodeling 
of preexisting arterioles to larger diameter collateral blood 
vessels required for restoring the blood flow to the distal 
ischemic parts of the limb, whereas angiogenesis is the 
sprouting of new (capillary) vessels into the ischemic tissue. 
One can imagine that the excision model to induce hind limb 
ischemia results in the disruption of the preexisting arteri-
oles in the adductor muscle, and thus the presumed substrate 
for collateral formation. In pro-angiogenic intervention, 

however, severe ischemia in the calf muscles in the excision 
model is warranted.

A good comparison of the various models has also been 
hampered by the lack of a proper description of the anatomy 
of the blood vessels in the mouse limb. Hopefully the recent 
excellent description of the arterial anatomy of the murine 
hind limb by Kochi et al. [593] will contribute to a bet-
ter understanding of the outcomes of the different ischemia 
models.

28.2  Variants of the surgical procedure to induce 
mouse hind limb ischemia

General aspects of the surgical procedures Before surgery, 
mice are anaesthetized with an intraperitoneal injection of a 
combination of midazolam, medetomidine, and fentanyl. In 
all models, the femoral vein and nerve are preserved. After 
surgery, the skin is closed with 6/0 Ethilon sutures (proce-
dures adapted from [585]).

Single electrocoagulation of femoral artery Directly after 
incision of the skin in the left inguinal region, the subcu-
taneous fat pad in the thigh becomes visible and is pulled 
aside distally. After dissection of the artery from the nerve 
and vein, ischemia is induced by electrocoagulation of the 
left femoral artery, proximal to the superficial epigastric 
artery. Electrocoagulation results in complete occlusion of 
the artery. After electrocoagulation, the proximal end of the 
artery moves proximally into the surrounding tissue and the 
distal end moves distally, so there will be a distance of a few 
millimeters between both ends after the surgical procedure.

Single electrocoagulation of iliac artery A larger skin 
incision in the inguinal region is made for this procedure. 
Furthermore, there is no need to cleave the fat pad. For expo-
sure of the iliac artery, a retroperitoneal approach is used. By 
carefully moving the peritoneum proximally with a cotton 
swab, a good exposure of the iliac artery is possible. In addi-
tion, preparation of the artery from the vein is necessary. The 
internal iliac artery serves as a landmark; direct proximally 
of the internal iliac artery an electrocoagulation of the com-
mon iliac artery is performed.

Double electrocoagulation of both femoral artery and 
iliac artery For a double coagulation model, both com-
mon iliac artery and femoral artery are electrocoagulated. 
First, an electrocoagulation of the common iliac artery is 
performed followed by electrocoagulation of the femoral 
artery. These coagulations are at the same anatomical levels 
as in the single electrocoagulation procedures of the femoral 
artery and the iliac artery.

Total excision of femoral artery The upper thigh is 
exposed through an inguinal to knee incision. A proximal 
part of the femoral artery is removed after double ligation. 
Then, all side branches are isolated and coagulated. The dis-
tal ligation site is at the popliteal artery level distal from the 



 Angiogenesis

1 3

saphenous artery bifurcation. The whole artery in between 
is removed.

28.3  Analysis of blood flow recovery 
and neovascularization

Traditionally, blood flow recovery is analyzed by Laser 
Doppler Perfusion Imaging (LDPI) where the flow in the 
footpads of the ligated and contralateral limb is measured 
and expressed as the ratio between the ligated and unligated 
footpad. The restoration of the blood flow in time is used as 
a readout for neovascularization (angiogenesis and arterio-
genesis combined) in the ischemic limb.

Next to the LDPI-based flow analysis, immunohistochem-
ical analyses of the neovascularization are used. Usually, the 
angiogenic response is studied in the distal part of the limb, 
the ischemic calf muscle (gastrocnemius), using EC staining 
(CD31, von Willebrand is in absolute numbers per area or as 
number of blood vessels related to number of myocytes). In 
addition, the arteriogenic response, (i.e., newly formed col-
lateral arteries) is commonly studied in the adductor muscle. 
They are usually stained with alpha smooth muscle actin to 
demonstrate the arterial nature, whereas size and location 
are indicative of their collateral nature.

In addition to these two commonly used methods to moni-
tor the neovascularization in the ischemic limb of the mouse, 
sometime a functional test is used in which the use of the 
foot and limb is analyzed for instance by assessment of the 
plantar/dorsiflexion [594]. In the more severe models, necro-
sis of toes or even feet ensues, leading to auto-amputation. 
Semiquantitative scores have been developed and used to 
assess efficacy of interventions. Moreover, the increased sen-
sitivity of current imaging methods may represent a major 
step forward. For example, the use of micro-CT analysis 
(which previously was typically used as a postmortem pro-
cedure due to the low sensitivity and lack of good contrast 
agents [585], has now become a method for in vivo imag-
ing of the microvasculature [595], enabling the analysis of 
the neovascularization over time. Recently, it was demon-
strated by Hendrikx et al. [596] that single photon emission 
computed tomography perfusion can be used to analyze 
neovascularization processes in the mouse hind limb, even 
with such a resolution that they can demonstrate that LDPI 
analysis underestimates the revascularization processes in 
this model.

28.4  Limitations and challenges

One of the major limitations of the currently used hind limb 
ischemia model is the acute nature of the ischemia, whereas 
in the patients with peripheral artery disease the ischemia 
develops gradually. Although an interesting approach 
for gradual induction of ischemia in mice using ameroid 

constrictors has been described by Yang et al. [597], this 
model has not received large follow-up.

The capacity for vascular regeneration and neovascu-
larization differs strongly between commonly used mouse 
strains [598, 599]. For many years, it has been known that 
C57BL/6 mice have a stronger neovascularization capacity 
than Balb/c mice [581, 600] and only recently, it has been 
discovered that this difference in regenerative response is 
linked not only to a difference in the preexisting collateral 
bed in the various strains [598] but that it also can be attrib-
uted to a specific gene locus in chromosome 7 of the mouse 
[601–604]. Because of their slow regenerative response, 
Balb/c mice are frequently used for hind limb ischemia stud-
ies, on the assumption that this slow response better mim-
ics the situation in patients with PAD that display a poor 
regenerative capacity. A recent study by Nossent et al. [605] 
compared the mRNA expression pattern of angiogenesis and 
arteriogenesis related genes in the hind limb of C57BL/6 
and Balb/c mice. This showed that in Balb/c mice a stronger 
upregulation of pro-angiogenic and pro-arteriogenic genes 
can be observed when compared to C57BL/6 mice, despite 
the poorer regenerative phenotype in Balb/c mice. These 
findings suggest that rather than a more accurate model 
of human critical limb ischemia, Balb/c mice lack a thus 
far unknown factor that is crucial for vascular regenerative 
response.

Since inflammation and the immune system play an 
important role in the regulation of the angiogenic and arte-
riogenic responses in the hind limb ischemia model and 
several immune cells including monocytes, T cells, and NK 
cells are crucial in neovascularization [579, 581, 591, 592, 
606–609], the use of immune-compromised mouse strains 
for cell therapy approaches with human cells is not ideal 
and the results of these studies should be interpreted with 
caution. This becomes even clearer when the fate of injected 
cells, and their rapid disappearance even from syngeneic 
mouse is taken into account [609]. A very comprehensive 
review on the use of various immunocompromised mouse 
strains in hind limb ischemia models for human cell therapy 
validations has recently been published by Thomas et al. 
[594] and provides valuable information on the choice of 
the proper model.

Last but not least, a major limitation for most of the hind 
limb ischemia mouse studies is that they are performed in 
healthy young mice, whereas the PAD patients usually are 
older, and have atherosclerosis, type-2 diabetes, or other 
comorbidities. These comorbidities strongly affect the neo-
vascularization responses in mice [610, 611]. Moreover, 
induction of vascular remodeling may also affect the under-
lying atherosclerotic disease leading to arterial occlusion. 
This phenomenon is described as the Janus phenomenon of 
neovascularization by Epstein et al. [612].
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28.5  Concluding remarks

Many variants of the mouse hind limb ischemia model are 
used; researchers should be aware of the different options, 
select the model that fits best the goal of their experiments, 
and properly describe the type of model used. It should also 
be noted that although this model is commonly referred to 
as an angiogenesis model, the mode of neovascularization is 
a true combination of collateral formation and angiogenesis.

29  Large animal models for myocardial 
angiogenesis

There is little doubt that large animal models are needed for 
translational and preclinical studies of myocardial angio-
genesis. Advantages of large animal models over smaller 
animals are that the heart better resembles human heart in 
size, anatomy, and function. Also, the same imaging equip-
ment and treatment strategies, including similar dosage, can 
be used. Due to ethical reasons and a good resemblance to 
human, sheep and pigs are nowadays most widely used large 
animals in myocardial angiogenesis studies. Recent develop-
ments in these models are briefly described in this chapter.

29.1  Acute ischemia models

Acute myocardial ischemia models have been widely used, as 
they are rather easy to replicate in large number of animals. 
It will also be easy to make interventions if any arrhythmias 
occur. The models used are either surgical or catheter-based, 
very consistent, and variation between the animals is usually 
low. In surgical models, manipulation of the coronary arteries 
from a thoracotomy opening to induce ischemia is a widely 
used method [613]. However, from the thoracotomy open-
ing, surgery affects the potential therapeutic approaches as 
pericardial attachments complicate further interventions and 
make it difficult to evaluate possible effusate accumulation, 
which often complicates pro-angiogenic therapies.

On the contrary to surgical models, catheter-based endo-
vascular models leave much of the heart intact and post-oper-
ational complications are much less frequent. Widely used 
catheter-based ischemia models include ischemia–reperfu-
sion model [614], infarction due to an intracoronary injected 
solution [615] and intracoronary coil occlusion [616].

29.2  Chronic ischemia models

A healthy animal has several mechanisms to respond to 
acute ischemia, which chronically ischemic patients may 
not have anymore. This has led to the development of more 
slowly developing occlusion and ischemia models to coun-
teract and expand these adaptation mechanisms and to better 

mimic the lack of necrosis, acute inflammation and strong 
endogenous angiogenic stimuli, which takes place in acute 
ischemia models [617].

Very widely used gradual obstruction model is a surgi-
cal ameroid constrictor model [618]. However, as a surgical 
model, this has the same disadvantages as described above.

Endovascular models have also been recently developed. 
Catheter-based models include the use of copper stents 
[619], copper-plated stents [620], or oversized steel stents 
[621], where in-stent restenosis causes stenosis in the coro-
nary artery. However, in these stent models, the stenosis 
size is variable, and its development cannot be controlled. 
There is also a ligated hourglass-shaped stent-graft model 
[622], but in this model, the exact time of total occlusion is 
not known. A recent bottleneck stent model can be varied 
for either reversible myocardial ischemia or ischemic car-
diomyopathy [623], depending on if the stent is allowed to 
occlude in this model. Occlusion is controlled by gradual 
reduction of antiplatelet and antithrombotic therapy.

29.3  Non‑ischemic heart failure models

In addition to ischemic heart failure models, non-ischemic 
models of heart failure have been developed that might be 
used to study neovascularization as a therapeutic approach 
for the improvement of cardiac function. In a recent model, 
heart failure is induced by chronic pulmonary hypertension 
[624]. To induce left ventricular hypertrophy and heart fail-
ure, different variations of aortic banding have been used 
[625]. Pacing models to induce heart failure have also been 
extensively used [626].

29.4  Myocardial stainings

Immunohistochemical stainings are used to histologically 
detect the effects of angiogenesis. Hematoxylin–eosin staining 
is used for tissue morphology characterization. Endothelial 
cells can be stained with PECAM-1, which is also known as 
CD31. Lymphatic endothelium can be stained with LYVE-1 
or PROX-1. These pericytes, the smooth muscle cells sur-
rounding blood vasculature, are stainable with α-SMA.

29.5  Challenges and limitations

Large animal models are the last translational step from 
bench to the first clinical trials. Therefore, using these 
models requires careful planning. Efficient delivery of the 
therapeutic agent, be it cellular, viral, or growth factor-based 
therapy, is a very critical factor for successful treatments. 
Earlier, mainly intramyocardial injections were used as 
these can provide robust and efficacious transduction, but 
more recent studies have used intracoronary infusion and 
retrograde coronary sinus infusion to achieve more global 
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transduction of the heart. These new delivery methods bring 
along new challenges to achieve efficacious transduction for 
angiogenetic therapies.

In large animal pro-angiogenic studies, study endpoints 
must be carefully decided. Therapeutic angiogenesis itself is 
not the de facto aim. These neovessels should be functional 
and enhance myocardial function. Therefore, functional anal-
yses should have a significant role in evaluating the effects 
of pro-angiogenic therapies. Previously, microspheres have 
been used for the evaluation of myocardial perfusion, but 
with improved technology, imaging modalities such as com-
puted tomography (CT), magnetic resonance imaging (MRI), 
and positron emission tomography (PET) should play more 
prominent roles as real-time perfusion, anatomical and func-
tional imaging can be performed simultaneously (Fig. 26). 
These modalities also allow for a long-term follow-up, as 
imaging can be performed sequentially, providing a better 
understanding of the long-lasting effects of the treatments.

Potential limitation of angiogenic therapies is the poten-
tial effect of the treatment on neural networks of the heart. 
It is entirely possible that the pro-angiogenic therapies 
also induce alterations in nerves producing arrhythmias. 
As a result, potential sudden deaths and other potential 

arrhythmia-based problems should be carefully monitored. 
Also, large animals do not have comorbidities that the 
patients might possess. For instance, reactions to angiogenic 
stimuli significantly vary in the ischemic and normoxic myo-
cardium. Rapid growth of heart also causes challenges, as 
relatively young tissue is more resistant to injury and can 
regenerate better than tissues in elderly patients.

29.6  Concluding remarks

Large animal models are invaluable in neovascularization 
studies, as they most closely resemble human patients. The 
model must be carefully selected, and further thought must 
be given when deciding suitable endpoints, which should 
nowadays include functional imaging studies.

30  Guidelines for purity of recombinant 
proteins in angiogenesis assays

This brief section aims to provide a few practical guide-
lines for purity requirements of recombinant proteins. 
Indeed, many proteins are tested in the in vitro and in vivo 

Fig. 26  Perfusion imaging is crucial in detecting functional changes 
in the vasculature. In normoxic pig myocardium 6 days after intramy-
ocardial AdVEGF-B186 and AdVEGF-DΔNΔC gene transfer, myocar-
dial perfusion is increased at stress conditions in the treated region 
(gt) as measured with PET. Color scale is absolute; darkest blue is 
0  ml/min/g, green is 1.5  ml/min/g, and deepest red is 3.0  ml/min/g 
or over (a–c). In control AdCMV group, relative perfusion, i.e., the 
ratio of absolute perfusion in the gene transfer area to that of the 

control anteroseptal area, did not increase at stress, whereas with 
both AdVEGF-B186 and AdVEGF-DΔNΔC, the relative perfusion was 
higher in comparison with the control group. Relative perfusion at 
rest was 12 and 13% and at stress 40 and 34% higher for AdVEGF-
B186 and AdVEGF-DΔNΔC, respectively d, e. Ad, adenoviral; CMV, 
cytomegalovirus; ctrl, control anteroseptal area; gt, posterolateral 
gene transfer area [654]
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angiogenesis assays described throughout this article, 
including pro- and anti-angiogenic cytokines or growth 
factors and antibodies. Antibodies, owing to their long sys-
temic half-life, are widely used in preclinical in vivo models. 
While in the majority of cases reliable commercial sources 
ensure high quality of reagents and hence reproducibility of 
experimental results, at times controversial or unexpected 
findings have emerged that may be, at least in part, traced 
back to purity and quality control issues.

30.1  Endotoxin

One of the major confounders and a key source of variabil-
ity, both in vitro and in vivo, is represented by endotoxin or 
lipopolysaccharide (LPS) contamination [627, 628]. LPS is 
an integral part of the outer cell membrane of Gram-nega-
tive bacteria and is released following bacterial lysis. LPS 
consists of a lipid component, known as Lipid A, a core 
oligosaccharide and a long heteropolysaccharide chain, the 
O-specific chain, representing the surface antigen (O-anti-
gen). The O-antigen is strain specific. Lipid A is the most 
conserved component of endotoxin and is responsible for 
the majority of the biological effects attributed to LPS [628, 
629]. LPS is heat stable and is not destroyed under regular 
sterilizing conditions. The limulus amebocyte lysate (LAL) 
assay is commonly used for the detection of endotoxin, 
and LAL kits are available from many manufacturers. This 
assay is based on a cell lysate of the horseshoe crab Limulus 
polyphemus that coagulates in the presence of even very low 

levels of endotoxins. Endotoxin levels are expressed as units 
(EU): 1 EU is generally equivalent to 100 pg of LPS.

It is now well established that LPS interacts with toll-
like receptor(TLR)-4 [630]. This is a key pathway in innate 
immunity [631]. Upon activation, TLRs signal as dimers, 
complexing via their intracellular Toll/interleukin-1 receptor 
(TIR) domains with a family of adaptor proteins in TLR-
specific patterns. This results in the activation of multiple 
downstream pathways in a cell-type specific fashion [632]. 
It is also well established that, besides LPS, a variety of 
endogenous and exogenous ligands can have agonistic or 
antagonistic effects on TLR4, accounting for a wide variety 
of biological effects [631].

30.2  Effects of endotoxin in angiogenesis assays

LPS can have diverse effects in angiogenesis-related assays. 
It can induce both cell injury and activation in cultured 
endothelial cells, even at very low concentrations [633, 634]. 
In vivo, LPS has been reported to induce tumor angiogenesis 
[635] and metastasis as well as tumor invasion [636]. On the 
other hand, a variety of studies have shown the opposite, i.e., 
anticancer effects of LPS in mouse models and in humans 
[637]. Indeed, as above noted, TLR4 stimulation can activate 
multiple signaling cascades, including the MAP kinase and 
NF-kB pathways [632]. These pathways may activate the 
secretion of proinflammatory cytokines, such as IL-6 and 
IL-8, or anti-inflammatory type I IFNs, including IFN-γ. 
To further complicate the picture, it has been reported that, 
depending on p53 status, TLR4 stimulation may have oppo-
site effects on promotion of breast cancer cell growth [638].

A common misconception is that only proteins expressed 
in bacteria can be contaminated by LPS. In reality, a variety 
of sources have been found to be contaminating [628]. Tap 
water, air and people’s fingers can lead to endotoxin contami-
nation. It has been reported that one of the most common 
sources of endotoxin is laboratory water since distillation 
and deionizing columns do not remove endotoxin [628]. 
Pyrogen-free water is helpful, but LPS can be still introduced 
by inadequate handling of containers during washing proce-
dures. A variety of chemical reagents and buffers are also 
potential sources of endotoxin [628]. It is not uncommon to 
find high levels of endotoxin in biological products such as 
albumin, collagen or gelatin. Indeed, it has been argued that, 
unless specific steps to prevent LPS contamination have been 
taken and the LPS level is indicated, one should assume that 
a reagent is almost certainly contaminated [628]. Therefore, 
LPS levels ideally should be tested routinely and certainly 
whenever unexpected results are obtained.

In biotech settings, the generally acceptable LPS levels 
for antibodies or other protein reagents to be tested in pre-
clinical studies are < 1 EU (~ 100 pg)/mg protein. Achiev-
ing such low levels requires significant planning and taking 

Fig. 27  Effects of imidazole on endothelial cell proliferation. BCECs 
(bovine choroidal microvascular endothelial cells) were cultured in 
the presence of low-glucose DMEM in the presence of 10% bovine 
calf serum as previously described [645]. Elution buffer was tested 
up to a final concentration of 5 mM imidazole, with or without 10 ng/
ml VEGF165. Note that the concentration of imidazole typically used 
to elute His-tagged proteins is 500  mM. After 5-6  days, cell prolif-
eration was determined by fluorescence readings at 590 nm. Asterisks 
denote significant differences compared to no addition (0) groups by t 
test (***p < 0.001, **p < 0.01)
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multiple steps to prevent contamination [628], besides the 
usual chromatographic steps aimed at achieving high purity 
of the recombinant protein. Treatment of columns and equip-
ment with 1 N NaOH for 1 h (> 10 h when using 0.1 N 
NaOH) is typically employed to inactivate LPS. Methods 
to remove LPS in contaminated preparations have also been 
described, although their success is relatively mixed [629].

It is noteworthy that even some relatively recent contro-
versies in the tumor angiogenesis field might be attributed, 
at least in part, to LPS (or other contaminants). For example, 
Paez-Ribes and colleagues reported in 2009 the unexpected 
finding that the anti-VEGFR2 monoclonal antibody DC101 
promotes invasiveness and metastasis in the Rip-Tag model of 
insulinoma [530]. This finding was in conflict with previous 
studies reporting inhibition of invasiveness by DC101 in other 
models [639] and with subsequent reports that did not confirm 
induction of tumor invasiveness and metastasis by DC101 in 
the Rip-Tag model [557, 640]. While the DC101 employed 
in the majority of studies was purified and distributed by 
ImClone Systems [641], Paez-Ribes and colleagues purified 
the antibody themselves from supernatants of hybridoma cells 
that had been deposited at the American Tissue Culture Col-
lection [530]. Unfortunately, the authors did not describe any 
steps to remove LPS nor did they report the LPS levels in their 
preparations of DC101 [530]. Given the high doses of DC101 
required for in vivo studies (100 mg/kg/week), it is conceiv-
able that even a relatively modest contamination may affect 
the results. It remains to be determined whether LPS was truly 
responsible for the reported tumor invasiveness.

However, LPS is by no means the only confounder in angi-
ogenesis-related assays. Commonly used reagents or contami-
nants, for example detergents employed to solubilize samples 
or misfolded or aggregated proteins, can have major effects on 
endothelial cells. In the course of earlier studies in which we 
screened libraries of secreted proteins to identify growth stimu-
lators and inhibitors [642], we observed a surprisingly high rate 
of inhibitory “hits” using an early version of the library [643]. 
However, the majority of these “hits” could not be confirmed 
using more stringently purified proteins. It became apparent 
that basal or VEGF-stimulated endothelial cell growth could 
be easily inhibited by a variety of impurities, as above noted. 
Imidazole, the buffer typically employed to elute His-tagged 
protein bound to Nickel columns, a common procedure to purify 
recombinant proteins, was also found to have profound effects 
in endothelial cell proliferation assays. Figure 27 illustrates the 
effects of imidazole on proliferation of bovine microvascu-
lar endothelial cells. As little as 3 mM significantly inhibited 
VEGF-stimulated endothelial cell growth. At 4–5 mM imida-
zole, there was a dramatic inhibition of both basal and VEGF-
stimulated endothelial cell growth. Considering that 500 mM 
is the concentration of imidazole commonly used to elute pro-
teins from Nickel columns, a several hundred-fold final dilution 
or, preferably, a buffer exchange is advisable before adding the 

sample to endothelial cells. It has been suggested that similar 
issues might account for the opposite reports by two groups on 
the effects on endothelial cell growth of VEGF-Ax, a VEGF 
isoform arising from read through translation [644, 645].

30.3  Concluding remarks

It is clear from the above that contamination of reagents can 
have major effects in both in vitro and in vivo assays. The 
most well-known contaminant with major consequences is 
bacterial endotoxin, or LPS. Endotoxin is not only present in 
recombinant preparations but can be co-purified from many 
other sources. Next to endotoxin, other contaminants can 
have major effects as well. It is therefore required to check 
compound preparations for the presence of contaminants and 
take action for purification when necessary.

31  Conclusions

This paper describes a large number of assays and analysis 
methods that can be used for the assessment of angiogen-
esis. A proper interpretation of these assays is warranted for 
obtaining relevant mechanistical insight into the sequence of 
angiogenesis processes in different tissues and under chang-
ing conditions. We have aimed to provide insight into the use 
and interpretation of the mostly used assays and have tried 
to provide the reader with the challenges, limitations, and 
pitfalls in making use of these assays.

Acknowledgements We apologize for not being able to cite the work of 
all other studies related to this topic because of space restrictions. This 
work was supported by funding from: Dutch Cancer Society (VU2012-
5480 to JRvB and AWG; VU2014-7234 to AWG and PNS); European 
Research Council (ERC) Starting Research Grant (EU-ERC680209, 
to PNS); Advanced Research Grant (EU-ERC269073 to PC); FWO 
Postdoctoral Fellowships (to JK); Federal Government Belgium 
grant (IUAP P7/03 to PC); long-term structural Methusalem funding 
by the Flemish Government (to PC); Research Foundation Flanders 
(FWO, to PC); Foundation Leducq Transatlantic Network (ARTE-
MIS, to PC); Foundation Against Cancer (to PC); AXA Research 
Fund (to PC); INSERM recurrent funding (to AB); Association pour 
la Recherche sur le Cancer (ARC, to AB); Ligue Nationale du Cancer 
(to AB); Swiss National Science Foundation (31003A_159824 and 
CRSII3_154499 to CR); British Heart Foundation (to AMR and ND). 
Research reported in this manuscript was supported by the National 
Institutes of Health under Award Nos: R01 HL096384, R01 HL27030 
to JB; R01 AR069038, R01 HL128452 and R21 AI123883 to JMM-
M; R01 CA188404 and R01 CA201537 to GB. The content is solely 
the responsibility of the authors and does not necessarily represent the 
official views of the National Institutes of Health.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Angiogenesis 

1 3

Abbreviations
AAV: Adeno-associated virus; AMD: Age-related 
macular degeneration; BME: Basement membrane 
extracts; BOEC: Blood outgrowth endothelial cells; 
BrdU: 5-Bromo-2′-deoxyuridine; CAF: Cancer-acti-
vated fibroblasts; CAM: Chorioallantoic membrane; 
CD31: Platelet endothelial cell adhesion molecule; 
CD45: Leukocyte common antigen; CD144: Vascular 
endothelial cadherin; CNV: Choroidal neovascularization; 
CRC : Colorectal carcinoma; CT: Computer tomography; 
D: Definitive differentiated cells; DAPI: 4′,6-Diamidino-
2-phenylindole; EACA : Epsilon aminocaproic acid; 
EBM: Endothelial basal medium; EC: Endothelial cell(s); 
ECAR : Extracellular acidification rate; ECFC: Endothe-
lial colony-forming cells; ECM: Extracellular matrix; 
EdU: 5-Ethynyl-2′deoxyuridine; ELISA: Enzyme-linked 
immunosorbent assay; ENU: N-ethyl-N-nitrosourea; 
EPC: Endothelial progenitor cells; EST: Expressed 
sequence tag; EVP: Endovascular progenitor cells; 
FGF: Fibroblast growth factor; FACS: Fluorescence-
activated cell sorting; GFP: Green fluorescent pro-
tein; GS-B4: Griffonia simplicifolia isolectin  B4; 
HDMEC: Foreskin-derived human dermal microvascular 
EC; H&E: Hematoxylin and eosin; HIF: Hypoxia-induc-
ible factor; HILIC: Hydrophilic liquid chromatography; 
hiPSC: Human-induced pluripotent stem cell; HGP: His-
topathological growth pattern; HSVSMC: Saphenous vein 
smooth muscle cells; HUAEC: Human umbilical artery 
EC; HUVEC: Human umbilical vein EC; ICAM: Intercel-
lular adhesion molecule; IL-3: Interleukin 3; LDPI: Laser 
Doppler perfusion imaging; LPS: Lipopolysaccharide; 
MACS: Magnetic-activated cell sorting; MDSC: Mye-
loid-derived suppressor cells; MMP: Matrix metal-
loproteinase; MO: Morpholino; MP: Main population; 
MPC: Mesenchymal progenitor cells; MRI: Magnetic 
resonance imaging; MSC: Mesenchymal stem cells; 
MTT: 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide; NMR: Nuclear magnetic resonance; 
NV: Neovascularization; OCR: Oxygen consumption rate; 
OIR: Oxygen-induced retinopathy; oxPPP: Oxidative pen-
tose phosphate pathway; PAD: Peripheral arterial disease; 
PCNA: Proliferating cell nuclear antigen; PCR: Poly-
merase chain reaction; PCV: Polypoidal choroidal vas-
culopathy; PDMS: Polydimethylsiloxane; PET: Positron 
emission tomography; PI: Propidium iodide; PNET: Pan-
creatic neuroendocrine tumor; PV: Particle velocimetry; 
PWG: Postnatal weight gain; RCC : Renal cell carcinoma; 
ROP: Retinopathy of prematurity; RS II: Reduced serum 
supplement II; RTCA : Real-time cell analysis; SCF: Stem 
cell factor; SCID: Severe combined immune deficiency; 
SDF: Stromal-derived factor; SEM: Scanning electron 
microscopy; SMA: Smooth muscle actin; SOD: Super-
oxide dismutase; SP: Side-population; SPARC : Secreted 

protein acidic and rich in cysteine; TA: Transient ampli-
fying cells; TAM: Tumor-associated macrophages; 
TCA : Tetracarboxylic acid; TEM: Tumor endothelial 
marker; TLR: Toll-like receptor; TME: Tumor micro-
environment; TNF: Tumor necrosis factor; UEA: Ulex 
europaeus agglutinin; VCAM: Vascular cell adhesion 
molecule; VEGF: Vascular endothelial cell growth factor; 
VESC: Vascular endothelial stem cells; VHL: Von Hip-
pel–Lindau; VMO: Vascularized micro-organ; VO: Vaso-
obliteration; WGA : Wheat germ agglutinin

References

 1. Bikfalvi A (2017) History and conceptual developments in 
vascular biology and angiogenesis research: a personal view. 
Angiogenesis 20(4):463–478. https ://doi.org/10.1007/s1045 
6-017-9569-2

 2. Carmeliet P, Jain RK (2011) Principles and mechanisms of vessel 
normalization for cancer and other angiogenic diseases. Nat Rev 
Drug Discov 10(6):417–427. https ://doi.org/10.1038/nrd34 55

 3. Griffioen AW, Molema G (2000) Angiogenesis: potentials for 
pharmacologic intervention in the treatment of cancer, cardio-
vascular diseases, and chronic inflammation. Pharmacol Rev 
52(2):237–268

 4. Viallard C, Larrivee B (2017) Tumor angiogenesis and vascu-
lar normalization: alternative therapeutic targets. Angiogenesis 
20(4):409–426. https ://doi.org/10.1007/s1045 6-017-9562-9

 5. De Palma M, Biziato D, Petrova TV (2017) Microenvironmental 
regulation of tumour angiogenesis. Nat Rev Cancer 17(8):457–
474. https ://doi.org/10.1038/nrc.2017.51

 6. Craig MP, Sumanas S (2016) ETS transcription factors in embry-
onic vascular development. Angiogenesis 19(3):275–285. https 
://doi.org/10.1007/s1045 6-016-9511-z

 7. Ebert LM, Tan LY, Johan MZ, Min KK, Cockshell MP, Parham 
KA, Betterman KL, Szeto P, Boyle S, Silva L, Peng A, Zhang 
Y, Ruszkiewicz A, Zannettino AC, Gronthos S, Koblar S, Har-
vey NL, Lopez AF, Shackleton M, Bonder CS (2016) A non-
canonical role for desmoglein-2 in endothelial cells: implications 
for neoangiogenesis. Angiogenesis 19(4):463–486. https ://doi.
org/10.1007/s1045 6-016-9520-y

 8. Loegl J, Nussbaumer E, Hiden U, Majali-Martinez A, Ghaffari-
Tabrizi-Wizy N, Cvitic S, Lang I, Desoye G, Huppertz B (2016) 
Pigment epithelium-derived factor (PEDF): a novel trophoblast-
derived factor limiting feto-placental angiogenesis in late preg-
nancy. Angiogenesis 19(3):373–388. https ://doi.org/10.1007/
s1045 6-016-9513-x

 9. Dings RP, Chen X, Hellebrekers DM, van Eijk LI, Zhang Y, Hoye 
TR, Griffioen AW, Mayo KH (2006) Design of nonpeptidic topo-
mimetics of antiangiogenic proteins with antitumor activities. J 
Natl Cancer Inst 98(13):932–936. https ://doi.org/10.1093/jnci/
djj24 7

 10. MacDonald DA, Martin J, Muthusamy KK, Luo JK, Pyles E, 
Rafique A, Huang T, Potocky T, Liu Y, Cao J, Bono F, Delesque 
N, Savi P, Francis J, Amirkhosravi A, Meyer T, Romano C, 
Glinka M, Yancopoulos GD, Stahl N, Wiegand SJ, Papadopou-
los N (2016) Aflibercept exhibits VEGF binding stoichiometry 
distinct from bevacizumab and does not support formation of 
immune-like complexes. Angiogenesis 19(3):389–406. https ://
doi.org/10.1007/s1045 6-016-9515-8

 11. Zhi K, Li M, Bai J, Wu Y, Zhou S, Zhang X, Qu L (2016) 
Quercitrin treatment protects endothelial progenitor cells from 

https://doi.org/10.1007/s10456-017-9569-2
https://doi.org/10.1007/s10456-017-9569-2
https://doi.org/10.1038/nrd3455
https://doi.org/10.1007/s10456-017-9562-9
https://doi.org/10.1038/nrc.2017.51
https://doi.org/10.1007/s10456-016-9511-z
https://doi.org/10.1007/s10456-016-9511-z
https://doi.org/10.1007/s10456-016-9520-y
https://doi.org/10.1007/s10456-016-9520-y
https://doi.org/10.1007/s10456-016-9513-x
https://doi.org/10.1007/s10456-016-9513-x
https://doi.org/10.1093/jnci/djj247
https://doi.org/10.1093/jnci/djj247
https://doi.org/10.1007/s10456-016-9515-8
https://doi.org/10.1007/s10456-016-9515-8


 Angiogenesis

1 3

oxidative damage via inducing autophagy through extracellular 
signal-regulated kinase. Angiogenesis 19(3):311–324. https ://
doi.org/10.1007/s1045 6-016-9504-y

 12. Conway RE, Rojas C, Alt J, Novakova Z, Richardson SM, 
Rodrick TC, Fuentes JL, Richardson NH, Attalla J, Stewart S, 
Fahmy B, Barinka C, Ghosh M, Shapiro LH, Slusher BS (2016) 
Prostate-specific membrane antigen (PSMA)-mediated laminin 
proteolysis generates a pro-angiogenic peptide. Angiogenesis 
19(4):487–500. https ://doi.org/10.1007/s1045 6-016-9521-x

 13. Gao JH, Wen SL, Feng S, Yang WJ, Lu YY, Tong H, Liu R, Tang 
SH, Huang ZY, Tang YM, Yang JH, Xie HQ, Tang CW (2016) 
Celecoxib and octreotide synergistically ameliorate portal hyper-
tension via inhibition of angiogenesis in cirrhotic rats. Angiogen-
esis 19(4):501–511. https ://doi.org/10.1007/s1045 6-016-9522-9

 14. Lu K, Bhat M, Basu S (2016) Plants and their active com-
pounds: natural molecules to target angiogenesis. Angiogenesis 
19(3):287–295. https ://doi.org/10.1007/s1045 6-016-9512-y

 15. Kuusk T, Albiges L, Escudier B, Grivas N, Haanen J, Powles T, 
Bex A (2017) Antiangiogenic therapy combined with immune 
checkpoint blockade in renal cancer. Angiogenesis 20(2):205–
215. https ://doi.org/10.1007/s1045 6-017-9550-0

 16. Hamming LC, Slotman BJ, Verheul HMW, Thijssen VL (2017) 
The clinical application of angiostatic therapy in combination 
with radiotherapy: past, present, future. Angiogenesis 20(2):217–
232. https ://doi.org/10.1007/s1045 6-017-9546-9

 17. Bani M, Decio A, Giavazzi R, Ghilardi C (2017) Contribution of 
tumor endothelial cells to drug resistance: anti-angiogenic tyros-
ine kinase inhibitors act as p-glycoprotein antagonists. Angiogen-
esis 20(2):233–241. https ://doi.org/10.1007/s1045 6-017-9549-6

 18. Berndsen RH, Abdul UK, Weiss A, Zoetemelk M, Te Winkel 
MT, Dyson PJ, Griffioen AW, Nowak-Sliwinska P (2017) Epige-
netic approach for angiostatic therapy: promising combinations 
for cancer treatment. Angiogenesis 20(2):245–267. https ://doi.
org/10.1007/s1045 6-017-9551-z

 19. van Beijnum JR, Nowak-Sliwinska P, van Berkel M, Wong TJ, 
Griffioen AW (2017) A genomic screen for angiosuppressor 
genes in the tumor endothelium identifies a multifaceted angio-
static role for bromodomain containing 7 (BRD7). Angiogenesis 
20(4):641–654. https ://doi.org/10.1007/s1045 6-017-9576-3

 20. Griffioen AW, Weiss A, Berndsen RH, Abdul UK, te Winkel 
MT, Nowak-Sliwinska P (2014) The emerging quest for the 
optimal angiostatic combination therapy. Biochem Soc Trans 
42(6):1608–1615. https ://doi.org/10.1042/BST20 14019 3

 21. Ochsenbein AM, Karaman S, Proulx ST, Goldmann R, Chit-
tazhathu J, Dasargyri A, Chong C, Leroux JC, Stanley ER, 
Detmar M (2016) Regulation of lymphangiogenesis in the dia-
phragm by macrophages and VEGFR-3 signaling. Angiogenesis 
19(4):513–524. https ://doi.org/10.1007/s1045 6-016-9523-8

 22. Martinez-Corral I, Stanczuk L, Frye M, Ulvmar MH, Dieguez-
Hurtado R, Olmeda D, Makinen T, Ortega S (2016) Vegfr3-
CreER (T2) mouse, a new genetic tool for targeting the lymphatic 
system. Angiogenesis 19(3):433–445. https ://doi.org/10.1007/
s1045 6-016-9505-x

 23. Zhang R, Han Z, Degos V, Shen F, Choi EJ, Sun Z, Kang S, 
Wong M, Zhu W, Zhan L, Arthur HM, Oh SP, Faughnan ME, 
Su H (2016) Persistent infiltration and pro-inflammatory differ-
entiation of monocytes cause unresolved inflammation in brain 
arteriovenous malformation. Angiogenesis 19(4):451–461. https 
://doi.org/10.1007/s1045 6-016-9519-4

 24. Tattersal IW, Cuervo H (2014) Vascular biology 2014 in Monte-
rey, California: celebrating 20 years of NAVBO. Vasc Cell 6:25. 
https ://doi.org/10.1186/s1322 1-014-0025-4

 25. Hillen F, Baeten CI, van de Winkel A, Creytens D, van der Schaft 
DW, Winnepenninckx V, Griffioen AW (2008) Leukocyte infil-
tration and tumor cell plasticity are parameters of aggressiveness 

in primary cutaneous melanoma. Cancer Immunol Immunother 
CII 57(1):97–106. https ://doi.org/10.1007/s0026 2-007-0353-9

 26. von Stillfried S, Apitzsch JC, Ehling J, Penzkofer T, Mahnken 
AH, Knuchel R, Floege J, Boor P (2016) Contrast-enhanced CT 
imaging in patients with chronic kidney disease. Angiogenesis 
19(4):525–535. https ://doi.org/10.1007/s1045 6-016-9524-7

 27. Gotink KJ, Broxterman HJ, Labots M, de Haas RR, Dekker H, 
Honeywell RJ, Rudek MA, Beerepoot LV, Musters RJ, Jansen 
G, Griffioen AW, Assaraf YG, Pili R, Peters GJ, Verheul HM 
(2011) Lysosomal sequestration of sunitinib: a novel mechanism 
of drug resistance. Clin Cancer Res 17(23):7337–7346. https ://
doi.org/10.1158/1078-0432.CCR-11-1667

 28. van Beijnum JR, Nowak-Sliwinska P, Huijbers EJ, Thijssen VL, 
Griffioen AW (2015) The great escape; the hallmarks of resist-
ance to antiangiogenic therapy. Pharmacol Rev 67(2):441–461. 
https ://doi.org/10.1124/pr.114.01021 5

 29. Huijbers EJ, van Beijnum JR, Thijssen VL, Sabrkhany S, Nowak-
Sliwinska P, Griffioen AW (2016) Role of the tumor stroma in 
resistance to anti-angiogenic therapy. Drug Res Updat 25:26–37. 
https ://doi.org/10.1016/j.drup.2016.02.002

 30. Williams PA, Silva EA (2015) The role of synthetic extracellular 
matrices in endothelial progenitor cell homing for treatment of 
vascular disease. Ann Biomed Eng 43(10):2301–2313. https ://
doi.org/10.1007/s1043 9-015-1400-x

 31. Raval Z, Losordo DW (2013) Cell therapy of peripheral arte-
rial disease: from experimental findings to clinical trials. Circ 
Res 112(9):1288–1302. https ://doi.org/10.1161/CIRCR ESAHA 
.113.30056 5

 32. Mistriotis P, Andreadis ST (2017) Vascular aging: molecular 
mechanisms and potential treatments for vascular rejuvena-
tion. Ageing Res Rev 37:94–116. https ://doi.org/10.1016/j.
arr.2017.05.006

 33. Donato AJ, Morgan RG, Walker AE, Lesniewski LA (2015) Cel-
lular and molecular biology of aging endothelial cells. J Mol 
Cell Cardiol 89(Pt B):122–135. https ://doi.org/10.1016/j.yjmcc 
.2015.01.021

 34. Vitorino P, Meyer T (2008) Modular control of endothelial 
sheet migration. Genes Dev 22(23):3268–3281. https ://doi.
org/10.1101/gad.17258 08

 35. Costa G, Harrington KI, Lovegrove HE, Page DJ, Chakravartula 
S, Bentley K, Herbert SP (2016) Asymmetric division coordi-
nates collective cell migration in angiogenesis. Nat Cell Biol 
18(12):1292–1301. https ://doi.org/10.1038/ncb34 43

 36. Hamm MJ, Kirchmaier BC, Herzog W (2016) Sema3d controls 
collective endothelial cell migration by distinct mechanisms 
via Nrp1 and PlxnD1. J Cell Biol 215(3):415–430. https ://doi.
org/10.1083/jcb.20160 3100

 37. Haeger A, Wolf K, Zegers MM, Friedl P (2015) Collective cell 
migration: guidance principles and hierarchies. Trends Cell Biol 
25(9):556–566. https ://doi.org/10.1016/j.tcb.2015.06.003

 38. Waltenberger J, Lange J, Kranz A (2000) Vascular endothelial 
growth factor-A-induced chemotaxis of monocytes is attenu-
ated in patients with diabetes mellitus: a potential predictor 
for the individual capacity to develop collaterals. Circulation 
102(2):185–190

 39. Tchaikovski V, Olieslagers S, Bohmer FD, Waltenberger J (2009) 
Diabetes mellitus activates signal transduction pathways result-
ing in vascular endothelial growth factor resistance of human 
monocytes. Circulation 120(2):150–159. https ://doi.org/10.1161/
CIRCU LATIO NAHA.108.81752 8

 40. Tchaikovski V, Tchaikovski S, Olieslagers S, Waltenberger 
J (2015) Monocyte dysfunction as a previously unrecognized 
pathophysiologically relevant component of hyperlipidemic 
ApoE−/− mice contributing to atherogenesis and impaired arte-
riogenesis. Int J Cardiol 190:214–216

https://doi.org/10.1007/s10456-016-9504-y
https://doi.org/10.1007/s10456-016-9504-y
https://doi.org/10.1007/s10456-016-9521-x
https://doi.org/10.1007/s10456-016-9522-9
https://doi.org/10.1007/s10456-016-9512-y
https://doi.org/10.1007/s10456-017-9550-0
https://doi.org/10.1007/s10456-017-9546-9
https://doi.org/10.1007/s10456-017-9549-6
https://doi.org/10.1007/s10456-017-9551-z
https://doi.org/10.1007/s10456-017-9551-z
https://doi.org/10.1007/s10456-017-9576-3
https://doi.org/10.1042/BST20140193
https://doi.org/10.1007/s10456-016-9523-8
https://doi.org/10.1007/s10456-016-9505-x
https://doi.org/10.1007/s10456-016-9505-x
https://doi.org/10.1007/s10456-016-9519-4
https://doi.org/10.1007/s10456-016-9519-4
https://doi.org/10.1186/s13221-014-0025-4
https://doi.org/10.1007/s00262-007-0353-9
https://doi.org/10.1007/s10456-016-9524-7
https://doi.org/10.1158/1078-0432.CCR-11-1667
https://doi.org/10.1158/1078-0432.CCR-11-1667
https://doi.org/10.1124/pr.114.010215
https://doi.org/10.1016/j.drup.2016.02.002
https://doi.org/10.1007/s10439-015-1400-x
https://doi.org/10.1007/s10439-015-1400-x
https://doi.org/10.1161/CIRCRESAHA.113.300565
https://doi.org/10.1161/CIRCRESAHA.113.300565
https://doi.org/10.1016/j.arr.2017.05.006
https://doi.org/10.1016/j.arr.2017.05.006
https://doi.org/10.1016/j.yjmcc.2015.01.021
https://doi.org/10.1016/j.yjmcc.2015.01.021
https://doi.org/10.1101/gad.1725808
https://doi.org/10.1101/gad.1725808
https://doi.org/10.1038/ncb3443
https://doi.org/10.1083/jcb.201603100
https://doi.org/10.1083/jcb.201603100
https://doi.org/10.1016/j.tcb.2015.06.003
https://doi.org/10.1161/CIRCULATIONAHA.108.817528
https://doi.org/10.1161/CIRCULATIONAHA.108.817528


Angiogenesis 

1 3

 41. Sato Y, Rifkin DB (1989) Inhibition of endothelial cell move-
ment by pericytes and smooth muscle cells: activation of a latent 
transforming growth factor-beta 1-like molecule by plasmin dur-
ing co-culture. J Cell Biol 109(1):309–315

 42. Schreier T, Degen E, Baschong W (1993) Fibroblast migration 
and proliferation during in vitro wound healing. A quantitative 
comparison between various growth factors and a low molecular 
weight blood dialysate used in the clinic to normalize impaired 
wound healing. Research in experimental medicine Zeitschrift 
fur die gesamte experimentelle Medizin einschliesslich experi-
menteller. Chirurgie 193(4):195–205

 43. Williams SP, Gould CM, Nowell CJ, Karnezis T, Achen MG, 
Simpson KJ, Stacker SA (2017) Systematic high-content 
genome-wide RNAi screens of endothelial cell migration and 
morphology. Sci Data 4:170009. https ://doi.org/10.1038/sdata 
.2017.9

 44. Williams SP, Odell AF, Karnezis T, Farnsworth RH, Gould CM, 
Li J, Paquet-Fifield S, Harris NC, Walter A, Gregory JL, Lamont 
SF, Liu R, Takano EA, Nowell CJ, Bower NI, Resnick D, Smyth 
GK, Coultas L, Hogan BM, Fox SB, Mueller SN, Simpson KJ, 
Achen MG, Stacker SA (2017) Genome-wide functional analysis 
reveals central signaling regulators of lymphatic endothelial cell 
migration and remodeling. Sci Signal. https ://doi.org/10.1126/
scisi gnal.aal29 87

 45. Nguyen DT, Gao L, Wong A, Chen CS (2017) Cdc42 regulates 
branching in angiogenic sprouting in vitro. Microcirculation. 
https ://doi.org/10.1111/micc.12372 

 46. Hayer A, Shao L, Chung M, Joubert LM, Yang HW, Tsai FC, 
Bisaria A, Betzig E, Meyer T (2016) Engulfed cadherin fingers 
are polarized junctional structures between collectively migrating 
endothelial cells. Nat Cell Biol 18(12):1311–1323. https ://doi.
org/10.1038/ncb34 38

 47. Yang Y, Jamilpour N, Yao B, Dean ZS, Riahi R, Wong PK (2016) 
Probing leader cells in endothelial collective migration by plasma 
lithography geometric confinement. Sci Rep 6:22707. https ://doi.
org/10.1038/srep2 2707

 48. Boyden S (1962) The chemotactic effect of mixtures of anti-
body and antigen on polymorphonuclear leucocytes. J Exp Med 
115:453–466

 49. Svensson CM, Medyukhina A, Belyaev I, Al-Zaben N, Figge MT 
(2018) Untangling cell tracks: quantifying cell migration by time 
lapse image data analysis. Cytom A 93(3):357–370. https ://doi.
org/10.1002/cyto.a.23249 

 50. Jain P, Worthylake RA, Alahari SK (2012) Quantitative analysis 
of random migration of cells using time-lapse video microscopy. 
J Vis Exp 63:e3585. https ://doi.org/10.3791/3585

 51. Serini G, Valdembri D, Zanivan S, Morterra G, Burkhardt C, 
Caccavari F, Zammataro L, Primo L, Tamagnone L, Logan M, 
Tessier-Lavigne M, Taniguchi M, Puschel AW, Bussolino F 
(2003) Class 3 semaphorins control vascular morphogenesis by 
inhibiting integrin function. Nature 424(6947):391–397. https ://
doi.org/10.1038/natur e0178 4

 52. Jin W, Shah ET, Penington CJ, McCue SW, Chopin LK, Simpson 
MJ (2016) Reproducibility of scratch assays is affected by the 
initial degree of confluence: experiments, modelling and model 
selection. J Theor Biol 390:136–145. https ://doi.org/10.1016/j.
jtbi.2015.10.040

 53. Augustin-Voss HG, Pauli BU (1992) Quantitative analysis of 
autocrine-regulated, matrix-induced, and tumor cell-stimulated 
endothelial cell migration using a silicon template compartmen-
talization technique. Exp Cell Res 198(2):221–227

 54. Weiss A, Ding X, van Beijnum JR, Wong I, Wong TJ, Berndsen 
RH, Dormond O, Dallinga M, Shen L, Schlingemann RO, Pili 
R, Ho CM, Dyson PJ, van den Bergh H, Griffioen AW, Nowak-
Sliwinska P (2015) Rapid optimization of drug combinations 

for the optimal angiostatic treatment of cancer. Angiogenesis 
18(3):233–244. https ://doi.org/10.1007/s1045 6-015-9462-9

 55. Thirusangu P, Vigneshwaran V, Prashanth T, Vijay Avin BR, 
Malojirao VH, Rakesh H, Khanum SA, Mahmood R, Prabhakar 
BT (2017) BP-1T, an antiangiogenic benzophenone-thiazole 
pharmacophore, counteracts HIF-1 signalling through p53/
MDM2-mediated HIF-1alpha proteasomal degradation. Angio-
genesis 20(1):55–71. https ://doi.org/10.1007/s1045 6-016-9528-3

 56. Ausprunk DH, Folkman J (1977) Migration and proliferation of 
endothelial cells in preformed and newly formed blood vessels 
during tumor angiogenesis. Microvasc Res 14(1):53–65

 57. Staton CA, Reed MW, Brown NJ (2009) A critical analysis of 
current in vitro and in vivo angiogenesis assays. Int J Exp Pathol 
90(3):195–221. https ://doi.org/10.1111/j.1365-2613.2008.00633 
.x

 58. Lee WS (2006) Endothelial cell proliferation assays. In: Staton 
CA, Lewis C, Bicknell R (eds) Angiogenesis assays—a critical 
appraisal of current techniques. Wiley, West Sussex, pp 39–50. 
https ://doi.org/10.1002/97804 70029 350.ch2

 59. Tannock IF, Hayashi S (1972) The proliferation of capillary 
endothelial cells. Can Res 32(1):77–82

 60. Li Y, Chang Y, Ye N, Dai D, Chen Y, Zhang N, Sun G, Sun Y 
(2017) Advanced glycation end products inhibit the proliferation 
of human umbilical vein endothelial cells by inhibiting cathepsin 
D. Int J Mol Sci. https ://doi.org/10.3390/ijms1 80204 36

 61. Sakaue-Sawano A, Yo M, Komatsu N, Hiratsuka T, Kogure T, 
Hoshida T, Goshima N, Matsuda M, Miyoshi H, Miyawaki A 
(2017) Genetically encoded tools for optical dissection of the 
mammalian cell cycle. Mol Cell. https ://doi.org/10.1016/j.molce 
l.2017.10.001

 62. Riss TL, Moravec RA, Niles AL, Duellman S, Benink HA, Wor-
zella TJ, Minor L (2004) Cell viability assays. In: Sittampalam 
GS, Coussens NP, Brimacombe K et al. (eds) Assay guidance 
manual. Bethesda

 63. Denizot F, Lang R (1986) Rapid colorimetric assay for cell 
growth and survival. Modifications to the tetrazolium dye pro-
cedure giving improved sensitivity and reliability. J Immunol 
Methods 89(2):271–277

 64. van Beijnum JR, Nowak-Sliwinska P, van den Boezem E, Haut-
vast P, Buurman WA, Griffioen AW (2013) Tumor angiogenesis 
is enforced by autocrine regulation of high-mobility group box 1. 
Oncogene 17(32):363–374

 65. Huang L, Perrault C, Coelho-Martins J, Hu C, Dulong C, Varna 
M, Liu J, Jin J, Soria C, Cazin L, Janin A, Li H, Varin R, Lu H 
(2013) Induction of acquired drug resistance in endothelial cells 
and its involvement in anticancer therapy. J Hematol Oncol 6:49. 
https ://doi.org/10.1186/1756-8722-6-49

 66. Petrova TV, Makinen T, Makela TP, Saarela J, Virtanen I, Fer-
rell RE, Finegold DN, Kerjaschki D, Yla-Herttuala S, Alitalo 
K (2002) Lymphatic endothelial reprogramming of vascular 
endothelial cells by the Prox-1 homeobox transcription factor. 
EMBO J 21(17):4593–4599

 67. van Beijnum JR, van der Linden E, Griffioen AW (2008) Angio-
genic profiling and comparison of immortalized endothelial cells 
for functional genomics. Exp Cell Res 314(2):264–272. https ://
doi.org/10.1016/j.yexcr .2007.08.013

 68. Hida K, Hida Y, Amin DN, Flint AF, Panigrahy D, Morton CC, 
Klagsbrun M (2004) Tumor-associated endothelial cells with 
cytogenetic abnormalities. Cancer Res 64(22):8249–8255. https 
://doi.org/10.1158/0008-5472.CAN-04-1567

 69. Stacker SA, Halford MM, Roufail S, Caesar C, Achen MG (2016) 
A simple bioassay for the evaluation of vascular endothelial 
growth factors. J Vis Exp. https ://doi.org/10.3791/53867 

 70. Stacker SA, Stenvers K, Caesar C, Vitali A, Domagala T, Nice 
E, Roufail S, Simpson RJ, Moritz R, Karpanen T, Alitalo K, 
Achen MG (1999) Biosynthesis of vascular endothelial growth 

https://doi.org/10.1038/sdata.2017.9
https://doi.org/10.1038/sdata.2017.9
https://doi.org/10.1126/scisignal.aal2987
https://doi.org/10.1126/scisignal.aal2987
https://doi.org/10.1111/micc.12372
https://doi.org/10.1038/ncb3438
https://doi.org/10.1038/ncb3438
https://doi.org/10.1038/srep22707
https://doi.org/10.1038/srep22707
https://doi.org/10.1002/cyto.a.23249
https://doi.org/10.1002/cyto.a.23249
https://doi.org/10.3791/3585
https://doi.org/10.1038/nature01784
https://doi.org/10.1038/nature01784
https://doi.org/10.1016/j.jtbi.2015.10.040
https://doi.org/10.1016/j.jtbi.2015.10.040
https://doi.org/10.1007/s10456-015-9462-9
https://doi.org/10.1007/s10456-016-9528-3
https://doi.org/10.1111/j.1365-2613.2008.00633.x
https://doi.org/10.1111/j.1365-2613.2008.00633.x
https://doi.org/10.1002/9780470029350.ch2
https://doi.org/10.3390/ijms18020436
https://doi.org/10.1016/j.molcel.2017.10.001
https://doi.org/10.1016/j.molcel.2017.10.001
https://doi.org/10.1186/1756-8722-6-49
https://doi.org/10.1016/j.yexcr.2007.08.013
https://doi.org/10.1016/j.yexcr.2007.08.013
https://doi.org/10.1158/0008-5472.CAN-04-1567
https://doi.org/10.1158/0008-5472.CAN-04-1567
https://doi.org/10.3791/53867


 Angiogenesis

1 3

factor-D involves proteolytic processing which generates non-
covalent homodimers. J Biol Chem 274(45):32127–32136. https 
://doi.org/10.1074/jbc.274.45.32127 

 71. Korn C, Augustin HG (2015) Mechanisms of vessel pruning and 
regression. Dev Cell 34(1):5–17. https ://doi.org/10.1016/j.devce 
l.2015.06.004

 72. Nakatsu MN, Hughes CC (2008) An optimized three-dimensional 
in vitro model for the analysis of angiogenesis. Methods Enzy-
mol 443:65–82. https ://doi.org/10.1016/S0076 -6879(08)02004 -1

 73. Nakatsu MN, Davis J, Hughes CC (2007) Optimized fibrin gel 
bead assay for the study of angiogenesis. J Vis Exp 3:186. https 
://doi.org/10.3791/186

 74. Alghanem AF, Wilkinson EL, Emmett MS, Aljasir MA, Hol-
mes K, Rothermel BA, Simms VA, Heath VL, Cross MJ (2017) 
RCAN1.4 regulates VEGFR-2 internalisation, cell polarity and 
migration in human microvascular endothelial cells. Angiogen-
esis 20(3):341–358. https ://doi.org/10.1007/s1045 6-017-9542-0

 75. Newman AC, Nakatsu MN, Chou W, Gershon PD, Hughes CC 
(2011) The requirement for fibroblasts in angiogenesis: fibro-
blast-derived matrix proteins are essential for endothelial cell 
lumen formation. Mol Biol Cell 22(20):3791–3800. https ://doi.
org/10.1091/mbc.E11-05-0393

 76. Gau D, Veon W, Capasso TL, Bottcher R, Shroff S, Roman BL, 
Roy P (2017) Pharmacological intervention of MKL/SRF signal-
ing by CCG-1423 impedes endothelial cell migration and angio-
genesis. Angiogenesis 20(4):663–672. https ://doi.org/10.1007/
s1045 6-017-9560-y

 77. Torres-Estay V, Carreno DV, Fuenzalida P, Watts A, San Fran-
cisco IF, Montecinos VP, Sotomayor PC, Ebos J, Smith GJ, 
Godoy AS (2017) Androgens modulate male-derived endothe-
lial cell homeostasis using androgen receptor-dependent and 
receptor-independent mechanisms. Angiogenesis 20(1):25–38. 
https ://doi.org/10.1007/s1045 6-016-9525-6

 78. Merjaneh M, Langlois A, Larochelle S, Cloutier CB, Ricard-
Blum S, Moulin VJ (2017) Pro-angiogenic capacities of 
microvesicles produced by skin wound myofibroblasts. 
Angiogenesis 20(3):385–398. https ://doi.org/10.1007/s1045 
6-017-9554-9

 79. Montesano R, Orci L, Vassalli P (1983) In vitro rapid organiza-
tion of endothelial cells into capillary-like networks is promoted 
by collagen matrices. J Cell Biol 97(5 Pt 1):1648–1652

 80. Davis GE, Kim DJ, Meng CX, Norden PR, Speichinger KR, 
Davis MT, Smith AO, Bowers SL, Stratman AN (2013) Control 
of vascular tube morphogenesis and maturation in 3D extracel-
lular matrices by endothelial cells and pericytes. Methods Mol 
Biol 1066:17–28. https ://doi.org/10.1007/978-1-62703 -604-7_2

 81. Stahl A, Connor KM, Sapieha P, Chen J, Dennison RJ, Krah 
NM, Seaward MR, Willett KL, Aderman CM, Guerin KI, Hua J, 
Lofqvist C, Hellstrom A, Smith LE (2010) The mouse retina as 
an angiogenesis model. Invest Ophthalmol Vis Sci 51(6):2813–
2826. https ://doi.org/10.1167/iovs.10-5176

 82. Park SO, Wankhede M, Lee YJ, Choi EJ, Fliess N, Choe SW, 
Oh SH, Walter G, Raizada MK, Sorg BS, Oh SP (2009) Real-
time imaging of de novo arteriovenous malformation in a mouse 
model of hereditary hemorrhagic telangiectasia. J Clin Invest 
119(11):3487–3496. https ://doi.org/10.1172/JCI39 482

 83. Sawamiphak S, Ritter M, Acker-Palmer A (2010) Preparation 
of retinal explant cultures to study ex vivo tip endothelial cell 
responses. Nat Protoc 5(10):1659–1665. https ://doi.org/10.1038/
nprot .2010.130

 84. Rezzola S, Belleri M, Gariano G, Ribatti D, Costagliola C, Sem-
eraro F, Presta M (2014) In vitro and ex vivo retina angiogenesis 
assays. Angiogenesis 17(3):429–442. https ://doi.org/10.1007/
s1045 6-013-9398-x

 85. Rezzola S, Belleri M, Ribatti D, Costagliola C, Presta M, Semer-
aro F (2013) A novel ex vivo murine retina angiogenesis (EMRA) 

assay. Exp Eye Res 112:51–56. https ://doi.org/10.1016/j.
exer.2013.04.014

 86. Murakami T, Suzuma K, Takagi H, Kita M, Ohashi H, Watanabe 
D, Ojima T, Kurimoto M, Kimura T, Sakamoto A, Unoki N, 
Yoshimura N (2006) Time-lapse imaging of vitreoretinal angio-
genesis originating from both quiescent and mature vessels in a 
novel ex vivo system. Invest Ophthalmol Vis Sci 47(12):5529–
5536. https ://doi.org/10.1167/iovs.06-0373

 87. Baker M, Robinson SD, Lechertier T, Barber PR, Tavora B, 
D’Amico G, Jones DT, Vojnovic B, Hodivala-Dilke K (2011) 
Use of the mouse aortic ring assay to study angiogenesis. Nat 
Protoc 7(1):89–104. https ://doi.org/10.1038/nprot .2011.435

 88. Aplin AC, Nicosia RF (2015) The rat aortic ring model of 
angiogenesis. Methods Mol Biol 1214:255–264. https ://doi.
org/10.1007/978-1-4939-1462-3_16

 89. Nicosia RF, Zhu WH, Fogel E, Howson KM, Aplin AC (2005) 
A new ex vivo model to study venous angiogenesis and arterio-
venous anastomosis formation. J Vasc Res 42(2):111–119. https 
://doi.org/10.1159/00008 3457

 90. Wang X, Phan DTT, George SC, Hughes CCW, Lee AP 
(2017) 3D anastomosed microvascular network model with 
living capillary networks and endothelial cell-lined microflu-
idic channels. Methods Mol Biol 1612:325–344. https ://doi.
org/10.1007/978-1-4939-7021-6_24

 91. Shirure VS, Lezia A, Tao A, Alonzo LF, George SC (2017) Low 
levels of physiological interstitial flow eliminate morphogen 
gradients and guide angiogenesis. Angiogenesis 20(4):493–504. 
https ://doi.org/10.1007/s1045 6-017-9559-4

 92. Wang X, Phan DTT, Zhao D, George SC, Hughes CCW, Lee AP 
(2016) An on-chip microfluidic pressure regulator that facilitates 
reproducible loading of cells and hydrogels into microphysio-
logical system platforms. Lab Chip 16(5):868–876. https ://doi.
org/10.1039/c5lc0 1563d 

 93. Wang X, Phan DT, Sobrino A, George SC, Hughes CC, Lee AP 
(2016) Engineering anastomosis between living capillary net-
works and endothelial cell-lined microfluidic channels. Lab Chip 
16(2):282–290. https ://doi.org/10.1039/c5lc0 1050k 

 94. Crampton SP, Davis J, Hughes CC (2007) Isolation of human 
umbilical vein endothelial cells (HUVEC). J Vis Exp 3:183. https 
://doi.org/10.3791/183

 95. Melero-Martin JM, Bischoff J (2008) Chapter 13. An in vivo 
experimental model for postnatal vasculogenesis. Methods Enzy-
mol 445:303–329

 96. Gambino TJ, Williams SP, Caesar C, Resnick D, Nowell CJ, 
Farnsworth RH, Achen MG, Stacker SA, Karnezis TA (2017) 
A three-dimensional lymphatic endothelial cell tube formation 
assay to identify novel kinases involved in lymphatic vessel 
remodeling. Ass Drug Dev Technol. https ://doi.org/10.1089/
adt.2016.764

 97. Phan DTT, Wang X, Craver BM, Sobrino A, Zhao D, Chen JC, 
Lee LYN, George SC, Lee AP, Hughes CCW (2017) A vascular-
ized and perfused organ-on-a-chip platform for large-scale drug 
screening applications. Lab Chip 17(3):511–520. https ://doi.
org/10.1039/c6lc0 1422d 

 98. Nicosia RF, Tchao R, Leighton J (1982) Histotypic angiogenesis 
in vitro: light microscopic, ultrastructural, and radioautographic 
studies. In vitro 18:538–549

 99. Nicosia RF, Ottinetti A (1990) Growth of microvessels in serum-
free matrix culture of rat aorta. A quantitative assay of angiogen-
esis in vitro. Lab Investig J Techn Methods Pathol 63(1):115–122

 100. Nicosia RF (2009) The aortic ring model of angiogenesis: 
a quarter century of search and discovery. J Cell Mol Med 
13:4113–4136

 101. Gao N, Liu X, Wu J, Li J, Dong C, Wu X, Xiao X, Yu FX (2017) 
CXCL10 suppression of hem- and lymph-angiogenesis in 

https://doi.org/10.1074/jbc.274.45.32127
https://doi.org/10.1074/jbc.274.45.32127
https://doi.org/10.1016/j.devcel.2015.06.004
https://doi.org/10.1016/j.devcel.2015.06.004
https://doi.org/10.1016/S0076-6879(08)02004-1
https://doi.org/10.3791/186
https://doi.org/10.3791/186
https://doi.org/10.1007/s10456-017-9542-0
https://doi.org/10.1091/mbc.E11-05-0393
https://doi.org/10.1091/mbc.E11-05-0393
https://doi.org/10.1007/s10456-017-9560-y
https://doi.org/10.1007/s10456-017-9560-y
https://doi.org/10.1007/s10456-016-9525-6
https://doi.org/10.1007/s10456-017-9554-9
https://doi.org/10.1007/s10456-017-9554-9
https://doi.org/10.1007/978-1-62703-604-7_2
https://doi.org/10.1167/iovs.10-5176
https://doi.org/10.1172/JCI39482
https://doi.org/10.1038/nprot.2010.130
https://doi.org/10.1038/nprot.2010.130
https://doi.org/10.1007/s10456-013-9398-x
https://doi.org/10.1007/s10456-013-9398-x
https://doi.org/10.1016/j.exer.2013.04.014
https://doi.org/10.1016/j.exer.2013.04.014
https://doi.org/10.1167/iovs.06-0373
https://doi.org/10.1038/nprot.2011.435
https://doi.org/10.1007/978-1-4939-1462-3_16
https://doi.org/10.1007/978-1-4939-1462-3_16
https://doi.org/10.1159/000083457
https://doi.org/10.1159/000083457
https://doi.org/10.1007/978-1-4939-7021-6_24
https://doi.org/10.1007/978-1-4939-7021-6_24
https://doi.org/10.1007/s10456-017-9559-4
https://doi.org/10.1039/c5lc01563d
https://doi.org/10.1039/c5lc01563d
https://doi.org/10.1039/c5lc01050k
https://doi.org/10.3791/183
https://doi.org/10.3791/183
https://doi.org/10.1089/adt.2016.764
https://doi.org/10.1089/adt.2016.764
https://doi.org/10.1039/c6lc01422d
https://doi.org/10.1039/c6lc01422d


Angiogenesis 

1 3

inflamed corneas through MMP13. Angiogenesis 20(4):505–518. 
https ://doi.org/10.1007/s1045 6-017-9561-x

 102. Seano G, Chiaverina G, Gagliardi PA, di Blasio L, Sessa R, Bus-
solino F, Primo L (2013) Modeling human tumor angiogenesis in 
a three-dimensional culture system. Blood 121(21):e129–e137. 
https ://doi.org/10.1182/blood -2012-08-45229 2

 103. Aplin AC, Fogel E, Zorzi P, Nicosia RF (2008) The aortic ring 
model of angiogenesis. Methods Enzymol 443:119–136. https ://
doi.org/10.1016/S0076 -6879(08)02007 -7

 104. Nicosia R, Ligresti G, Aplin AC (2012) Preparation and analysis 
of aortic ring cultures for the study of angiogenesis ex vivo. In: 
Zudaire E, Cuttitta F (eds) The textbook of angiogenesis and 
lymphangiogenesis: Methods and Applications. Springer, New 
York, pp 127–148

 105. Blacher S, Devy L, Burbridge MF, Roland G, Tucker G, Noel A, 
Foidart JM (2001) Improved quantification of angiogenesis in 
the rat aortic ring assay. Angiogenesis 4(2):133–142

 106. Blatt RJ, Clark AN, Courtney J, Tully C, Tucker AL (2004) Auto-
mated quantitative analysis of angiogenesis in the rat aorta model 
using. Image-Pro Plus 4.1. Comput Methods Programs Biomed 
75:75–79

 107. Nissanov J, Tuman RW, Gruver LM, Fortunato JM (1995) Auto-
matic vessel segmentation and quantification of the rat aortic 
ring assay of angiogenesis. Lab Investig J Tech Methods Pathol 
73:734–739

 108. Zorzi P, Aplin AC, Smith KD, Nicosia RF (2010) Technical 
Advance: the rat aorta contains resident mononuclear phago-
cytes with proliferative capacity and proangiogenic properties. J 
LeukocBiol 88:1051–1059

 109. Masson VV, Devy L, Grignet-Debrus C, Bernt S, Bajou K, 
Blacher S, Roland G, Chang Y, Fong T, Carmeliet P, Foidart 
JM, Noel A (2002) Mouse Aortic ring assay: a new approach 
of the molecular genetics of angiogenesis. Biol Proced Online 
4:24–31. https ://doi.org/10.1251/bpo30 

 110. Malinda KM, Nomizu M, Chung M, Delgado M, Kuratomi Y, 
Yamada Y, Kleinman HK, Ponce ML (1999) Identification of 
laminin alpha1 and beta1 chain peptides active for endothelial 
cell adhesion, tube formation, and aortic sprouting. FASEB J 
13(1):53–62

 111. Weidner N, Semple JP, Welch WR, Folkman J (1991) Tumor 
angiogenesis and metastasis—correlation in invasive breast 
carcinoma. N Engl J Med 324(1):1–8. https ://doi.org/10.1056/
NEJM1 99101 03324 0101

 112. Marien KM, Croons V, Waumans Y, Sluydts E, De Schepper S, 
Andries L, Waelput W, Fransen E, Vermeulen PB, Kockx MM, 
De Meyer GR (2016) Development and validation of a histo-
logical method to measure microvessel density in whole-slide 
images of cancer tissue. PLoS ONE 11(9):e0161496. https ://doi.
org/10.1371/journ al.pone.01614 96

 113. Uzzan B, Nicolas P, Cucherat M, Perret GY (2004) Microvessel 
density as a prognostic factor in women with breast cancer: a 
systematic review of the literature and meta-analysis. Can Res 
64(9):2941–2955

 114. Bais C, Mueller B, Brady MF, Mannel RS, Burger RA, Wei W, 
Marien KM, Kockx MM, Husain A, Birrer MJ, Group NRGOGO 
(2017) Tumor microvessel density as a potential predictive 
marker for bevacizumab benefit: GOG-0218 biomarker analyses. 
J Natl Cancer Inst. https ://doi.org/10.1093/jnci/djx06 6

 115. Griffioen AW, Mans LA, de Graaf AM, Nowak-Sliwinska P, de 
Hoog CL, de Jong TA, Vyth-Dreese FA, van Beijnum JR, Bex A, 
Jonasch E (2012) Rapid angiogenesis onset after discontinuation 
of sunitinib treatment of renal cell carcinoma patients. Clin Can-
cer Res 18(14):3961–3971. https ://doi.org/10.1158/1078-0432.
CCR-12-0002

 116. Vermeulen PB, Gasparini G, Fox SB, Colpaert C, Marson LP, 
Gion M, Belien JA, de Waal RM, Van Marck E, Magnani E, 

Weidner N, Harris AL, Dirix LY (2002) Second international 
consensus on the methodology and criteria of evaluation of angi-
ogenesis quantification in solid human tumours. Eur J Cancer 
38(12):1564–1579

 117. Donnem T, Hu J, Ferguson M, Adighibe O, Snell C, Harris AL, 
Gatter KC, Pezzella F (2013) Vessel co-option in primary human 
tumors and metastases: an obstacle to effective anti-angiogenic 
treatment? Cancer Med 2(4):427–436. https ://doi.org/10.1002/
cam4.105

 118. Folkman J (1990) What is the evidence that tumors are angio-
genesis dependent? J Natl Cancer Inst 82(1):4–6

 119. Frentzas S, Simoneau E, Bridgeman VL, Vermeulen PB, Foo 
S, Kostaras E, Nathan M, Wotherspoon A, Gao ZH, Shi Y, Van 
den Eynden G, Daley F, Peckitt C, Tan X, Salman A, Lazaris A, 
Gazinska P, Berg TJ, Eltahir Z, Ritsma L, Van Rheenen J, Khash-
per A, Brown G, Nystrom H, Sund M, Van Laere S, Loyer E, 
Dirix L, Cunningham D, Metrakos P, Reynolds AR (2016) Vessel 
co-option mediates resistance to anti-angiogenic therapy in liver 
metastases. Nat Med 22(11):1294–1302. https ://doi.org/10.1038/
nm.4197

 120. van Dam PJ, van der Stok EP, Teuwen LA, Van den Eynden GG, 
Illemann M, Frentzas S, Majeed AW, Eefsen RL, Coebergh van 
den Braak RRJ, Lazaris A, Fernandez MC, Galjart B, Laerum 
OD, Rayes R, Grunhagen DJ, Van de Paer M, Sucaet Y, Mud-
har HS, Schvimer M, Nystrom H, Kockx M, Bird NC, Vidal-
Vanaclocha F, Metrakos P, Simoneau E, Verhoef C, Dirix LY, 
Van Laere S, Gao ZH, Brodt P, Reynolds AR, Vermeulen PB 
(2017) International consensus guidelines for scoring the his-
topathological growth patterns of liver metastasis. Br J Cancer 
117(10):1427–1441. https ://doi.org/10.1038/bjc.2017.334

 121. Pezzella F, Pastorino U, Tagliabue E, Andreola S, Sozzi G, Gas-
parini G, Menard S, Gatter KC, Harris AL, Fox S, Buyse M, 
Pilotti S, Pierotti M, Rilke F (1997) Non-small-cell lung car-
cinoma tumor growth without morphological evidence of neo-
angiogenesis. Am J Pathol 151(5):1417–1423

 122. Bridgeman VL, Vermeulen PB, Foo S, Bilecz A, Daley F, Kosta-
ras E, Nathan MR, Wan E, Frentzas S, Schweiger T, Hegedus 
B, Hoetzenecker K, Renyi-Vamos F, Kuczynski EA, Vasudev 
NS, Larkin J, Gore M, Dvorak HF, Paku S, Kerbel RS, Dome B, 
Reynolds AR (2017) Vessel co-option is common in human lung 
metastases and mediates resistance to anti-angiogenic therapy 
in preclinical lung metastasis models. J Pathol 241(3):362–374. 
https ://doi.org/10.1002/path.4845

 123. St Croix B, Rago C, Velculescu V, Traverso G, Romans KE, 
Montgomery E, Lal A, Riggins GJ, Lengauer C, Vogelstein B, 
Kinzler KW (2000) Genes expressed in human tumor endothe-
lium. Science 289(5482):1197–1202

 124. van Beijnum JR, Dings RP, van der Linden E, Zwaans BM, 
Ramaekers FC, Mayo KH, Griffioen AW (2006) Gene expres-
sion of tumor angiogenesis dissected: specific targeting of colon 
cancer angiogenic vasculature. Blood 108(7):2339–2348. https 
://doi.org/10.1182/blood -2006-02-00429 1

 125. van Beijnum JR, Eijgelaar WJ, Griffioen AW (2006) Towards 
high-throughput functional target discovery in angiogenesis 
research. Trends Mol Med 12(1):44–52. https ://doi.org/10.1016/j.
molme d.2005.11.005

 126. Masiero M, Simoes FC, Han HD, Snell C, Peterkin T, Bridges 
E, Mangala LS, Wu SY, Pradeep S, Li D, Han C, Dalton H, 
Lopez-Berestein G, Tuynman JB, Mortensen N, Li JL, Patient 
R, Sood AK, Banham AH, Harris AL, Buffa FM (2013) A core 
human primary tumor angiogenesis signature identifies the 
endothelial orphan receptor ELTD1 as a key regulator of angio-
genesis. Cancer Cell 24(2):229–241. https ://doi.org/10.1016/j.
ccr.2013.06.004

 127. Mura M, Swain RK, Zhuang X, Vorschmitt H, Reynolds G, 
Durant S, Beesley JF, Herbert JM, Sheldon H, Andre M, 

https://doi.org/10.1007/s10456-017-9561-x
https://doi.org/10.1182/blood-2012-08-452292
https://doi.org/10.1016/S0076-6879(08)02007-7
https://doi.org/10.1016/S0076-6879(08)02007-7
https://doi.org/10.1251/bpo30
https://doi.org/10.1056/NEJM199101033240101
https://doi.org/10.1056/NEJM199101033240101
https://doi.org/10.1371/journal.pone.0161496
https://doi.org/10.1371/journal.pone.0161496
https://doi.org/10.1093/jnci/djx066
https://doi.org/10.1158/1078-0432.CCR-12-0002
https://doi.org/10.1158/1078-0432.CCR-12-0002
https://doi.org/10.1002/cam4.105
https://doi.org/10.1002/cam4.105
https://doi.org/10.1038/nm.4197
https://doi.org/10.1038/nm.4197
https://doi.org/10.1038/bjc.2017.334
https://doi.org/10.1002/path.4845
https://doi.org/10.1182/blood-2006-02-004291
https://doi.org/10.1182/blood-2006-02-004291
https://doi.org/10.1016/j.molmed.2005.11.005
https://doi.org/10.1016/j.molmed.2005.11.005
https://doi.org/10.1016/j.ccr.2013.06.004
https://doi.org/10.1016/j.ccr.2013.06.004


 Angiogenesis

1 3

Sanderson S, Glen K, Luu NT, McGettrick HM, Antczak P, 
Falciani F, Nash GB, Nagy ZS, Bicknell R (2012) Identifica-
tion and angiogenic role of the novel tumor endothelial marker 
CLEC14A. Oncogene 31(3):293–305. https ://doi.org/10.1038/
onc.2011.233

 128. Passalidou E, Trivella M, Singh N, Ferguson M, Hu J, Cesario 
A, Granone P, Nicholson AG, Goldstraw P, Ratcliffe C, Tetlow 
M, Leigh I, Harris AL, Gatter KC, Pezzella F (2002) Vascular 
phenotype in angiogenic and non-angiogenic lung non-small cell 
carcinomas. Br J Cancer 86(2):244–249. https ://doi.org/10.1038/
sj.bjc.66000 15

 129. Motz GT, Coukos G (2011) The parallel lives of angiogenesis 
and immunosuppression: cancer and other tales. Nat Rev Immu-
nol 11(10):702–711. https ://doi.org/10.1038/nri30 64

 130. Griffioen AW, Damen CA, Blijham GH, Groenewegen G (1996) 
Tumor angiogenesis is accompanied by a decreased inflammatory 
response of tumor-associated endothelium. Blood 88(2):667–673

 131. Griffioen AW, Damen CA, Martinotti S, Blijham GH, Groe-
newegen G (1996) Endothelial intercellular adhesion molecule-1 
expression is suppressed in human malignancies: the role of 
angiogenic factors. Can Res 56(5):1111–1117

 132. Ramjiawan RR, Griffioen AW, Duda DG (2017) Anti-angi-
ogenesis for cancer revisited: is there a role for combinations 
with immunotherapy? Angiogenesis 20(2):185–204. https ://doi.
org/10.1007/s1045 6-017-9552-y

 133. Croci DO, Cerliani JP, Dalotto-Moreno T, Mendez-Huergo SP, 
Mascanfroni ID, Dergan-Dylon S, Toscano MA, Caramelo JJ, 
Garcia-Vallejo JJ, Ouyang J, Mesri EA, Junttila MR, Bais C, 
Shipp MA, Salatino M, Rabinovich GA (2014) Glycosylation-
dependent lectin-receptor interactions preserve angiogenesis in 
anti-VEGF refractory tumors. Cell 156(4):744–758. https ://doi.
org/10.1016/j.cell.2014.01.043

 134. Betz C, Lenard A, Belting HG, Affolter M (2016) Cell behaviors 
and dynamics during angiogenesis. Development 143(13):2249–
2260. https ://doi.org/10.1242/dev.13561 6

 135. Hlushchuk R, Makanya AN, Djonov V (2011) Escape mecha-
nisms after antiangiogenic treatment, or why are the tumors 
growing again? Int J Dev Biol 55(4–5):563–567. https ://doi.
org/10.1387/ijdb.10323 1rh

 136. Burri PH, Tarek MR (1990) A novel mechanism of capillary 
growth in the rat pulmonary microcirculation. The Anatomical 
record 228(1):35–45. https ://doi.org/10.1002/ar.10922 80107 

 137. Djonov V, Schmid M, Tschanz SA, Burri PH (2000) Intussuscep-
tive angiogenesis: its role in embryonic vascular network forma-
tion. Circ Res 86(3):286–292

 138. Karthik S, Djukic T, Kim J-D, Zuber B, Makanya A, Odriozola 
A, Hlushchuk R, Filipovic N, Jin SW, Djonov V. Synergistic 
interaction of sprouting and intussusceptive angiogenesis during 
zebrafish caudal vein plexus development. Sci Rep (in press)

 139. Schaad L, Hlushchuk R, Barre S, Gianni-Barrera R, Haberthur 
D, Banfi A, Djonov V (2017) Correlative imaging of the murine 
hind limb vasculature and muscle tissue by MicroCT and light 
microscopy. Sci Rep 7:41842. https ://doi.org/10.1038/srep4 1842

 140. Petrova TV, Koh GY (2018) Organ-specific lymphatic vas-
culature: from development to pathophysiology. J Exp Med 
215(1):35–49. https ://doi.org/10.1084/jem.20171 868

 141. Aspelund A, Robciuc MR, Karaman S, Makinen T, Alitalo 
K (2016) Lymphatic system in cardiovascular medicine. Circ 
Res 118(3):515–530. https ://doi.org/10.1161/CIRCR ESAHA 
.115.30654 4

 142. Jeltsch M, Kaipainen A, Joukov V, Meng X, Lakso M, Rau-
vala H, Swartz M, Fukumura D, Jain RK, Alitalo K (1997) 
Hyperplasia of lymphatic vessels in VEGF-C transgenic mice. 
Science 276(5317):1423–1425. https ://doi.org/10.1126/scien 
ce.276.5317.1423

 143. Anisimov A, Alitalo A, Korpisalo P, Soronen J, Kaijalainen S, 
Leppanen VM, Jeltsch M, Yla-Herttuala S, Alitalo K (2009) 
Activated forms of VEGF-C and VEGF-D provide improved vas-
cular function in skeletal muscle. Circ Res 104(11):1302–1312. 
https ://doi.org/10.1161/CIRCR ESAHA .109.19783 0

 144. He Y, Kozaki K, Karpanen T, Koshikawa K, Yla-Herttuala 
S, Takahashi T, Alitalo K (2002) Suppression of tumor lym-
phangiogenesis and lymph node metastasis by blocking vascular 
endothelial growth factor receptor 3 signaling. J Natl Cancer Inst 
94(11):819–825

 145. Garcia-Caballero M, Van de Velde M, Blacher S, Lambert V, 
Balsat C, Erpicum C, Durre T, Kridelka F, Noel A (2017) Mode-
ling pre-metastatic lymphvascular niche in the mouse ear sponge 
assay. Sci Rep 7:41494. https ://doi.org/10.1038/srep4 1494

 146. Garmy-Susini B, Avraamides CJ, Schmid MC, Foubert P, Ellies 
LG, Barnes L, Feral C, Papayannopoulou T, Lowy A, Blair SL, 
Cheresh D, Ginsberg M, Varner JA (2010) Integrin alpha4beta1 
signaling is required for lymphangiogenesis and tumor metas-
tasis. Can Res 70(8):3042–3051. https ://doi.org/10.1158/0008-
5472.can-09-3761

 147. Hirakawa S, Brown LF, Kodama S, Paavonen K, Alitalo K, Det-
mar M (2007) VEGF-C-induced lymphangiogenesis in sentinel 
lymph nodes promotes tumor metastasis to distant sites. Blood 
109(3):1010–1017. https ://doi.org/10.1182/blood -2006-05-
02175 8

 148. Kholova I, Koota S, Kaskenpaa N, Leppanen P, Narvainen J, 
Kavec M, Rissanen TT, Hazes T, Korpisalo P, Grohn O, Yla-
Herttuala S (2007) Adenovirus-mediated gene transfer of human 
vascular endothelial growth factor-d induces transient angiogenic 
effects in mouse hind limb muscle. Hum Gene Ther 18(3):232–
244. https ://doi.org/10.1089/hum.2006.100

 149. Rissanen TT, Markkanen JE, Gruchala M, Heikura T, Puranen A, 
Kettunen MI, Kholova I, Kauppinen RA, Achen MG, Stacker SA, 
Alitalo K, Yla-Herttuala S (2003) VEGF-D is the strongest angi-
ogenic and lymphangiogenic effector among VEGFs delivered 
into skeletal muscle via adenoviruses. Circ Res 92(10):1098–
1106. https ://doi.org/10.1161/01.RES.00000 73584 .46059 .E3

 150. Joukov V, Kumar V, Sorsa T, Arighi E, Weich H, Saksela O, 
Alitalo K (1998) A recombinant mutant vascular endothelial 
growth factor-C that has lost vascular endothelial growth factor 
receptor-2 binding, activation, and vascular permeability activi-
ties. J Biol Chem 273(12):6599–6602. https ://doi.org/10.1074/
jbc.273.12.6599

 151. Inagaki K, Fuess S, Storm TA, Gibson GA, McTiernan CF, Kay 
MA, Nakai H (2006) Robust systemic transduction with AAV9 
vectors in mice: efficient global cardiac gene transfer superior to 
that of AAV8. Mol Ther 14(1):45–53. https ://doi.org/10.1016/j.
ymthe .2006.03.014

 152. Stratman AN, Davis GE (2012) Endothelial cell-pericyte inter-
actions stimulate basement membrane matrix assembly: influ-
ence on vascular tube remodeling, maturation, and stabilization. 
Microsc Microanal 18(1):68–80. https ://doi.org/10.1017/S1431 
92761 10124 02

 153. Stratman AN, Malotte KM, Mahan RD, Davis MJ, Davis GE 
(2009) Pericyte recruitment during vasculogenic tube assembly 
stimulates endothelial basement membrane matrix formation. 
Blood 114(24):5091–5101. https ://doi.org/10.1182/blood -2009-
05-22236 4

 154. Stratman AN, Schwindt AE, Malotte KM, Davis GE (2010) 
Endothelial-derived PDGF-BB and HB-EGF coordinately regu-
late pericyte recruitment during vasculogenic tube assembly and 
stabilization. Blood 116(22):4720–4730. https ://doi.org/10.1182/
blood -2010-05-28687 2

 155. Bowers SL, Norden PR, Davis GE (2016) Molecular sign-
aling pathways controlling vascular tube morphogenesis 
and pericyte-induced tube maturation in 3D extracellular 

https://doi.org/10.1038/onc.2011.233
https://doi.org/10.1038/onc.2011.233
https://doi.org/10.1038/sj.bjc.6600015
https://doi.org/10.1038/sj.bjc.6600015
https://doi.org/10.1038/nri3064
https://doi.org/10.1007/s10456-017-9552-y
https://doi.org/10.1007/s10456-017-9552-y
https://doi.org/10.1016/j.cell.2014.01.043
https://doi.org/10.1016/j.cell.2014.01.043
https://doi.org/10.1242/dev.135616
https://doi.org/10.1387/ijdb.103231rh
https://doi.org/10.1387/ijdb.103231rh
https://doi.org/10.1002/ar.1092280107
https://doi.org/10.1038/srep41842
https://doi.org/10.1084/jem.20171868
https://doi.org/10.1161/CIRCRESAHA.115.306544
https://doi.org/10.1161/CIRCRESAHA.115.306544
https://doi.org/10.1126/science.276.5317.1423
https://doi.org/10.1126/science.276.5317.1423
https://doi.org/10.1161/CIRCRESAHA.109.197830
https://doi.org/10.1038/srep41494
https://doi.org/10.1158/0008-5472.can-09-3761
https://doi.org/10.1158/0008-5472.can-09-3761
https://doi.org/10.1182/blood-2006-05-021758
https://doi.org/10.1182/blood-2006-05-021758
https://doi.org/10.1089/hum.2006.100
https://doi.org/10.1161/01.RES.0000073584.46059.E3
https://doi.org/10.1074/jbc.273.12.6599
https://doi.org/10.1074/jbc.273.12.6599
https://doi.org/10.1016/j.ymthe.2006.03.014
https://doi.org/10.1016/j.ymthe.2006.03.014
https://doi.org/10.1017/S1431927611012402
https://doi.org/10.1017/S1431927611012402
https://doi.org/10.1182/blood-2009-05-222364
https://doi.org/10.1182/blood-2009-05-222364
https://doi.org/10.1182/blood-2010-05-286872
https://doi.org/10.1182/blood-2010-05-286872


Angiogenesis 

1 3

matrices. Adv Pharmacol 77:241–280. https ://doi.org/10.1016/
bs.apha.2016.04.005

 156. Stratman AN, Davis MJ, Davis GE (2011) VEGF and FGF prime 
vascular tube morphogenesis and sprouting directed by hemat-
opoietic stem cell cytokines. Blood 117(14):3709–3719. https ://
doi.org/10.1182/blood -2010-11-31675 2

 157. Smith AO, Bowers SL, Stratman AN, Davis GE (2013) Hemat-
opoietic stem cell cytokines and fibroblast growth factor-2 stim-
ulate human endothelial cell-pericyte tube co-assembly in 3D 
fibrin matrices under serum-free defined conditions. PLoS ONE 
8(12):e85147. https ://doi.org/10.1371/journ al.pone.00851 47

 158. Stratman AN, Saunders WB, Sacharidou A, Koh W, Fisher KE, 
Zawieja DC, Davis MJ, Davis GE (2009) Endothelial cell lumen 
and vascular guidance tunnel formation requires MT1-MMP-
dependent proteolysis in 3-dimensional collagen matrices. Blood 
114(2):237–247. https ://doi.org/10.1182/blood -2008-12-19645 1

 159. Senger DR, Davis GE (2011) Angiogenesis. Cold Spring Harb 
Perspect Biol 3(8):a005090. https ://doi.org/10.1101/cshpe rspec 
t.a0050 90

 160. Koh W, Stratman AN, Sacharidou A, Davis GE (2008) In vitro 
three dimensional collagen matrix models of endothelial 
lumen formation during vasculogenesis and angiogenesis. 
Methods Enzymol 443:83–101. https ://doi.org/10.1016/S0076 
-6879(08)02005 -3

 161. Folkman J, Hochberg M (1973) Self-regulation of growth in three 
dimensions. J Exp Med 138(4):745–753

 162. Wigle JC, Sutherland RM (1985) Increased thermoresistance 
developed during growth of small multicellular spheroids. J Cell 
Physiol 122(2):281–289. https ://doi.org/10.1002/jcp.10412 20218 

 163. Xu R, Boudreau A, Bissell MJ (2009) Tissue architecture and 
function: dynamic reciprocity via extra- and intra-cellular 
matrices. Cancer Metastasis Rev 28(1–2):167–176. https ://doi.
org/10.1007/s1055 5-008-9178-z

 164. Upreti M, Jamshidi-Parsian A, Koonce NA, Webber JS, Sharma 
SK, Asea AA, Mader MJ, Griffin RJ (2011) Tumor-endothelial 
cell three-dimensional spheroids: new aspects to enhance radia-
tion and drug therapeutics. Transl Oncol 4(6):365–376

 165. Hoarau-Vechot J, Rafii A, Touboul C, Pasquier J (2018) Halfway 
between 2D and animal models: are 3D cultures the ideal tool to 
study cancer-microenvironment interactions? Int J Mol Sci. https 
://doi.org/10.3390/ijms1 90101 81

 166. Timmins NE, Dietmair S, Nielsen LK (2004) Hanging-drop mul-
ticellular spheroids as a model of tumour angiogenesis. Angio-
genesis 7(2):97–103. https ://doi.org/10.1007/s1045 6-004-8911-7

 167. Patti GJ, Yanes O, Siuzdak G (2012) Innovation: metabo-
lomics: the apogee of the omics trilogy. Nat Rev Mol Cell Biol 
13(4):263–269. https ://doi.org/10.1038/nrm33 14

 168. Potente M, Gerhardt H, Carmeliet P (2011) Basic and thera-
peutic aspects of angiogenesis. Cell 146(6):873–887. https ://doi.
org/10.1016/j.cell.2011.08.039

 169. Schoors S, Bruning U, Missiaen R, Queiroz KC, Borgers G, 
Elia I, Zecchin A, Cantelmo AR, Christen S, Goveia J, Heg-
germont W, Godde L, Vinckier S, Van Veldhoven PP, Eelen G, 
Schoonjans L, Gerhardt H, Dewerchin M, Baes M, De Bock K, 
Ghesquiere B, Lunt SY, Fendt SM, Carmeliet P (2015) Fatty 
acid carbon is essential for dNTP synthesis in endothelial cells. 
Nature 520(7546):192–197. https ://doi.org/10.1038/natur e1436 
2

 170. De Bock K, Georgiadou M, Schoors S, Kuchnio A, Wong BW, 
Cantelmo AR, Quaegebeur A, Ghesquiere B, Cauwenberghs S, 
Eelen G, Phng LK, Betz I, Tembuyser B, Brepoels K, Welti J, 
Geudens I, Segura I, Cruys B, Bifari F, Decimo I, Blanco R, 
Wyns S, Vangindertael J, Rocha S, Collins RT, Munck S, Daele-
mans D, Imamura H, Devlieger R, Rider M, Van Veldhoven PP, 
Schuit F, Bartrons R, Hofkens J, Fraisl P, Telang S, Deberardinis 
RJ, Schoonjans L, Vinckier S, Chesney J, Gerhardt H, Dewerchin 

M, Carmeliet P (2013) Role of PFKFB3-driven glycolysis in 
vessel sprouting. Cell 154(3):651–663. https ://doi.org/10.1016/j.
cell.2013.06.037

 171. Potente M, Carmeliet P (2017) The Link Between Angiogenesis 
and Endothelial Metabolism. Annu Rev Physiol 79:43–66. https 
://doi.org/10.1146/annur ev-physi ol-02111 5-10513 4

 172. Buescher JM, Antoniewicz MR, Boros LG, Burgess SC, Brunen-
graber H, Clish CB, DeBerardinis RJ, Feron O, Frezza C, Ghes-
quiere B, Gottlieb E, Hiller K, Jones RG, Kamphorst JJ, Kibbey 
RG, Kimmelman AC, Locasale JW, Lunt SY, Maddocks OD, 
Malloy C, Metallo CM, Meuillet EJ, Munger J, Noh K, Rabinow-
itz JD, Ralser M, Sauer U, Stephanopoulos G, St-Pierre J, Ten-
nant DA, Wittmann C, Vander Heiden MG, Vazquez A, Vous-
den K, Young JD, Zamboni N, Fendt SM (2015) A roadmap for 
interpreting (13)C metabolite labeling patterns from cells. Curr 
Opin Biotechnol 34:189–201. https ://doi.org/10.1016/j.copbi 
o.2015.02.003

 173. Huang H, Vandekeere S, Kalucka J, Bierhansl L, Zecchin A, 
Bruning U, Visnagri A, Yuldasheva N, Goveia J, Cruys B, 
Brepoels K, Wyns S, Rayport S, Ghesquiere B, Vinckier S, 
Schoonjans L, Cubbon R, Dewerchin M, Eelen G, Carmeliet 
P (2017) Role of glutamine and interlinked asparagine metabo-
lism in vessel formation. EMBO J 36(16):2334–2352. https ://doi.
org/10.15252 /embj.20169 5518

 174. Verdegem D, Moseley HNB, Vermaelen W, Sanchez AA, Ghes-
quiere B (2017) MAIMS: a software tool for sensitive metabolic 
tracer analysis through the deconvolution of C-13 mass isotopo-
logue profiles of large composite metabolites. Metabolomics 
13(10):123

 175. Martano G, Delmotte N, Kiefer P, Christen P, Kentner D, 
Bumann D, Vorholt JA (2015) Fast sampling method for mamma-
lian cell metabolic analyses using liquid chromatography-mass 
spectrometry. Nat Protoc 10(1):1–11. https ://doi.org/10.1038/
nprot .2014.198

 176. Lu W, Su X, Klein MS, Lewis IA, Fiehn O, Rabinowitz JD 
(2017) Metabolite measurement: pitfalls to avoid and practices to 
follow. Annu Rev Biochem 86:277–304. https ://doi.org/10.1146/
annur ev-bioch em-06151 6-04495 2

 177. Yuan M, Breitkopf SB, Yang X, Asara JM (2012) A positive/neg-
ative ion-switching, targeted mass spectrometry-based metabo-
lomics platform for bodily fluids, cells, and fresh and fixed tissue. 
Nat Protoc 7(5):872–881. https ://doi.org/10.1038/nprot .2012.024

 178. Lu W, Clasquin MF, Melamud E, Amador-Noguez D, Caudy 
AA, Rabinowitz JD (2010) Metabolomic analysis via reversed-
phase ion-pairing liquid chromatography coupled to a stand alone 
orbitrap mass spectrometer. Anal Chem 82(8):3212–3221. https 
://doi.org/10.1021/ac902 837x

 179. Sugimoto M, Kawakami M, Robert M, Soga T, Tomita M (2012) 
Bioinformatics tools for mass spectroscopy-based metabolomic 
data processing and analysis. Curr Bioinform 7(1):96–108. https 
://doi.org/10.2174/15748 93127 99304 431

 180. Fernandez CA, Des Rosiers C, Previs SF, David F, Brunen-
graber H (1996) Correction of 13C mass isotopomer distribu-
tions for natural stable isotope abundance. J Mass Spectrom 
31(3):255–262. https ://doi.org/10.1002/(SICI)1096-9888(19960 
3)31:3<255::AID-JMS29 0>3.0.CO;2-3

 181. Neely JR, Denton RM, England PJ, Randle PJ (1972) The effects 
of increased heart work on the tricarboxylate cycle and its inter-
actions with glycolysis in the perfused rat heart. Biochem J 
128(1):147–159

 182. Yi W, Clark PM, Mason DE, Keenan MC, Hill C, Goddard WA 
3rd, Peters EC, Driggers EM, Hsieh-Wilson LC (2012) Phospho-
fructokinase 1 glycosylation regulates cell growth and metabo-
lism. Science 337(6097):975–980. https ://doi.org/10.1126/scien 
ce.12222 78

https://doi.org/10.1016/bs.apha.2016.04.005
https://doi.org/10.1016/bs.apha.2016.04.005
https://doi.org/10.1182/blood-2010-11-316752
https://doi.org/10.1182/blood-2010-11-316752
https://doi.org/10.1371/journal.pone.0085147
https://doi.org/10.1182/blood-2008-12-196451
https://doi.org/10.1101/cshperspect.a005090
https://doi.org/10.1101/cshperspect.a005090
https://doi.org/10.1016/S0076-6879(08)02005-3
https://doi.org/10.1016/S0076-6879(08)02005-3
https://doi.org/10.1002/jcp.1041220218
https://doi.org/10.1007/s10555-008-9178-z
https://doi.org/10.1007/s10555-008-9178-z
https://doi.org/10.3390/ijms19010181
https://doi.org/10.3390/ijms19010181
https://doi.org/10.1007/s10456-004-8911-7
https://doi.org/10.1038/nrm3314
https://doi.org/10.1016/j.cell.2011.08.039
https://doi.org/10.1016/j.cell.2011.08.039
https://doi.org/10.1038/nature14362
https://doi.org/10.1038/nature14362
https://doi.org/10.1016/j.cell.2013.06.037
https://doi.org/10.1016/j.cell.2013.06.037
https://doi.org/10.1146/annurev-physiol-021115-105134
https://doi.org/10.1146/annurev-physiol-021115-105134
https://doi.org/10.1016/j.copbio.2015.02.003
https://doi.org/10.1016/j.copbio.2015.02.003
https://doi.org/10.15252/embj.201695518
https://doi.org/10.15252/embj.201695518
https://doi.org/10.1038/nprot.2014.198
https://doi.org/10.1038/nprot.2014.198
https://doi.org/10.1146/annurev-biochem-061516-044952
https://doi.org/10.1146/annurev-biochem-061516-044952
https://doi.org/10.1038/nprot.2012.024
https://doi.org/10.1021/ac902837x
https://doi.org/10.1021/ac902837x
https://doi.org/10.2174/157489312799304431
https://doi.org/10.2174/157489312799304431
https://doi.org/10.1002/(SICI)1096-9888(199603)31:3<255::AID-JMS290>3.0.CO;2-3
https://doi.org/10.1002/(SICI)1096-9888(199603)31:3<255::AID-JMS290>3.0.CO;2-3
https://doi.org/10.1126/science.1222278
https://doi.org/10.1126/science.1222278


 Angiogenesis

1 3

 183. Zhang J, Nuebel E, Wisidagama DR, Setoguchi K, Hong JS, 
Van Horn CM, Imam SS, Vergnes L, Malone CS, Koehler CM, 
Teitell MA (2012) Measuring energy metabolism in cultured 
cells, including human pluripotent stem cells and differentiated 
cells. Nat Protoc 7(6):1068–1085. https ://doi.org/10.1038/nprot 
.2012.048

 184. Dranka BP, Benavides GA, Diers AR, Giordano S, Zelickson 
BR, Reily C, Zou L, Chatham JC, Hill BG, Zhang J, Landar 
A, Darley-Usmar VM (2011) Assessing bioenergetic function 
in response to oxidative stress by metabolic profiling. Free Radic 
Biol Med 51(9):1621–1635. https ://doi.org/10.1016/j.freer adbio 
med.2011.08.005

 185. Sauer U (2006) Metabolic networks in motion: 13C-based flux 
analysis. Mol Syst Biol 2:62. https ://doi.org/10.1038/msb41 
00109 

 186. Kalucka J, Missiaen R, Georgiadou M, Schoors S, Lange C, De 
Bock K, Dewerchin M, Carmeliet P (2015) Metabolic control 
of the cell cycle. Cell Cycle 14(21):3379–3388. https ://doi.
org/10.1080/15384 101.2015.10900 68

 187. DeBerardinis RJ, Mancuso A, Daikhin E, Nissim I, Yudkoff 
M, Wehrli S, Thompson CB (2007) Beyond aerobic glycoly-
sis: transformed cells can engage in glutamine metabolism that 
exceeds the requirement for protein and nucleotide synthesis. 
Proc Natl Acad Sci USA 104(49):19345–19350. https ://doi.
org/10.1073/pnas.07097 47104 

 188. Weissman IL, Anderson DJ, Gage F (2001) Stem and progenitor 
cells: origins, phenotypes, lineage commitments, and transdif-
ferentiations. Annu Rev Cell Dev Biol 17:387–403. https ://doi.
org/10.1146/annur ev.cellb io.17.1.387

 189. Asahara T, Murohara T, Sullivan A, Silver M, van der Zee R, Li 
T, Witzenbichler B, Schatteman G, Isner JM (1997) Isolation of 
putative progenitor endothelial cells for angiogenesis. Science 
275(5302):964–967

 190. Medina RJ, Barber CL, Sabatier F, Dignat-George F, Melero-
Martin JM, Khosrotehrani K, Ohneda O, Randi AM, Chan JKY, 
Yamaguchi T, Van Hinsbergh VWM, Yoder MC, Stitt AW (2017) 
Endothelial progenitors: a consensus statement on nomenclature. 
Stem Cells Transl Med 6(5):1316–1320. https ://doi.org/10.1002/
sctm.16-0360

 191. Prokopi M, Pula G, Mayr U, Devue C, Gallagher J, Xiao Q, Bou-
langer CM, Westwood N, Urbich C, Willeit J, Steiner M, Breuss 
J, Xu Q, Kiechl S, Mayr M (2009) Proteomic analysis reveals 
presence of platelet microparticles in endothelial progenitor cell 
cultures. Blood 114(3):723–732. https ://doi.org/10.1182/blood 
-2009-02-20593 0

 192. Shlush LI, Mitchell A, Heisler L, Abelson S, Ng SWK, Trot-
man-Grant A, Medeiros JJF, Rao-Bhatia A, Jaciw-Zurakowsky 
I, Marke R, McLeod JL, Doedens M, Bader G, Voisin V, Xu 
C, McPherson JD, Hudson TJ, Wang JCY, Minden MD, Dick 
JE (2017) Tracing the origins of relapse in acute myeloid leu-
kaemia to stem cells. Nature 547(7661):104–108. https ://doi.
org/10.1038/natur e2299 3

 193. Rizvi AH, Camara PG, Kandror EK, Roberts TJ, Schieren I, 
Maniatis T, Rabadan R (2017) Single-cell topological RNA-seq 
analysis reveals insights into cellular differentiation and devel-
opment. Nat Biotechnol 35(6):551–560. https ://doi.org/10.1038/
nbt.3854

 194. Patel JK, Rao Y, Strachan P (2017) Impact of pulmonary capil-
lary wedge pressure on long-term mortality in patients with pul-
monary arterial hypertension treated with parenteral trepostinil. 
Heart Lung Circ. https ://doi.org/10.1016/j.hlc.2017.02.015

 195. Lin Y, Weisdorf DJ, Solovey A, Hebbel RP (2000) Origins of cir-
culating endothelial cells and endothelial outgrowth from blood. 
J Clin Investig 105(1):71–77. https ://doi.org/10.1172/JCI80 71

 196. Ingram DA, Mead LE, Tanaka H, Meade V, Fenoglio A, Mor-
tell K, Pollok K, Ferkowicz MJ, Gilley D, Yoder MC (2004) 

Identification of a novel hierarchy of endothelial progenitor 
cells using human peripheral and umbilical cord blood. Blood 
104(9):2752–2760. https ://doi.org/10.1182/blood -2004-04-1396

 197. Prasain N, Lee MR, Vemula S, Meador JL, Yoshimoto M, Ferko-
wicz MJ, Fett A, Gupta M, Rapp BM, Saadatzadeh MR, Ginsberg 
M, Elemento O, Lee Y, Voytik-Harbin SL, Chung HM, Hong KS, 
Reid E, O’Neill CL, Medina RJ, Stitt AW, Murphy MP, Rafii 
S, Broxmeyer HE, Yoder MC (2014) Differentiation of human 
pluripotent stem cells to cells similar to cord-blood endothelial 
colony-forming cells. Nat Biotechnol 32(11):1151–1157. https 
://doi.org/10.1038/nbt.3048

 198. Fang S, Wei J, Pentinmikko N, Leinonen H, Salven P (2012) 
Generation of functional blood vessels from a single c-kit+ adult 
vascular endothelial stem cell. PLoS Biol 10(10):e1001407. https 
://doi.org/10.1371/journ al.pbio.10014 07

 199. Naito H, Kidoya H, Sakimoto S, Wakabayashi T, Takakura N 
(2012) Identification and characterization of a resident vascu-
lar stem/progenitor cell population in preexisting blood vessels. 
EMBO J 31(4):842–855. https ://doi.org/10.1038/emboj .2011.465

 200. Yu QC, Song W, Wang D, Zeng YA (2016) Identification of 
blood vascular endothelial stem cells by the expression of protein 
C receptor. Cell Res 26(10):1079–1098. https ://doi.org/10.1038/
cr.2016.85

 201. Patel J, Seppanen EJ, Rodero MP, Wong HY, Donovan P, Neufeld 
Z, Fisk NM, Francois M, Khosrotehrani K (2017) Functional def-
inition of progenitors versus mature endothelial cells reveals key 
SoxF-dependent differentiation process. Circulation 135(8):786–
805. https ://doi.org/10.1161/CIRCU LATIO NAHA.116.02475 4

 202. Akbari E, Spychalski GB, Song JW (2017) Microfluidic 
approaches to the study of angiogenesis and the microcircula-
tion. Microcirculation. https ://doi.org/10.1111/micc.12363 

 203. Wong KH, Chan JM, Kamm RD, Tien J (2012) Microfluidic 
models of vascular functions. Annu Rev Biomed Eng 14:205–
230. https ://doi.org/10.1146/annur ev-bioen g-07181 1-15005 2

 204. Huh D, Hamilton GA, Ingber DE (2011) From 3D cell culture to 
organs-on-chips. Trends Cell Biol 21(12):745–754. https ://doi.
org/10.1016/j.tcb.2011.09.005

 205. Sackmann EK, Fulton AL, Beebe DJ (2014) The present and 
future role of microfluidics in biomedical research. Nature 
507(7491):181–189. https ://doi.org/10.1038/natur e1311 8

 206. Ackermann M, Kim YO, Wagner WL, Schuppan D, Valenzuela 
CD, Mentzer SJ, Kreuz S, Stiller D, Wollin L, Konerding MA 
(2017) Effects of nintedanib on the microvascular architecture in 
a lung fibrosis model. Angiogenesis 20(3):359–372. https ://doi.
org/10.1007/s1045 6-017-9543-z

 207. Duffy DC, McDonald JC, Schueller OJ, Whitesides GM 
(1998) Rapid prototyping of microf luidic systems in 
poly(dimethylsiloxane). Anal Chem 70(23):4974–4984. https ://
doi.org/10.1021/ac980 656z

 208. Folch A, Toner M (2000) Microengineering of cellular inter-
actions. Annu Rev Biomed Eng 2(1):227–256. https ://doi.
org/10.1146/annur ev.bioen g.2.1.227

 209. Khademhosseini A, Langer R, Borenstein J, Vacanti JP (2006) 
Microscale technologies for tissue engineering and biology. Proc 
Natl Acad Sci USA 103(8):2480–2487. https ://doi.org/10.1073/
pnas.05076 81102 

 210. Whitesides GM, Ostuni E, Takayama S, Jiang X, Ingber DE 
(2001) Soft lithography in biology and biochemistry. Annu 
Rev Biomed Eng 3(1):335–373. https ://doi.org/10.1146/annur 
ev.bioen g.3.1.335

 211. Zervantonakis IK, Kothapalli CR, Chung S, Sudo R, Kamm 
RD (2011) Microfluidic devices for studying heterotypic cell–
cell interactions and tissue specimen cultures under controlled 
microenvironments. Biomicrofluidics 5(1):13406. https ://doi.
org/10.1063/1.35532 37

https://doi.org/10.1038/nprot.2012.048
https://doi.org/10.1038/nprot.2012.048
https://doi.org/10.1016/j.freeradbiomed.2011.08.005
https://doi.org/10.1016/j.freeradbiomed.2011.08.005
https://doi.org/10.1038/msb4100109
https://doi.org/10.1038/msb4100109
https://doi.org/10.1080/15384101.2015.1090068
https://doi.org/10.1080/15384101.2015.1090068
https://doi.org/10.1073/pnas.0709747104
https://doi.org/10.1073/pnas.0709747104
https://doi.org/10.1146/annurev.cellbio.17.1.387
https://doi.org/10.1146/annurev.cellbio.17.1.387
https://doi.org/10.1002/sctm.16-0360
https://doi.org/10.1002/sctm.16-0360
https://doi.org/10.1182/blood-2009-02-205930
https://doi.org/10.1182/blood-2009-02-205930
https://doi.org/10.1038/nature22993
https://doi.org/10.1038/nature22993
https://doi.org/10.1038/nbt.3854
https://doi.org/10.1038/nbt.3854
https://doi.org/10.1016/j.hlc.2017.02.015
https://doi.org/10.1172/JCI8071
https://doi.org/10.1182/blood-2004-04-1396
https://doi.org/10.1038/nbt.3048
https://doi.org/10.1038/nbt.3048
https://doi.org/10.1371/journal.pbio.1001407
https://doi.org/10.1371/journal.pbio.1001407
https://doi.org/10.1038/emboj.2011.465
https://doi.org/10.1038/cr.2016.85
https://doi.org/10.1038/cr.2016.85
https://doi.org/10.1161/CIRCULATIONAHA.116.024754
https://doi.org/10.1111/micc.12363
https://doi.org/10.1146/annurev-bioeng-071811-150052
https://doi.org/10.1016/j.tcb.2011.09.005
https://doi.org/10.1016/j.tcb.2011.09.005
https://doi.org/10.1038/nature13118
https://doi.org/10.1007/s10456-017-9543-z
https://doi.org/10.1007/s10456-017-9543-z
https://doi.org/10.1021/ac980656z
https://doi.org/10.1021/ac980656z
https://doi.org/10.1146/annurev.bioeng.2.1.227
https://doi.org/10.1146/annurev.bioeng.2.1.227
https://doi.org/10.1073/pnas.0507681102
https://doi.org/10.1073/pnas.0507681102
https://doi.org/10.1146/annurev.bioeng.3.1.335
https://doi.org/10.1146/annurev.bioeng.3.1.335
https://doi.org/10.1063/1.3553237
https://doi.org/10.1063/1.3553237


Angiogenesis 

1 3

 212. Buchanan CF, Verbridge SS, Vlachos PP, Rylander MN (2014) 
Flow shear stress regulates endothelial barrier function and 
expression of angiogenic factors in a 3D microfluidic tumor 
vascular model. Cell Adh Migr 8(5):517–524. https ://doi.
org/10.4161/19336 918.2014.97000 1

 213. Ehsan SM, Welch-Reardon KM, Waterman ML, Hughes CC, 
George SC (2014) A three-dimensional in vitro model of tumor 
cell intravasation. Integr Biol (Camb) 6(6):603–610. https ://doi.
org/10.1039/c3ib4 0170g 

 214. Lee H, Park W, Ryu H, Jeon NL (2014) A microfluidic platform 
for quantitative analysis of cancer angiogenesis and intravasation. 
Biomicrofluidics 8(5):054102. https ://doi.org/10.1063/1.48945 95

 215. Zervantonakis IK, Hughes-Alford SK, Charest JL, Condeelis JS, 
Gertler FB, Kamm RD (2012) Three-dimensional microfluidic 
model for tumor cell intravasation and endothelial barrier func-
tion. Proc Natl Acad Sci USA 109(34):13515–13520. https ://doi.
org/10.1073/pnas.12101 82109 

 216. Hsu YH, Moya ML, Hughes CC, George SC, Lee AP (2013) A 
microfluidic platform for generating large-scale nearly identical 
human microphysiological vascularized tissue arrays. Lab Chip 
13(15):2990–2998. https ://doi.org/10.1039/c3lc5 0424g 

 217. Kim S, Lee H, Chung M, Jeon NL (2013) Engineering of func-
tional, perfusable 3D microvascular networks on a chip. Lab 
Chip 13(8):1489–1500. https ://doi.org/10.1039/c3lc4 1320a 

 218. Truskey GA (2010) Endothelial cell vascular smooth muscle 
cell co-culture assay for high throughput screening assays for 
discovery of anti-angiogenesis agents and other therapeutic mol-
ecules. Int J High Throughput Screen 2010(1):171–181. https ://
doi.org/10.2147/IJHTS .S1345 9

 219. Zheng Y, Sun Y, Yu X, Shao Y, Zhang P, Dai G, Fu J (2016) 
Angiogenesis in liquid tumors: an in vitro assay for leukemic-
cell-induced bone marrow angiogenesis. Adv Healthc Mater 
5(9):1014–1024. https ://doi.org/10.1002/adhm.20150 1007

 220. Song JW, Daubriac J, Tse JM, Bazou D, Munn LL (2012) RhoA 
mediates flow-induced endothelial sprouting in a 3-D tissue ana-
logue of angiogenesis. Lab Chip 12(23):5000–5006. https ://doi.
org/10.1039/c2lc4 0389g 

 221. Song JW, Munn LL (2011) Fluid forces control endothelial 
sprouting. Proc Natl Acad Sci USA 108(37):15342–15347. https 
://doi.org/10.1073/pnas.11053 16108 

 222. Vickerman V, Kamm RD (2012) Mechanism of a flow-gated 
angiogenesis switch: early signaling events at cell-matrix and 
cell-cell junctions. Integr Biol (Camb) 4(8):863–874. https ://doi.
org/10.1039/c2ib0 0184e 

 223. Kim S, Chung M, Jeon NL (2016) Three-dimensional biomimetic 
model to reconstitute sprouting lymphangiogenesis in vitro. 
Biomaterials 78:115–128. https ://doi.org/10.1016/j.bioma teria 
ls.2015.11.019

 224. Moldobaeva A, Jenkins J, Zhong Q, Wagner EM (2017) Lym-
phangiogenesis in rat asthma model. Angiogenesis 20(1):73–84. 
https ://doi.org/10.1007/s1045 6-016-9529-2

 225. Ghaffari S, Leask RL, Jones EA (2015) Flow dynamics control 
the location of sprouting and direct elongation during develop-
mental angiogenesis. Development 142(23):4151–4157. https ://
doi.org/10.1242/dev.12805 8

 226. Galie PA, Nguyen DH, Choi CK, Cohen DM, Janmey PA, Chen 
CS (2014) Fluid shear stress threshold regulates angiogenic 
sprouting. Proc Natl Acad Sci USA 111(22):7968–7973. https 
://doi.org/10.1073/pnas.13108 42111 

 227. Song JW, Bazou D, Munn LL (2012) Anastomosis of endothelial 
sprouts forms new vessels in a tissue analogue of angiogenesis. 
Integr Biol (Camb) 4(8):857–862. https ://doi.org/10.1039/c2ib2 
0061a 

 228. Ghaffari S, Leask RL, Jones EAV (2017) Blood flow can sig-
nal during angiogenesis not only through mechanotransduction, 

but also by affecting growth factor distribution. Angiogenesis 
20(3):373–384. https ://doi.org/10.1007/s1045 6-017-9553-x

 229. Chrobak KM, Potter DR, Tien J (2006) Formation of per-
fused, functional microvascular tubes in vitro. Microvasc Res 
71(3):185–196. https ://doi.org/10.1016/j.mvr.2006.02.005

 230. Jain RK, Munn LL, Fukumura D (2002) Dissecting tumour 
pathophysiology using intravital microscopy. Nat Rev Cancer 
2(4):266–276. https ://doi.org/10.1038/nrc77 8

 231. Nagy JA, Vasile E, Feng D, Sundberg C, Brown LF, Detmar 
MJ, Lawitts JA, Benjamin L, Tan X, Manseau EJ (2002) Vas-
cular permeability factor/vascular endothelial growth factor 
induces lymphangiogenesis as well as angiogenesis. J Exp Med 
196(11):1497–1506

 232. Nguyen DH, Stapleton SC, Yang MT, Cha SS, Choi CK, Galie 
PA, Chen CS (2013) Biomimetic model to reconstitute angio-
genic sprouting morphogenesis in vitro. Proc Natl Acad Sci USA 
110(17):6712–6717. https ://doi.org/10.1073/pnas.12215 26110 

 233. Bogorad MI, DeStefano J, Karlsson J, Wong AD, Gerecht S, 
Searson PC (2015) Review: in vitro microvessel models. Lab 
Chip 15(22):4242–4255. https ://doi.org/10.1039/c5lc0 0832h 

 234. Bischel LL, Lee SH, Beebe DJ (2012) A practical method 
for patterning lumens through ECM hydrogels via viscous 
finger patterning. J Lab Autom 17(2):96–103. https ://doi.
org/10.1177/22110 68211 42669 4

 235. Choi NW, Cabodi M, Held B, Gleghorn JP, Bonassar LJ, Stroock 
AD (2007) Microfluidic scaffolds for tissue engineering. Nat 
Mater 6(11):908–915. https ://doi.org/10.1038/nmat2 022

 236. Zheng Y, Chen J, Craven M, Choi NW, Totorica S, Diaz-Santana 
A, Kermani P, Hempstead B, Fischbach-Teschl C, Lopez JA, 
Stroock AD (2012) In vitro microvessels for the study of angio-
genesis and thrombosis. Proc Natl Acad Sci USA 109(24):9342–
9347. https ://doi.org/10.1073/pnas.12012 40109 

 237. Bhattacharjee N, Urrios A, Kang S, Folch A (2016) The 
upcoming 3D-printing revolution in microfluidics. Lab Chip 
16(10):1720–1742. https ://doi.org/10.1039/c6lc0 0163g 

 238. Miller JS, Stevens KR, Yang MT, Baker BM, Nguyen DH, Cohen 
DM, Toro E, Chen AA, Galie PA, Yu X, Chaturvedi R, Bhatia 
SN, Chen CS (2012) Rapid casting of patterned vascular net-
works for perfusable engineered three-dimensional tissues. Nat 
Mater 11(9):768–774. https ://doi.org/10.1038/nmat3 357

 239. Li X, Soler M, Ozdemir CI, Belushkin A, Yesilkoy F, Altug H 
(2017) Plasmonic nanohole array biosensor for label-free and 
real-time analysis of live cell secretion. Lab Chip 17(13):2208–
2217. https ://doi.org/10.1039/c7lc0 0277g 

 240. Yu JQ, Liu XF, Chin LK, Liu AQ, Luo KQ (2013) Study of 
endothelial cell apoptosis using fluorescence resonance energy 
transfer (FRET) biosensor cell line with hemodynamic micro-
fluidic chip system. Lab Chip 13(14):2693–2700. https ://doi.
org/10.1039/c3lc5 0105a 

 241. Berthier E, Young EW, Beebe D (2012) Engineers are from 
PDMS-land, biologists are from Polystyrenia. Lab Chip 
12(7):1224–1237. https ://doi.org/10.1039/c2lc2 0982a 

 242. Shirure VS, George SC (2017) Design considerations to mini-
mize the impact of drug absorption in polymer-based organ-on-a-
chip platforms. Lab Chip 17(4):681–690. https ://doi.org/10.1039/
c6lc0 1401a 

 243. Lorusso G, Ruegg C (2008) The tumor microenvironment and 
its contribution to tumor evolution toward metastasis. Histochem 
Cell Biol 130(6):1091–1103. https ://doi.org/10.1007/s0041 
8-008-0530-8

 244. Hanahan D, Coussens LM (2012) Accessories to the crime: func-
tions of cells recruited to the tumor microenvironment. Cancer 
Cell 21(3):309–322. https ://doi.org/10.1016/j.ccr.2012.02.022

 245. Sleeman JP, Christofori G, Fodde R, Collard JG, Berx G, 
Decraene C, Ruegg C (2012) Concepts of metastasis in flux: 

https://doi.org/10.4161/19336918.2014.970001
https://doi.org/10.4161/19336918.2014.970001
https://doi.org/10.1039/c3ib40170g
https://doi.org/10.1039/c3ib40170g
https://doi.org/10.1063/1.4894595
https://doi.org/10.1073/pnas.1210182109
https://doi.org/10.1073/pnas.1210182109
https://doi.org/10.1039/c3lc50424g
https://doi.org/10.1039/c3lc41320a
https://doi.org/10.2147/IJHTS.S13459
https://doi.org/10.2147/IJHTS.S13459
https://doi.org/10.1002/adhm.201501007
https://doi.org/10.1039/c2lc40389g
https://doi.org/10.1039/c2lc40389g
https://doi.org/10.1073/pnas.1105316108
https://doi.org/10.1073/pnas.1105316108
https://doi.org/10.1039/c2ib00184e
https://doi.org/10.1039/c2ib00184e
https://doi.org/10.1016/j.biomaterials.2015.11.019
https://doi.org/10.1016/j.biomaterials.2015.11.019
https://doi.org/10.1007/s10456-016-9529-2
https://doi.org/10.1242/dev.128058
https://doi.org/10.1242/dev.128058
https://doi.org/10.1073/pnas.1310842111
https://doi.org/10.1073/pnas.1310842111
https://doi.org/10.1039/c2ib20061a
https://doi.org/10.1039/c2ib20061a
https://doi.org/10.1007/s10456-017-9553-x
https://doi.org/10.1016/j.mvr.2006.02.005
https://doi.org/10.1038/nrc778
https://doi.org/10.1073/pnas.1221526110
https://doi.org/10.1039/c5lc00832h
https://doi.org/10.1177/2211068211426694
https://doi.org/10.1177/2211068211426694
https://doi.org/10.1038/nmat2022
https://doi.org/10.1073/pnas.1201240109
https://doi.org/10.1039/c6lc00163g
https://doi.org/10.1038/nmat3357
https://doi.org/10.1039/c7lc00277g
https://doi.org/10.1039/c3lc50105a
https://doi.org/10.1039/c3lc50105a
https://doi.org/10.1039/c2lc20982a
https://doi.org/10.1039/c6lc01401a
https://doi.org/10.1039/c6lc01401a
https://doi.org/10.1007/s00418-008-0530-8
https://doi.org/10.1007/s00418-008-0530-8
https://doi.org/10.1016/j.ccr.2012.02.022


 Angiogenesis

1 3

the stromal progression model. Semin Cancer Biol. https ://doi.
org/10.1016/j.semca ncer.2012.02.007 (in press)

 246. Carmeliet P, Jain RK (2011) Molecular mechanisms and clinical 
applications of angiogenesis. Nature 473(7347):298–307. https 
://doi.org/10.1038/natur e1014 4

 247. Laurent J, Hull EF, Touvrey C, Kuonen F, Lan Q, Lorusso G, 
Doucey MA, Ciarloni L, Imaizumi N, Alghisi GC, Fagiani E, 
Zaman K, Stupp R, Shibuya M, Delaloye JF, Christofori G, 
Ruegg C (2011) Proangiogenic factor PlGF programs CD11b(+) 
myelomonocytes in breast cancer during differentiation of their 
hematopoietic progenitors. Can Res 71(11):3781–3791. https ://
doi.org/10.1158/0008-5472.CAN-10-3684

 248. Solinas G, Germano G, Mantovani A, Allavena P (2009) Tumor-
associated macrophages (TAM) as major players of the cancer-
related inflammation. J Leukoc Biol 86(5):1065–1073. https ://
doi.org/10.1189/jlb.06093 85

 249. Keskinov AA, Shurin MR (2015) Myeloid regulatory cells in 
tumor spreading and metastasis. Immunobiology 220(2):236–
242. https ://doi.org/10.1016/j.imbio .2014.07.017

 250. Noy R, Pollard JW (2014) Tumor-associated macrophages: 
from mechanisms to therapy. Immunity 41(1):49–61. https ://
doi.org/10.1016/j.immun i.2014.06.010

 251. Kaplan RN, Riba RD, Zacharoulis S, Bramley AH, Vincent 
L, Costa C, MacDonald DD, Jin DK, Shido K, Kerns SA, Zhu 
Z, Hicklin D, Wu Y, Port JL, Altorki N, Port ER, Ruggero D, 
Shmelkov SV, Jensen KK, Rafii S, Lyden D (2005) VEGFR1-
positive haematopoietic bone marrow progenitors initiate the 
pre-metastatic niche. Nature 438(7069):820–827. https ://doi.
org/10.1038/natur e0418 6

 252. Huang B, Lei Z, Zhao J, Gong W, Liu J, Chen Z, Liu Y, Li 
D, Yuan Y, Zhang GM, Feng ZH (2007) CCL2/CCR2 path-
way mediates recruitment of myeloid suppressor cells to can-
cers. Cancer Lett 252(1):86–92. https ://doi.org/10.1016/j.canle 
t.2006.12.012

 253. De Palma M, Venneri MA, Galli R, Sergi LS, Politi LS, Sam-
paolesi M, Naldini L (2005) Tie2 identifies a hematopoietic 
lineage of proangiogenic monocytes required for tumor vessel 
formation and a mesenchymal population of pericyte progenitors. 
Cancer Cell 8(3):211–226

 254. Kuonen F, Laurent J, Secondini C, Lorusso G, Stehle JC, Rausch 
T, Faes-Van’t Hull E, Bieler G, Alghisi GC, Schwendener R, 
Andrejevic-Blant S, Mirimanoff RO, Ruegg C (2012) Inhi-
bition of the Kit ligand/c-Kit axis attenuates metastasis in 
a mouse model mimicking local breast cancer relapse after 
radiotherapy. Clin Cancer Res 18(16):4365–4374. https ://doi.
org/10.1158/1078-0432.CCR-11-3028

 255. Young YK, Bolt AM, Ahn R, Mann KK (2016) Analyzing the 
tumor microenvironment by flow cytometry. Methods Mol Biol 
1458:95–110. https ://doi.org/10.1007/978-1-4939-3801-8_8

 256. Shapiro HM (2004) The evolution of cytometers. Cytom A 
58(1):13–20. https ://doi.org/10.1002/cyto.a.10111 

 257. Herzenberg LA, Parks D, Sahaf B, Perez O, Roederer M, Her-
zenberg LA (2002) The history and future of the fluorescence 
activated cell sorter and flow cytometry: a view from Stanford. 
Clin Chem 48(10):1819–1827

 258. Chang Q, Hedley D (2012) Emerging applications of flow cytom-
etry in solid tumor biology. Methods 57(3):359–367. https ://doi.
org/10.1016/j.ymeth .2012.03.027

 259. Muppidi J, Porter M, Siegel RM (2004) Measurement of apop-
tosis and other forms of cell death. Curr Protoc Immunol. https 
://doi.org/10.1002/04711 42735 .im031 7s59 (Chapter 3:Unit)

 260. Camplejohn RS (1994) The measurement of intracellular anti-
gens and DNA by multiparametric flow cytometry. J Microsc 
176(Pt 1):1–7

 261. Lovelace P, Maecker HT (2018) Multiparameter intracellular 
cytokine staining. Methods Mol Biol 1678:151–166. https ://doi.
org/10.1007/978-1-4939-7346-0_9

 262. Secondini C, Coquoz O, Spagnuolo L, Spinetti T, Peyvandi S, 
Ciarloni L, Botta F, Bourquin C, Ruegg C (2017) Arginase inhi-
bition suppresses lung metastasis in the 4T1 breast cancer model 
independently of the immunomodulatory and anti-metastatic 
effects of VEGFR-2 blockade. Oncoimmunology 6(6):e1316437. 
https ://doi.org/10.1080/21624 02X.2017.13164 37

 263. Cattin S, Fellay B, Pradervand S, Trojan A, Ruhstaller T, Ruegg 
C, Furstenberger G (2016) Bevacizumab specifically decreases 
elevated levels of circulating KIT+ CD11b+ cells and IL-10 
in metastatic breast cancer patients. Oncotarget 7(10):11137–
11150. https ://doi.org/10.18632 /oncot arget .7097

 264. Guex N, Crespo I, Bron S, Ifticene-Treboux A, Faes-Van’t Hull E, 
Kharoubi S, Liechti R, Werffeli P, Ibberson M, Majo F, Nicolas 
M, Laurent J, Garg A, Zaman K, Lehr HA, Stevenson BJ, Ruegg 
C, Coukos G, Delaloye JF, Xenarios I, Doucey MA (2015) Angi-
ogenic activity of breast cancer patients’ monocytes reverted by 
combined use of systems modeling and experimental approaches. 
PLoS Comput Biol 11(3):e1004050. https ://doi.org/10.1371/
journ al.pcbi.10040 50

 265. Zumsteg A, Baeriswyl V, Imaizumi N, Schwendener R, Ruegg 
C, Christofori G (2009) Myeloid cells contribute to tumor lym-
phangiogenesis. PLoS ONE 4(9):e7067. https ://doi.org/10.1371/
journ al.pone.00070 67

 266. Morgan E, Varro R, Sepulveda H, Ember JA, Apgar J, Wilson 
J, Lowe L, Chen R, Shivraj L, Agadir A, Campos R, Ernst D, 
Gaur A (2004) Cytometric bead array: a multiplexed assay plat-
form with applications in various areas of biology. Clin Immunol 
110(3):252–266. https ://doi.org/10.1016/j.clim.2003.11.017

 267. Kalluri R (2016) The biology and function of exosomes in cancer. 
J Clin Invest 126(4):1208–1215. https ://doi.org/10.1172/JCI81 
135

 268. D’Souza-Schorey C, Clancy JW (2012) Tumor-derived microves-
icles: shedding light on novel microenvironment modulators and 
prospective cancer biomarkers. Genes Dev 26(12):1287–1299. 
https ://doi.org/10.1101/gad.19235 1.112

 269. Orozco AF, Lewis DE (2010) Flow cytometric analysis of circu-
lating microparticles in plasma. Cytom A 77(6):502–514. https 
://doi.org/10.1002/cyto.a.20886 

 270. Laurent J, Touvrey C, Botta F, Kuonen F, Ruegg C (2011) 
Emerging paradigms and questions on pro-angiogenic bone 
marrow-derived myelomonocytic cells. Int J Dev Biol 55(4–
5):527–534. https ://doi.org/10.1387/ijdb.10322 8jl

 271. Grutzkau A, Radbruch A (2010) Small but mighty: how the 
MACS-technology based on nanosized superparamagnetic 
particles has helped to analyze the immune system within the 
last 20 years. Cytom A 77(7):643–647. https ://doi.org/10.1002/
cyto.a.20918 

 272. Mocellin S, Wang E, Panelli M, Rossi CR, Marincola FM 
(2003) Use of laser scanning cytometry to study tumor micro-
environment. Histol Histopathol 18(2):609–615. https ://doi.
org/10.14670 /HH-18.609

 273. Nolan JP, Condello D (2013) Spectral flow cytometry. Curr Pro-
toc Cytom. https ://doi.org/10.1002/04711 42956 .cy012 7s63

 274. Tuchin VV, Tarnok A, Zharov VP (2011) In vivo flow cytometry: 
a horizon of opportunities. Cytom A 79(10):737–745. https ://doi.
org/10.1002/cyto.a.21143 

 275. Stainier DYR RE, Lawson ND, Ekker, SC BR, Eisen JS, et al. 
(2017) Guidelines for morpholino use in zebrafish. PLoS Genet 
13(10):e1007000. https ://doi.org/10.1371/journ al.pgen.10070 00

 276. Kok FO, Shin M, Ni CW, Gupta A, Grosse AS, van Impel A, 
Kirchmaier BC, Peterson-Maduro J, Kourkoulis G, Male I, 
DeSantis DF, Sheppard-Tindell S, Ebarasi L, Betsholtz C, 
Schulte-Merker S, Wolfe SA, Lawson ND (2015) Reverse genetic 

https://doi.org/10.1016/j.semcancer.2012.02.007
https://doi.org/10.1016/j.semcancer.2012.02.007
https://doi.org/10.1038/nature10144
https://doi.org/10.1038/nature10144
https://doi.org/10.1158/0008-5472.CAN-10-3684
https://doi.org/10.1158/0008-5472.CAN-10-3684
https://doi.org/10.1189/jlb.0609385
https://doi.org/10.1189/jlb.0609385
https://doi.org/10.1016/j.imbio.2014.07.017
https://doi.org/10.1016/j.immuni.2014.06.010
https://doi.org/10.1016/j.immuni.2014.06.010
https://doi.org/10.1038/nature04186
https://doi.org/10.1038/nature04186
https://doi.org/10.1016/j.canlet.2006.12.012
https://doi.org/10.1016/j.canlet.2006.12.012
https://doi.org/10.1158/1078-0432.CCR-11-3028
https://doi.org/10.1158/1078-0432.CCR-11-3028
https://doi.org/10.1007/978-1-4939-3801-8_8
https://doi.org/10.1002/cyto.a.10111
https://doi.org/10.1016/j.ymeth.2012.03.027
https://doi.org/10.1016/j.ymeth.2012.03.027
https://doi.org/10.1002/0471142735.im0317s59
https://doi.org/10.1002/0471142735.im0317s59
https://doi.org/10.1007/978-1-4939-7346-0_9
https://doi.org/10.1007/978-1-4939-7346-0_9
https://doi.org/10.1080/2162402X.2017.1316437
https://doi.org/10.18632/oncotarget.7097
https://doi.org/10.1371/journal.pcbi.1004050
https://doi.org/10.1371/journal.pcbi.1004050
https://doi.org/10.1371/journal.pone.0007067
https://doi.org/10.1371/journal.pone.0007067
https://doi.org/10.1016/j.clim.2003.11.017
https://doi.org/10.1172/JCI81135
https://doi.org/10.1172/JCI81135
https://doi.org/10.1101/gad.192351.112
https://doi.org/10.1002/cyto.a.20886
https://doi.org/10.1002/cyto.a.20886
https://doi.org/10.1387/ijdb.103228jl
https://doi.org/10.1002/cyto.a.20918
https://doi.org/10.1002/cyto.a.20918
https://doi.org/10.14670/HH-18.609
https://doi.org/10.14670/HH-18.609
https://doi.org/10.1002/0471142956.cy0127s63
https://doi.org/10.1002/cyto.a.21143
https://doi.org/10.1002/cyto.a.21143
https://doi.org/10.1371/journal.pgen.1007000


Angiogenesis 

1 3

screening reveals poor correlation between morpholino-induced 
and mutant phenotypes in zebrafish. Dev Cell 32(1):97–108. 
https ://doi.org/10.1016/j.devce l.2014.11.018

 277. Rossi A, Kontarakis Z, Gerri C, Nolte H, Holper S, Kruger M, 
Stainier DY (2015) Genetic compensation induced by deleterious 
mutations but not gene knockdowns. Nature 524(7564):230–233. 
https ://doi.org/10.1038/natur e1458 0

 278. Lalonde S, Stone OA, Lessard S, Lavertu A, Desjardins J, Beau-
doin M, Rivas M, Stainier DYR, Lettre G (2017) Frameshift 
indels introduced by genome editing can lead to in-frame exon 
skipping. PLoS ONE 12(6):e0178700. https ://doi.org/10.1371/
journ al.pone.01787 00

 279. Schulte-Merker S, Stainier DY (2014) Out with the old, in with 
the new: reassessing morpholino knockdowns in light of genome 
editing technology. Development 141(16):3103–3104. https ://
doi.org/10.1242/dev.11200 3

 280. Wienholds E, Schulte-Merker S, Walderich B, Plasterk RH 
(2002) Target-selected inactivation of the zebrafish rag1 gene. 
Science 297(5578):99–102. https ://doi.org/10.1126/scien 
ce.10717 62

 281. Prykhozhij SV, Steele SL, Razaghi B, Berman JN (2017) A rapid 
and effective method for screening, sequencing and reporter 
verification of engineered frameshift mutations in zebrafish. Dis 
Model Mech 10(6):811–822. https ://doi.org/10.1242/dmm.02676 
5

 282. Varshney GK, Pei W, LaFave MC, Idol J, Xu L, Gallardo V, 
Carrington B, Bishop K, Jones M, Li M, Harper U, Huang SC, 
Prakash A, Chen W, Sood R, Ledin J, Burgess SM (2015) High-
throughput gene targeting and phenotyping in zebrafish using 
CRISPR/Cas9. Genome Res 25(7):1030–1042. https ://doi.
org/10.1101/gr.18637 9.114

 283. Zhang Y, Huang H, Zhang B, Lin S (2016) TALEN- and 
CRISPR-enhanced DNA homologous recombination for gene 
editing in zebrafish. Methods Cell Biol 135:107–120. https ://
doi.org/10.1016/bs.mcb.2016.03.005

 284. Meng X, Noyes MB, Zhu LJ, Lawson ND, Wolfe SA (2008) 
Targeted gene inactivation in zebrafish using engineered zinc-
finger nucleases. Nat Biotechnol 26(6):695–701. https ://doi.
org/10.1038/nbt13 98

 285. Villefranc JA, Amigo J, Lawson ND (2007) Gateway compatible 
vectors for analysis of gene function in the zebrafish. Dev Dyn 
236(11):3077–3087. https ://doi.org/10.1002/dvdy.21354 

 286. Blackburn PR, Campbell JM, Clark KJ, Ekker SC (2013) The 
CRISPR system—keeping zebrafish gene targeting fresh. 
Zebrafish 10(1):116–118. https ://doi.org/10.1089/zeb.2013.9999

 287. Chang N, Sun C, Gao L, Zhu D, Xu X, Zhu X, Xiong JW, Xi 
JJ (2013) Genome editing with RNA-guided Cas9 nuclease 
in zebrafish embryos. Cell Res 23(4):465–472. https ://doi.
org/10.1038/cr.2013.45

 288. Hruscha A, Krawitz P, Rechenberg A, Heinrich V, Hecht J, Haass 
C, Schmid B (2013) Efficient CRISPR/Cas9 genome editing with 
low off-target effects in zebrafish. Development 140(24):4982–
4987. https ://doi.org/10.1242/dev.09908 5

 289. Hwang WY, Fu Y, Reyon D, Maeder ML, Kaini P, Sander JD, 
Joung JK, Peterson RT, Yeh JR (2013) Heritable and precise 
zebrafish genome editing using a CRISPR-Cas system. PLoS 
ONE 8(7):e68708. https ://doi.org/10.1371/journ al.pone.00687 
08

 290. Hwang WY, Fu Y, Reyon D, Maeder ML, Tsai SQ, Sander JD, 
Peterson RT, Yeh JR, Joung JK (2013) Efficient genome edit-
ing in zebrafish using a CRISPR-Cas system. Nat Biotechnol 
31(3):227–229. https ://doi.org/10.1038/nbt.2501

 291. Jao LE, Wente SR, Chen W (2013) Efficient multiplex biallelic 
zebrafish genome editing using a CRISPR nuclease system. 
Proc Natl Acad Sci USA 110(34):13904–13909. https ://doi.
org/10.1073/pnas.13083 35110 

 292. Auer TO, Del Bene F (2014) CRISPR/Cas9 and TALEN-medi-
ated knock-in approaches in zebrafish. Methods 69(2):142–150. 
https ://doi.org/10.1016/j.ymeth .2014.03.027

 293. Reade A, Motta-Mena LB, Gardner KH, Stainier DY, Weiner 
OD, Woo S (2017) TAEL: a zebrafish-optimized optogenetic gene 
expression system with fine spatial and temporal control. Devel-
opment 144(2):345–355. https ://doi.org/10.1242/dev.13923 8

 294. Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling TF 
(1995) Stages of embryonic development of the zebrafish. Dev 
Dyn 203(3):253–310. https ://doi.org/10.1002/aja.10020 30302 

 295. Butler D (2000) Wellcome Trust funds bid to unravel zebrafish 
genome. Nature 408(6812):503. https ://doi.org/10.1038/35046 
231

 296. Westerfield M (1995) The Zebrafish book. University of Oregon 
Press, Eugene

 297. Weinstein BM, Fishman MC (1996) Cardiovascular morphogen-
esis in zebrafish. Cardiovasc Res 31:E17–E24

 298. Weinstein BM, Schier AF, Abdelilah S, Malicki J, Solnica-Krezel 
L, Stemple DL, Stainier DY, Zwartkruis F, Driever W, Fishman 
MC (1996) Hematopoietic mutations in the zebrafish. Develop-
ment 123:303–309

 299. Mullins MC, Hammerschmidt M, Haffter P, Nusslein-Volhard 
C (1994) Large-scale mutagenesis in the zebrafish: in search 
of genes controlling development in a vertebrate. Curr Biol 
4(3):189–202

 300. Driever W, Solnica-Krezel L, Schier AF, Neuhauss SC, Malicki J, 
Stemple DL, Stainier DY, Zwartkruis F, Abdelilah S, Rangini Z, 
Belak J, Boggs C (1996) A genetic screen for mutations affecting 
embryogenesis in zebrafish. Development 123:37–46

 301. Stainier DY, Fouquet B, Chen JN, Warren KS, Weinstein BM, 
Meiler SE, Mohideen MA, Neuhauss SC, Solnica-Krezel L, 
Schier AF, Zwartkruis F, Stemple DL, Malicki J, Driever W, 
Fishman MC (1996) Mutations affecting the formation and func-
tion of the cardiovascular system in the zebrafish embryo. Devel-
opment 123:285–292

 302. Lawson ND, Scheer N, Pham VN, Kim CH, Chitnis AB, Cam-
pos-Ortega JA, Weinstein BM (2001) Notch signaling is required 
for arterial-venous differentiation during embryonic vascular 
development. Development 128(19):3675–3683

 303. Roman BL, Pham VN, Lawson ND, Kulik M, Childs S, Lekven 
AC, Garrity DM, Moon RT, Fishman MC, Lechleider RJ, 
Weinstein BM (2002) Disruption of acvrl1 increases endothe-
lial cell number in zebrafish cranial vessels. Development 
129(12):3009–3019

 304. Lawson ND, Mugford JW, Diamond BA, Weinstein BM (2003) 
Phospholipase C gamma-1 is required downstream of vascular 
endothelial growth factor during arterial development. Genes 
Dev 17(11):1346–1351. https ://doi.org/10.1101/gad.10722 03

 305. Torres-Vazquez J, Gitler AD, Fraser SD, Berk JD, Van NP, Fish-
man MC, Childs S, Epstein JA, Weinstein BM (2004) Sema-
phorin-plexin signaling guides patterning of the developing 
vasculature. Dev Cell 7(1):117–123. https ://doi.org/10.1016/j.
devce l.2004.06.008

 306. Shaw KM, Castranova DA, Pham VN, Kamei M, Kidd KR, Lo 
BD, Torres-Vasquez J, Ruby A, Weinstein BM (2006) Fused-
somites-like mutants exhibit defects in trunk vessel patterning. 
Dev Dyn 235(7):1753–1760. https ://doi.org/10.1002/dvdy.20814 

 307. Pham VN, Lawson ND, Mugford JW, Dye L, Castranova D, 
Lo B, Weinstein BM (2007) Combinatorial function of ETS 
transcription factors in the developing vasculature. Dev Biol 
303(2):772–783. https ://doi.org/10.1016/j.ydbio .2006.10.030

 308. Gore AV, Swift MR, Cha YR, Lo B, McKinney MC, Li W, 
Castranova D, Davis A, Mukouyama YS, Weinstein BM (2011) 
Rspo1/Wnt signaling promotes angiogenesis via Vegfc/Vegfr3. 
Development 138(22):4875–4886. https ://doi.org/10.1242/
dev.06846 0

https://doi.org/10.1016/j.devcel.2014.11.018
https://doi.org/10.1038/nature14580
https://doi.org/10.1371/journal.pone.0178700
https://doi.org/10.1371/journal.pone.0178700
https://doi.org/10.1242/dev.112003
https://doi.org/10.1242/dev.112003
https://doi.org/10.1126/science.1071762
https://doi.org/10.1126/science.1071762
https://doi.org/10.1242/dmm.026765
https://doi.org/10.1242/dmm.026765
https://doi.org/10.1101/gr.186379.114
https://doi.org/10.1101/gr.186379.114
https://doi.org/10.1016/bs.mcb.2016.03.005
https://doi.org/10.1016/bs.mcb.2016.03.005
https://doi.org/10.1038/nbt1398
https://doi.org/10.1038/nbt1398
https://doi.org/10.1002/dvdy.21354
https://doi.org/10.1089/zeb.2013.9999
https://doi.org/10.1038/cr.2013.45
https://doi.org/10.1038/cr.2013.45
https://doi.org/10.1242/dev.099085
https://doi.org/10.1371/journal.pone.0068708
https://doi.org/10.1371/journal.pone.0068708
https://doi.org/10.1038/nbt.2501
https://doi.org/10.1073/pnas.1308335110
https://doi.org/10.1073/pnas.1308335110
https://doi.org/10.1016/j.ymeth.2014.03.027
https://doi.org/10.1242/dev.139238
https://doi.org/10.1002/aja.1002030302
https://doi.org/10.1038/35046231
https://doi.org/10.1038/35046231
https://doi.org/10.1101/gad.1072203
https://doi.org/10.1016/j.devcel.2004.06.008
https://doi.org/10.1016/j.devcel.2004.06.008
https://doi.org/10.1002/dvdy.20814
https://doi.org/10.1016/j.ydbio.2006.10.030
https://doi.org/10.1242/dev.068460
https://doi.org/10.1242/dev.068460


 Angiogenesis

1 3

 309. Pan W, Pham VN, Stratman AN, Castranova D, Kamei M, Kidd 
KR, Lo BD, Shaw KM, Torres-Vazquez J, Mikelis CM, Gutkind 
JS, Davis GE, Weinstein BM (2012) CDP-diacylglycerol syn-
thetase-controlled phosphoinositide availability limits VEGFA 
signaling and vascular morphogenesis. Blood 120(2):489–498. 
https ://doi.org/10.1182/blood -2012-02-40832 8

 310. Moens CB, Donn TM, Wolf-Saxon ER, Ma TP (2008) Reverse 
genetics in zebrafish by TILLING. Brief Funct Genom Proteom 
7(6):454–459. https ://doi.org/10.1093/bfgp/eln04 6

 311. Varshney GK, Carrington B, Pei W, Bishop K, Chen Z, Fan 
C, Xu L, Jones M, LaFave MC, Ledin J, Sood R, Burgess SM 
(2016) A high-throughput functional genomics workflow based 
on CRISPR/Cas9-mediated targeted mutagenesis in zebrafish. 
Nat Protoc 11(12):2357–2375. https ://doi.org/10.1038/nprot 
.2016.141

 312. Won M, Ro H, Dawid IB (2015) Lnx2 ubiquitin ligase is essential 
for exocrine cell differentiation in the early zebrafish pancreas. 
Proc Natl Acad Sci USA 112(40):12426–12431. https ://doi.
org/10.1073/pnas.15170 33112 

 313. Cha YR, Weinstein BM (2012) Use of PCR template-derived 
probes prevents off-target whole mount in  situ hybridiza-
tion in transgenic zebrafish. Zebrafish 9(2):85–89. https ://doi.
org/10.1089/zeb.2011.0731

 314. Hogan BM, Bos FL, Bussmann J, Witte M, Chi NC, Duckers HJ, 
Schulte-Merker S (2009) Ccbe1 is required for embryonic lym-
phangiogenesis and venous sprouting. Nat Genet 41(4):396–398. 
https ://doi.org/10.1038/ng.321

 315. Le Guen L, Karpanen T, Schulte D, Harris NC, Koltowska K, 
Roukens G, Bower NI, van Impel A, Stacker SA, Achen MG, 
Schulte-Merker S, Hogan BM (2014) Ccbe1 regulates Vegfc-
mediated induction of Vegfr3 signaling during embryonic lym-
phangiogenesis. Development 141(6):1239–1249. https ://doi.
org/10.1242/dev.10049 5

 316. Villefranc JA, Nicoli S, Bentley K, Jeltsch M, Zarkada G, Moore 
JC, Gerhardt H, Alitalo K, Lawson ND (2013) A truncation allele 
in vascular endothelial growth factor c reveals distinct modes of 
signaling during lymphatic and vascular development. Develop-
ment 140(7):1497–1506. https ://doi.org/10.1242/dev.08415 2

 317. Yaniv K, Isogai S, Castranova D, Dye L, Hitomi J, Weinstein BM 
(2006) Live imaging of lymphatic development in the zebrafish. 
Nat Med 12(6):711–716. https ://doi.org/10.1038/nm142 7

 318. Isogai S, Hitomi J, Yaniv K, Weinstein BM (2009) Zebrafish as 
a new animal model to study lymphangiogenesis. Anat Sci Int 
84(3):102–111. https ://doi.org/10.1007/s1256 5-009-0024-3

 319. Venero Galanternik M, Castranova D, Gore AV, Blewett 
NH, Jung HM, Stratman AN, Kirby MR, Iben J, Miller MF, 
Kawakami K, Maraia RJ, Weinstein BM (2017) A novel perivas-
cular cell population in the zebrafish brain. Elife. https ://doi.
org/10.7554/eLife .24369 

 320. Jung HM, Castranova D, Swift MR, Pham VN, Venero Gal-
anternik MV, Isogai S, Butler MG, Mulligan TS, Weinstein 
BM (2017) Development of the larval lymphatic system in the 
zebrafish. Development. https ://doi.org/10.1242/dev.14575 5

 321. Poelma C, Kloosterman A, Hierck BP, Westerweel J (2012) 
Accurate blood flow measurements: are artificial tracers nec-
essary? PLoS ONE 7(9):e45247. https ://doi.org/10.1371/journ 
al.pone.00452 47

 322. Vennemann P, Kiger KT, Lindken R, Groenendijk BC, Stekelen-
burg-de Vos S, ten Hagen TL, Ursem NT, Poelmann RE, West-
erweel J, Hierck BP (2006) In vivo micro particle image veloci-
metry measurements of blood-plasma in the embryonic avian 
heart. J Biomech 39(7):1191–1200. https ://doi.org/10.1016/j.
jbiom ech.2005.03.015

 323. Zhou J, Zhang H, Wang H, Lutz AM, El Kaffas A, Tian L, Hris-
tov D, Willmann JK (2017) Early prediction of tumor response 
to bevacizumab treatment in murine colon cancer models using 

three-dimensional dynamic contrast-enhanced ultrasound imag-
ing. Angiogenesis 20(4):547–555. https ://doi.org/10.1007/s1045 
6-017-9566-5

 324. Kwan KM, Fujimoto E, Grabher C, Mangum BD, Hardy ME, 
Campbell DS, Parant JM, Yost HJ, Kanki JP, Chien CB (2007) 
The Tol2kit: a multisite gateway-based construction kit for Tol2 
transposon transgenesis constructs. Dev Dyn 236(11):3088–
3099. https ://doi.org/10.1002/dvdy.21343 

 325. Kawakami K, Abe G, Asada T, Asakawa K, Fukuda R, Ito A, 
Lal P, Mouri N, Muto A, Suster ML, Takakubo H, Urasaki 
A, Wada H, Yoshida M (2010) zTrap: zebrafish gene trap and 
enhancer trap database. BMC Dev Biol 10:105. https ://doi.
org/10.1186/1471-213X-10-105

 326. Zhang Y, Werling U, Edelmann W (2012) SLiCE: a novel bacte-
rial cell extract-based DNA cloning method. Nucleic Acids Res 
40(8):e55. https ://doi.org/10.1093/nar/gkr12 88

 327. Kamei M, Isogai S, Pan W, Weinstein BM (2010) Imaging blood 
vessels in the zebrafish. Methods Cell Biol 100:27–54. https ://
doi.org/10.1016/B978-0-12-38489 2-5.00002 -5

 328. Isogai S, Horiguchi M, Weinstein BM (2001) The vascular 
anatomy of the developing zebrafish: an atlas of embryonic and 
early larval development. Dev Biol 230(2):278–301. https ://doi.
org/10.1006/dbio.2000.9995

 329. Lawson ND, Weinstein BM (2002) In vivo imaging of embry-
onic vascular development using transgenic zebrafish. Dev Biol 
248(2):307–318

 330. Stratman AN, Pezoa SA, Farrelly OM, Castranova D, Dye LE 
3rd, Butler MG, Sidik H, Talbot WS, Weinstein BM (2017) Inter-
actions between mural cells and endothelial cells stabilize the 
developing zebrafish dorsal aorta. Development 144(1):115–127. 
https ://doi.org/10.1242/dev.14313 1

 331. Choi WY, Gemberling M, Wang J, Holdway JE, Shen MC, Karl-
strom RO, Poss KD (2013) In vivo monitoring of cardiomyocyte 
proliferation to identify chemical modifiers of heart regeneration. 
Development 140(3):660–666. https ://doi.org/10.1242/dev.08852 6

 332. Jung HM, Isogai S, Kamei M, Castranova D, Gore AV, Wein-
stein BM (2016) Imaging blood vessels and lymphatic vessels 
in the zebrafish. Methods Cell Biol 133:69–103. https ://doi.
org/10.1016/bs.mcb.2016.03.023

 333. van Rooijen E, Voest EE, Logister I, Bussmann J, Korving J, 
van Eeden FJ, Giles RH, Schulte-Merker S (2010) von Hip-
pel–Lindau tumor suppressor mutants faithfully model patho-
logical hypoxia-driven angiogenesis and vascular retinopathies 
in zebrafish. Dis Model Mech 3(5–6):343–353. https ://doi.
org/10.1242/dmm.00403 6

 334. Rous P, Murphy JB (1911) Tumor implantations in the develop-
ing embryo. J Am Med Assoc 56:741

 335. Nowak-Sliwinska P, Segura T, Iruela-Arispe ML (2014) The 
chicken chorioallantoic membrane model in biology, medicine 
and bioengineering. Angiogenesis 17(4):779–804. https ://doi.
org/10.1007/s1045 6-014-9440-7

 336. Ribatti D, Nico B, Vacca A, Roncali L, Burri PH, Djonov V 
(2001) Chorioallantoic membrane capillary bed: a useful target 
for studying angiogenesis and anti-angiogenesis in vivo. Anat 
Rec 264(4):317–324

 337. Ribatti D, Vacca A, Roncali L, Dammacco F (2000) The chick 
embryo chorioallantoic membrane as a model for in vivo research 
on anti-angiogenesis. Curr Pharm Biotechnol 1(1):73–82

 338. Adar Y, Stark M, Bram EE, Nowak-Sliwinska P, van den Bergh 
H, Szewczyk G, Sarna T, Skladanowski A, Griffioen AW, Assaraf 
YG (2012) Imidazoacridinone-dependent lysosomal photode-
struction: a pharmacological Trojan horse approach to eradicate 
multidrug-resistant cancers. Cell Death Dis 3:1–10. https ://doi.
org/10.1038/cddis .2012.30

 339. Valdes TI, Klueh U, Kreutzer D, Moussy F (2003) Ex ova chick 
chorioallantoic membrane as a novel in vivo model for testing 

https://doi.org/10.1182/blood-2012-02-408328
https://doi.org/10.1093/bfgp/eln046
https://doi.org/10.1038/nprot.2016.141
https://doi.org/10.1038/nprot.2016.141
https://doi.org/10.1073/pnas.1517033112
https://doi.org/10.1073/pnas.1517033112
https://doi.org/10.1089/zeb.2011.0731
https://doi.org/10.1089/zeb.2011.0731
https://doi.org/10.1038/ng.321
https://doi.org/10.1242/dev.100495
https://doi.org/10.1242/dev.100495
https://doi.org/10.1242/dev.084152
https://doi.org/10.1038/nm1427
https://doi.org/10.1007/s12565-009-0024-3
https://doi.org/10.7554/eLife.24369
https://doi.org/10.7554/eLife.24369
https://doi.org/10.1242/dev.145755
https://doi.org/10.1371/journal.pone.0045247
https://doi.org/10.1371/journal.pone.0045247
https://doi.org/10.1016/j.jbiomech.2005.03.015
https://doi.org/10.1016/j.jbiomech.2005.03.015
https://doi.org/10.1007/s10456-017-9566-5
https://doi.org/10.1007/s10456-017-9566-5
https://doi.org/10.1002/dvdy.21343
https://doi.org/10.1186/1471-213X-10-105
https://doi.org/10.1186/1471-213X-10-105
https://doi.org/10.1093/nar/gkr1288
https://doi.org/10.1016/B978-0-12-384892-5.00002-5
https://doi.org/10.1016/B978-0-12-384892-5.00002-5
https://doi.org/10.1006/dbio.2000.9995
https://doi.org/10.1006/dbio.2000.9995
https://doi.org/10.1242/dev.143131
https://doi.org/10.1242/dev.088526
https://doi.org/10.1016/bs.mcb.2016.03.023
https://doi.org/10.1016/bs.mcb.2016.03.023
https://doi.org/10.1242/dmm.004036
https://doi.org/10.1242/dmm.004036
https://doi.org/10.1007/s10456-014-9440-7
https://doi.org/10.1007/s10456-014-9440-7
https://doi.org/10.1038/cddis.2012.30
https://doi.org/10.1038/cddis.2012.30


Angiogenesis 

1 3

biosensors. J Biomed Mater Res Part A 67(1):215–223. https ://
doi.org/10.1002/jbm.a.10055 

 340. Valdes TI, Kreutzer D, Moussy F (2002) The chick chorioal-
lantoic membrane as a novel in vivo model for the testing of 
biomaterials. J Biomed Mater Res 62(2):273–282. https ://doi.
org/10.1002/jbm.10152 

 341. Weiss A, Bonvin D, Berndsen RH, Scherrer E, Wong TJ, Dyson 
PJ, Griffioen AW, Nowak-Sliwinska P (2015) Angiostatic treat-
ment prior to chemo- or photodynamic therapy improves anti-
tumor efficacy. Sci Rep 5:8990. https ://doi.org/10.1038/srep0 
8990

 342. Lim SH, Nowak-Sliwinska P, Kamarulzaman FA, van den Bergh 
H, Wagnieres G, Lee HB (2010) The neovessel occlusion efficacy 
of 15-hydroxypurpurin-7-lactone dimethyl ester induced with 
photodynamic therapy. Photochem Photobiol 86(2):397–402. 
https ://doi.org/10.1111/j.1751-1097.2009.00684 .x

 343. Brauer R, Chen P (2015) Influenza virus propagation in embryo-
nated chicken eggs. J Vis Exp. https ://doi.org/10.3791/52421 

 344. Hamburger V, Hamilton H (1951) A series of normal stages in 
the development of the chick embryo. J Morphol 88:49–92

 345. Kilarski WW, Samolov B, Petersson L, Kvanta A, Gerwins P 
(2009) Biomechanical regulation of blood vessel growth dur-
ing tissue vascularization. Nat Med 15(6):657–664. https ://doi.
org/10.1038/nm.1985

 346. Jakob W, Jentzsch KD, Mauersberger B, Heder G (1978) The 
chick embryo choriallantoic membrane as a bioassay for angio-
genesis factors: reactions induced by carrier materials. Exp 
Pathol 15(5):241–249

 347. Ribatti D (2010) The chick embryo chorioallantoic membrane in 
the study of angiogenesis and metastasis. Springer, Berlin

 348. Tufan AC, Satiroglu-Tufan NL (2005) The chick embryo cho-
rioallantoic membrane as a model system for the study of tumor 
angiogenesis, invasion and development of anti-angiogenic 
agents. Curr Cancer Drug Targets 5(4):249–266

 349. West DC, Thompson WD, Sells PG, Burbridge MF (2001) 
Angiogenesis assays using chick chorioallantoic membrane. 
Methods Mol Med 46:107–129. https ://doi.org/10.1385/1-59259 
-143-4:107

 350. Nakao S, Maghadam AH (2016) Chorioallantoic membrane 
microtumor model to study the mechanisms of tumor angiogen-
esis, vascular permeability, and tumor cell intravasion. In: Martin 
SG, Hewett PW (eds) Angiogenesis protocols, 3rd edn. Humana 
Press, New York, pp 283–298

 351. Auerbach R, Lewis R, Shinners B, Kubai L, Akhtar N (2003) 
Angiogenesis assays: a critical overview. Clin Chem 49(1):32–40

 352. Auerbach R, Kubai L, Knighton D, Folkman J (1974) A simple 
procedure for the long-term cultivation of chicken embryos. Dev 
Biol 41(2):391–394

 353. Dohle DS, Pasa SD, Gustmann S, Laub M, Wissler JH, Jen-
nissen HP, Dunker N (2009) Chick ex ovo culture and ex 
ovo CAM assay: how it really works. J Vis Exp. https ://doi.
org/10.3791/1620

 354. Huang W, Itayama M, Arai F, Furukawa KS, Ushida T, Kawa-
hara T (2017) An angiogenesis platform using a cubic artificial 
eggshell with patterned blood vessels on chicken chorioallantoic 
membrane. PLoS ONE 12(4):e0175595. https ://doi.org/10.1371/
journ al.pone.01755 95

 355. Nowak-Sliwinska P, Ballini JP, Wagnieres G, van den Bergh H 
(2010) Processing of fluorescence angiograms for the quanti-
fication of vascular effects induced by anti-angiogenic agents 
in the CAM model. Microvasc Res 79(1):21–28. https ://doi.
org/10.1016/j.mvr.2009.10.004

 356. Nguyen M, Shing Y, Folkman J (1994) Quantitation of angio-
genesis and antiangiogenesis in the chick embryo chorioallantoic 
membrane. Microvasc Res 47(1):31–40. https ://doi.org/10.1006/
mvre.1994.1003

 357. Cimpean AM, Seclaman E, Ceausu R, Gaje P, Feflea S, Ang-
hel A, Raica M, Ribatti D (2010) VEGF-A/HGF induce Prox-1 
expression in the chick embryo chorioallantoic membrane lym-
phatic vasculature. Clin Exp Med 10(3):169–172. https ://doi.
org/10.1007/s1023 8-009-0085-6

 358. Clavel CM, Paunescu E, Nowak-Sliwinska P, Griffioen AW, 
Scopelliti R, Dyson PJ (2014) Discovery of a highly tumor-
selective organometallic ruthenium(II)-arene complex. J Med 
Chem 57(8):3546–3558. https ://doi.org/10.1021/jm500 2748

 359. Nowak-Sliwinska P, Wagnieres G, van den Bergh H, Griffioen 
AW (2010) Angiostasis-induced vascular normalization can 
improve photodynamic therapy. Cell Mol Life Sci 67(9):1559–
1560. https ://doi.org/10.1007/s0001 8-010-0294-x

 360. Kilarski WW, Petersson L, Fuchs PF, Zielinski MS, Gerwins P 
(2012) An in vivo neovascularization assay for screening regula-
tors of angiogenesis and assessing their effects on pre-existing 
vessels. Angiogenesis 15(4):643–655. https ://doi.org/10.1007/
s1045 6-012-9287-8

 361. Weiss A, van Beijnum JR, Bonvin D, Jichlinski P, Dyson PJ, 
Griffioen AW, Nowak-Sliwinska P (2014) Low-dose angiostatic 
tyrosine kinase inhibitors improve photodynamic therapy for can-
cer: lack of vascular normalization. J Cell Mol Med 18:480–491. 
https ://doi.org/10.1111/jcmm.12199 

 362. Hagedorn M, Javerzat S, Gilges D, Meyre A, de Lafarge B, 
Eichmann A, Bikfalvi A (2005) Accessing key steps of human 
tumor progression in vivo by using an avian embryo model. Proc 
Natl Acad Sci USA 102(5):1643–1648. https ://doi.org/10.1073/
pnas.04086 22102 

 363. Dumartin L, Quemener C, Laklai H, Herbert J, Bicknell R, 
Bousquet C, Pyronnet S, Castronovo V, Schilling MK, Bik-
falvi A, Hagedorn M (2010) Netrin-1 mediates early events in 
pancreatic adenocarcinoma progression, acting on tumor and 
endothelial cells. Gastroenterology. https ://doi.org/10.1053/j.
gastr o.2009.12.061

 364. Palmer TD, Lewis J, Zijlstra A (2011) Quantitative analysis of 
cancer metastasis using an avian embryo model. J Vis Exp. https 
://doi.org/10.3791/2815

 365. Herbert JM, Stekel DJ, Mura M, Sychev M, Bicknell R (2011) 
Bioinformatic methods for finding differentially expressed 
genes in cDNA libraries, applied to the identification of tumour 
vascular targets. Methods Mol Biol 729:99–119. https ://doi.
org/10.1007/978-1-61779 -065-2_7

 366. Soulet F, Kilarski WW, Roux-Dalvai F, Herbert JM, Sacewicz I, 
Mouton-Barbosa E, Bicknell R, Lalor P, Monsarrat B, Bikfalvi A 
(2013) Mapping the extracellular and membrane proteome asso-
ciated with the vasculature and the stroma in the embryo. Mol 
Cell Proteom MCP 12(8):2293–2312. https ://doi.org/10.1074/
mcp.M112.02407 5

 367. Kilarski WW, Herbert J, Bikfalvi A (2018) Methods for map-
ping the extracellular and membrane proteome in the avian 
embryo, and identification of putative vascular targets or 
endothelial genes. Methods Mol Biol 1722:31–56. https ://doi.
org/10.1007/978-1-4939-7553-2_3

 368. International Chicken Genome Sequencing C (2004) Sequence 
and comparative analysis of the chicken genome provide unique 
perspectives on vertebrate evolution. Nature 432(7018):695–716. 
https ://doi.org/10.1038/natur e0315 4

 369. Arora R, Papaioannou VE (2012) The murine allantois: a 
model system for the study of blood vessel formation. Blood 
120(13):2562–2572. https ://doi.org/10.1182/blood -2012-03-
39007 0

 370. Downs KM, Temkin R, Gifford S, McHugh J (2001) Study of the 
murine allantois by allantoic explants. Dev Biol 233(2):347–364. 
https ://doi.org/10.1006/dbio.2001.0227

 371. Crosby CV, Fleming PA, Argraves WS, Corada M, Zanetta L, 
Dejana E, Drake CJ (2005) VE-cadherin is not required for the 

https://doi.org/10.1002/jbm.a.10055
https://doi.org/10.1002/jbm.a.10055
https://doi.org/10.1002/jbm.10152
https://doi.org/10.1002/jbm.10152
https://doi.org/10.1038/srep08990
https://doi.org/10.1038/srep08990
https://doi.org/10.1111/j.1751-1097.2009.00684.x
https://doi.org/10.3791/52421
https://doi.org/10.1038/nm.1985
https://doi.org/10.1038/nm.1985
https://doi.org/10.1385/1-59259-143-4:107
https://doi.org/10.1385/1-59259-143-4:107
https://doi.org/10.3791/1620
https://doi.org/10.3791/1620
https://doi.org/10.1371/journal.pone.0175595
https://doi.org/10.1371/journal.pone.0175595
https://doi.org/10.1016/j.mvr.2009.10.004
https://doi.org/10.1016/j.mvr.2009.10.004
https://doi.org/10.1006/mvre.1994.1003
https://doi.org/10.1006/mvre.1994.1003
https://doi.org/10.1007/s10238-009-0085-6
https://doi.org/10.1007/s10238-009-0085-6
https://doi.org/10.1021/jm5002748
https://doi.org/10.1007/s00018-010-0294-x
https://doi.org/10.1007/s10456-012-9287-8
https://doi.org/10.1007/s10456-012-9287-8
https://doi.org/10.1111/jcmm.12199
https://doi.org/10.1073/pnas.0408622102
https://doi.org/10.1073/pnas.0408622102
https://doi.org/10.1053/j.gastro.2009.12.061
https://doi.org/10.1053/j.gastro.2009.12.061
https://doi.org/10.3791/2815
https://doi.org/10.3791/2815
https://doi.org/10.1007/978-1-61779-065-2_7
https://doi.org/10.1007/978-1-61779-065-2_7
https://doi.org/10.1074/mcp.M112.024075
https://doi.org/10.1074/mcp.M112.024075
https://doi.org/10.1007/978-1-4939-7553-2_3
https://doi.org/10.1007/978-1-4939-7553-2_3
https://doi.org/10.1038/nature03154
https://doi.org/10.1182/blood-2012-03-390070
https://doi.org/10.1182/blood-2012-03-390070
https://doi.org/10.1006/dbio.2001.0227


 Angiogenesis

1 3

formation of nascent blood vessels but acts to prevent their disas-
sembly. Blood 105(7):2771–2776. https ://doi.org/10.1182/blood 
-2004-06-2244

 372. Perryn ED, Czirok A, Little CD (2008) Vascular sprout forma-
tion entails tissue deformations and VE-cadherin-dependent 
cell-autonomous motility. Dev Biol 313(2):545–555. https ://doi.
org/10.1016/j.ydbio .2007.10.036

 373. Winderlich M, Keller L, Cagna G, Broermann A, Kamenyeva 
O, Kiefer F, Deutsch U, Nottebaum AF, Vestweber D (2009) 
VE-PTP controls blood vessel development by balancing Tie-2 
activity. J Cell Biol 185(4):657–671. https ://doi.org/10.1083/
jcb.20081 1159

 374. Argraves KM, Wilkerson BA, Argraves WS (2010) Sphingo-
sine-1-phosphate signaling in vasculogenesis and angiogenesis. 
World J Biol Chem 1(10):291–297. https ://doi.org/10.4331/wjbc.
v1.i10.291

 375. Downs KM (2006) In vitro methods for studying vascularization 
of the murine allantois and allantoic union with the chorion. 
Methods Mol Med 121:241–272

 376. Downs KM, Gardner RL (1995) An investigation into early pla-
cental ontogeny: allantoic attachment to the chorion is selective 
and developmentally regulated. Development 121(2):407–416

 377. Gentile C, Fleming PA, Mironov V, Argraves KM, Argraves WS, 
Drake CJ (2008) VEGF-mediated fusion in the generation of 
uniluminal vascular spheroids. Dev Dyn 237(10):2918–2925. 
https ://doi.org/10.1002/dvdy.21720 

 378. Arora R, del Alcazar CM, Morrisey EE, Naiche LA, Papaioannou 
VE (2012) Candidate gene approach identifies multiple genes 
and signaling pathways downstream of Tbx4 in the developing 
allantois. PLoS ONE 7(8):e43581. https ://doi.org/10.1371/journ 
al.pone.00435 81

 379. Zudaire E, Gambardella L, Kurcz C, Vermeren S (2011) A 
computational tool for quantitative analysis of vascular net-
works. PLoS ONE 6(11):e27385. https ://doi.org/10.1371/journ 
al.pone.00273 85

 380. Gambardella L, Hemberger M, Hughes B, Zudaire E, Andrews 
S, Vermeren S (2010) PI3 K signaling through the dual GTPase-
activating protein ARAP3 is essential for developmental angio-
genesis. Sci Signal 3(145):ra76. https ://doi.org/10.1126/scisi 
gnal.20010 26

 381. Passaniti A, Taylor RM, Pili R, Guo Y, Long PV, Haney JA, 
Pauly RR, Grant DS, Martin GR (1992) A simple, quantita-
tive method for assessing angiogenesis and antiangiogenic 
agents using reconstituted basement membrane, heparin, and 
fibroblast growth factor. Lab Investig J Tech Methods Pathol 
67(4):519–528

 382. Malinda KM (2009) In vivo matrigel migration and angio-
genesis assay. Methods Mol Biol 467:287–294. https ://doi.
org/10.1007/978-1-59745 -241-0_17

 383. Norrby K (2006) In vivo models of angiogenesis. J Cell Mol Med 
10(3):588–612

 384. Kibbey MC, Corcoran MC, Wahl LM, Kleinman HK (1994) 
Laminin SIKVAV peptide induced angiogeneses in vivo is poten-
tiated by neutrophils. J Cell Physiol 160:185–193

 385. Salcedo R, Ponce ML, Young HA, Wasserman K, Ward JM, 
Kleinman HK, Oppenheim JJ, Murphy WJ (2000) Human 
endothelial cells express CCR2 and respond to MCP-1: direct 
role of MCP-1 in angiogenesis and tumor progression. Blood 
96(1):34–40

 386. Johns A, Freay AD, Fraser W, Korach KS, Rubanyi GM (1996) 
Disruption of estrogen receptor gene prevents 17 beta estra-
diol-induced angiogenesis in transgenic mice. Endocrinology 
137(10):4511–4513. https ://doi.org/10.1210/endo.137.10.88285 
15

 387. Ferber S, Tiram G, Satchi-Fainaro R (2014) Monitoring function-
ality and morphology of vasculature recruited by factors secreted 

by fast-growing tumor-generating cells. J Vis Exp 93:e51525. 
https ://doi.org/10.3791/51525 

 388. Kleinman HK, Martin GR (2005) Matrigel: basement membrane 
matrix with biological activity. Semin Cancer Biol 15(5):378–
386. https ://doi.org/10.1016/j.semca ncer.2005.05.004

 389. Benton G, Arnaoutova I, George J, Kleinman HK, Koblinski J 
(2014) Matrigel: from discovery and ECM mimicry to assays and 
models for cancer research. Adv Drug Deliv Rev 79–80:3–18. 
https ://doi.org/10.1016/j.addr.2014.06.005

 390. Thijssen VL, Brandwijk RJ, Dings RP, Griffioen AW (2004) 
Angiogenesis gene expression profiling in xenograft models to 
study cellular interactions. Exp Cell Res 299(2):286–293. https 
://doi.org/10.1016/j.yexcr .2004.06.014

 391. Birdsey GM, Shah AV, Dufton N, Reynolds LE, Osuna Almagro 
L, Yang Y, Aspalter IM, Khan ST, Mason JC, Dejana E, Gottgens 
B, Hodivala-Dilke K, Gerhardt H, Adams RH, Randi AM (2015) 
The endothelial transcription factor ERG promotes vascular sta-
bility and growth through Wnt/beta-catenin signaling. Dev Cell 
32(1):82–96. https ://doi.org/10.1016/j.devce l.2014.11.016

 392. Guedez L, Rivera AM, Salloum R, Miller ML, Diegmuel-
ler JJ, Bungay PM, Stetler-Stevenson WG (2003) Quantitative 
assessment of angiogenic responses by the directed in vivo 
angiogenesis assay. Am J Pathol 162(5):1431–1439. https ://doi.
org/10.1016/S0002 -9440(10)64276 -9

 393. Melero-Martin JM, Khan ZA, Picard A, Wu X, Paruchuri S, 
Bischoff J (2007) In vivo vasculogenic potential of human blood-
derived endothelial progenitor cells. Blood 109(11):4761–4768

 394. Melero-Martin JM, De Obaldia ME, Kang SY, Khan ZA, Yuan L, 
Oettgen P, Bischoff J (2008) Engineering robust and functional 
vascular networks in vivo with human adult and cord blood-
derived progenitor cells. Circ Res 103(2):194–202

 395. Allen P, Melero-Martin J, Bischoff J (2011) Type I collagen, 
fibrin and PuraMatrix matrices provide permissive environments 
for human endothelial and mesenchymal progenitor cells to form 
neovascular networks. J Tissue Eng Regen Med 5(4):e74–e86. 
https ://doi.org/10.1002/term.389

 396. Allen P, Kang KT, Bischoff J (2013) Rapid onset of perfused 
blood vessels after implantation of ECFCs and MPCs in col-
lagen, PuraMatrix and fibrin provisional matrices. J Tissue Eng 
Regen Med. https ://doi.org/10.1002/term.1803

 397. Lin RZ, Moreno-Luna R, Munoz-Hernandez R, Li D, Jaminet 
SC, Greene AK, Melero-Martin JM (2013) Human white adipose 
tissue vasculature contains endothelial colony-forming cells with 
robust in vivo vasculogenic potential. Angiogenesis 16(4):735–
744. https ://doi.org/10.1007/s1045 6-013-9350-0

 398. Samuel R, Daheron L, Liao S, Vardam T, Kamoun WS, Batista 
A, Buecker C, Schafer R, Han X, Au P, Scadden DT, Duda DG, 
Fukumura D, Jain RK (2013) Generation of functionally compe-
tent and durable engineered blood vessels from human induced 
pluripotent stem cells. Proc Natl Acad Sci USA 110(31):12774–
12779. https ://doi.org/10.1073/pnas.13106 75110 

 399. Au P, Tam J, Fukumura D, Jain RK (2008) Bone marrow-derived 
mesenchymal stem cells facilitate engineering of long-lasting 
functional vasculature. Blood 111(9):4551–4558

 400. Traktuev DO, Prater DN, Merfeld-Clauss S, Sanjeevaiah AR, 
Saadatzadeh MR, Murphy M, Johnstone BH, Ingram DA, March 
KL (2009) Robust functional vascular network formation in vivo 
by cooperation of adipose progenitor and endothelial cells. Circ 
Res 104(12):1410–1420

 401. Chen X, Aledia AS, Ghajar CM, Griffith CK, Putnam AJ, Hughes 
CC, George SC (2009) Prevascularization of a fibrin-based tissue 
construct accelerates the formation of functional anastomosis 
with host vasculature. Tissue Eng 15(6):1363–1371

 402. Lin RZ, Moreno-Luna R, Zhou B, Pu WT, Melero-Martin JM 
(2012) Equal modulation of endothelial cell function by four 

https://doi.org/10.1182/blood-2004-06-2244
https://doi.org/10.1182/blood-2004-06-2244
https://doi.org/10.1016/j.ydbio.2007.10.036
https://doi.org/10.1016/j.ydbio.2007.10.036
https://doi.org/10.1083/jcb.200811159
https://doi.org/10.1083/jcb.200811159
https://doi.org/10.4331/wjbc.v1.i10.291
https://doi.org/10.4331/wjbc.v1.i10.291
https://doi.org/10.1002/dvdy.21720
https://doi.org/10.1371/journal.pone.0043581
https://doi.org/10.1371/journal.pone.0043581
https://doi.org/10.1371/journal.pone.0027385
https://doi.org/10.1371/journal.pone.0027385
https://doi.org/10.1126/scisignal.2001026
https://doi.org/10.1126/scisignal.2001026
https://doi.org/10.1007/978-1-59745-241-0_17
https://doi.org/10.1007/978-1-59745-241-0_17
https://doi.org/10.1210/endo.137.10.8828515
https://doi.org/10.1210/endo.137.10.8828515
https://doi.org/10.3791/51525
https://doi.org/10.1016/j.semcancer.2005.05.004
https://doi.org/10.1016/j.addr.2014.06.005
https://doi.org/10.1016/j.yexcr.2004.06.014
https://doi.org/10.1016/j.yexcr.2004.06.014
https://doi.org/10.1016/j.devcel.2014.11.016
https://doi.org/10.1016/S0002-9440(10)64276-9
https://doi.org/10.1016/S0002-9440(10)64276-9
https://doi.org/10.1002/term.389
https://doi.org/10.1002/term.1803
https://doi.org/10.1007/s10456-013-9350-0
https://doi.org/10.1073/pnas.1310675110


Angiogenesis 

1 3

distinct tissue-specific mesenchymal stem cells. Angiogenesis 
15(3):443–455. https ://doi.org/10.1007/s1045 6-012-9272-2

 403. Au P, Daheron LM, Duda DG, Cohen KS, Tyrrell JA, Lanning 
RM, Fukumura D, Scadden DT, Jain RK (2008) Differential 
in vivo potential of endothelial progenitor cells from human 
umbilical cord blood and adult peripheral blood to form func-
tional long-lasting vessels. Blood 111(3):1302–1305

 404. Chen YC, Lin RZ, Qi H, Yang Y, Bae H, Melero-Martin JM, 
Khademhosseini A (2012) Functional human vascular network 
generated in photocrosslinkable gelatin methacrylate hydrogels. 
Adv Funct Mater 22(10):2027–2039. https ://doi.org/10.1002/
adfm.20110 1662

 405. Schechner JS, Nath AK, Zheng L, Kluger MS, Hughes CC, 
Sierra-Honigmann MR, Lorber MI, Tellides G, Kashgarian M, 
Bothwell AL, Pober JS (2000) In vivo formation of complex 
microvessels lined by human endothelial cells in an immunode-
ficient mouse. Proc Natl Acad Sci USA 97(16):9191–9196

 406. Enis DR, Shepherd BR, Wang Y, Qasim A, Shanahan CM, 
Weissberg PL, Kashgarian M, Pober JS, Schechner JS (2005) 
Induction, differentiation, and remodeling of blood vessels after 
transplantation of Bcl-2-transduced endothelial cells. Proc Natl 
Acad Sci USA 102(2):425–430

 407. Koike N, Fukumura D, Gralla O, Au P, Schechner JS, Jain RK 
(2004) Tissue engineering: creation of long-lasting blood vessels. 
Nature 428(6979):138–139

 408. Lin RZ, Melero-Martin JM (2012) Fibroblast growth factor-2 
facilitates rapid anastomosis formation between bioengineered 
human vascular networks and living vasculature. Methods 
56(3):440–451. https ://doi.org/10.1016/j.ymeth .2012.01.006

 409. Lin RZ, Melero-Martin JM (2011) Bioengineering human micro-
vascular networks in immunodeficient mice. J Vis Exp 53:e3065. 
https ://doi.org/10.3791/3065

 410. Kang KT, Allen P, Bischoff J (2011) Bioengineered human 
vascular networks transplanted into secondary mice reconnect 
with the host vasculature and re-establish perfusion. Blood 
118(25):6718–6721. https ://doi.org/10.1182/blood -2011-08-
37518 8

 411. Kang KT, Lin RZ, Kuppermann D, Melero-Martin JM, Bischoff 
J (2017) Endothelial colony forming cells and mesenchymal 
progenitor cells form blood vessels and increase blood flow in 
ischemic muscle. Sci Rep 7(1):770. https ://doi.org/10.1038/
s4159 8-017-00809 -1

 412. Kang K-T, Coggins M, Xiao C, Rosenzweig A, Bischoff J (2013) 
Human vasculogenic cells form functional blood vessels and 
mitigate adverse remodeling after ischemia reperfusion injury 
in rats. Angiogenesis 16(4):773–784. https ://doi.org/10.1007/
s1045 6-013-9354-9

 413. Greenberger S, Boscolo E, Adini I, Mulliken JB, Bischoff J 
(2010) Corticosteroid suppression of VEGF-A in infantile 
hemangioma-derived stem cells. N Engl J Med 362(11):1005–
1013. https ://doi.org/10.1056/NEJMo a0903 036

 414. Greenberger S, Yuan S, Walsh LA, Boscolo E, Kang KT, Mat-
thews B, Mulliken JB, Bischoff J (2011) Rapamycin suppresses 
self-renewal and vasculogenic potential of stem cells isolated 
from infantile hemangioma. J Invest Dermatol 131(12):2467–
2476. https ://doi.org/10.1038/jid.2011.300

 415. Boscolo E, Limaye N, Huang L, Kang KT, Soblet J, Uebelhoer 
M, Mendola A, Natynki M, Seront E, Dupont S, Hammer J, 
Legrand C, Brugnara C, Eklund L, Vikkula M, Bischoff J, Boon 
LM (2015) Rapamycin improves TIE2-mutated venous malfor-
mation in murine model and human subjects. J Clin Investig 
125(9):3491–3504. https ://doi.org/10.1172/JCI76 004

 416. Lin RZ, Dreyzin A, Aamodt K, Li D, Jaminet SC, Dudley AC, 
Melero-Martin JM (2011) Induction of erythropoiesis using 
human vascular networks genetically engineered for controlled 

erythropoietin release. Blood 118(20):5420–5428. https ://doi.
org/10.1182/blood -2011-08-37294 6

 417. Bichsel CA, Hall SR, Schmid RA, Guenat OT, Geiser T (2015) 
Primary human lung pericytes support and stabilize in vitro per-
fusable microvessels. Tissue Eng 21(15–16):2166–2176. https ://
doi.org/10.1089/ten.TEA.2014.0545

 418. Tual-Chalot S, Allinson KR, Fruttiger M, Arthur HM (2013) 
Whole mount immunofluorescent staining of the neonatal mouse 
retina to investigate angiogenesis in vivo. J Vis Exp 77:e50546. 
https ://doi.org/10.3791/50546 

 419. Powner MB, Vevis K, McKenzie JA, Gandhi P, Jadeja S, Frut-
tiger M (2012) Visualization of gene expression in whole mouse 
retina by in situ hybridization. Nat Protoc 7(6):1086–1096. https 
://doi.org/10.1038/nprot .2012.050

 420. Gerhardt H, Golding M, Fruttiger M, Ruhrberg C, Lundkvist 
A, Abramsson A, Jeltsch M, Mitchell C, Alitalo K, Shima D, 
Betsholtz C (2003) VEGF guides angiogenic sprouting utilizing 
endothelial tip cell filopodia. J Cell Biol 161(6):1163–1177. https 
://doi.org/10.1083/jcb.20030 2047

 421. del Toro R, Prahst C, Mathivet T, Siegfried G, Kaminker JS, 
Larrivee B, Breant C, Duarte A, Takakura N, Fukamizu A, Pen-
ninger J, Eichmann A (2010) Identification and functional analy-
sis of endothelial tip cell-enriched genes. Blood 116(19):4025–
4033. https ://doi.org/10.1182/blood -2010-02-27081 9

 422. Siemerink MJ, Klaassen I, Vogels IM, Griffioen AW, Van 
Noorden CJ, Schlingemann RO (2012) CD34 marks angiogenic 
tip cells in human vascular endothelial cell cultures. Angiogen-
esis 15(1):151–163. https ://doi.org/10.1007/s1045 6-011-9251-z

 423. Pitulescu ME, Schmidt I, Giaimo BD, Antoine T, Berkenfeld F, 
Ferrante F, Park H, Ehling M, Biljes D, Rocha SF, Langen UH, 
Stehling M, Nagasawa T, Ferrara N, Borggrefe T, Adams RH 
(2017) Dll4 and Notch signalling couples sprouting angiogenesis 
and artery formation. Nat Cell Biol 19(8):915–927. https ://doi.
org/10.1038/ncb35 55

 424. Hellstrom M, Phng LK, Hofmann JJ, Wallgard E, Coultas L, 
Lindblom P, Alva J, Nilsson AK, Karlsson L, Gaiano N, Yoon 
K, Rossant J, Iruela-Arispe ML, Kalen M, Gerhardt H, Betsholtz 
C (2007) Dll4 signalling through Notch1 regulates formation of 
tip cells during angiogenesis. Nature 445(7129):776–780. https 
://doi.org/10.1038/natur e0557 1

 425. Spuul P, Daubon T, Pitter B, Alonso F, Fremaux I, Kramer I, 
Montanez E, Genot E (2016) VEGF-A/notch-induced podosomes 
proteolyse basement membrane collagen-IV during Retinal 
sprouting angiogenesis. Cell Rep 17(2):484–500. https ://doi.
org/10.1016/j.celre p.2016.09.016

 426. Fraccaroli A, Franco CA, Rognoni E, Neto F, Rehberg M, Aszodi 
A, Wedlich-Soldner R, Pohl U, Gerhardt H, Montanez E (2012) 
Visualization of endothelial actin cytoskeleton in the mouse 
retina. PLoS ONE 7(10):e47488. https ://doi.org/10.1371/journ 
al.pone.00474 88

 427. Jakobsson L, Franco CA, Bentley K, Collins RT, Ponsioen B, 
Aspalter IM, Rosewell I, Busse M, Thurston G, Medvinsky A, 
Schulte-Merker S, Gerhardt H (2010) Endothelial cells dynami-
cally compete for the tip cell position during angiogenic sprout-
ing. Nat Cell Biol 12(10):943–953. https ://doi.org/10.1038/ncb21 
03

 428. Aspalter IM, Gordon E, Dubrac A, Ragab A, Narloch J, Vizan P, 
Geudens I, Collins RT, Franco CA, Abrahams CL, Thurston G, 
Fruttiger M, Rosewell I, Eichmann A, Gerhardt H (2015) Alk1 
and Alk5 inhibition by Nrp1 controls vascular sprouting down-
stream of Notch. Nat Commun 6:7264. https ://doi.org/10.1038/
ncomm s8264 

 429. Schlingemann RO, Rietveld FJ, de Waal RM, Bradley NJ, Skene 
AI, Davies AJ, Greaves MF, Denekamp J, Ruiter DJ (1990) 
Leukocyte antigen CD34 is expressed by a subset of cultured 
endothelial cells and on endothelial abluminal microprocesses 

https://doi.org/10.1007/s10456-012-9272-2
https://doi.org/10.1002/adfm.201101662
https://doi.org/10.1002/adfm.201101662
https://doi.org/10.1016/j.ymeth.2012.01.006
https://doi.org/10.3791/3065
https://doi.org/10.1182/blood-2011-08-375188
https://doi.org/10.1182/blood-2011-08-375188
https://doi.org/10.1038/s41598-017-00809-1
https://doi.org/10.1038/s41598-017-00809-1
https://doi.org/10.1007/s10456-013-9354-9
https://doi.org/10.1007/s10456-013-9354-9
https://doi.org/10.1056/NEJMoa0903036
https://doi.org/10.1038/jid.2011.300
https://doi.org/10.1172/JCI76004
https://doi.org/10.1182/blood-2011-08-372946
https://doi.org/10.1182/blood-2011-08-372946
https://doi.org/10.1089/ten.TEA.2014.0545
https://doi.org/10.1089/ten.TEA.2014.0545
https://doi.org/10.3791/50546
https://doi.org/10.1038/nprot.2012.050
https://doi.org/10.1038/nprot.2012.050
https://doi.org/10.1083/jcb.200302047
https://doi.org/10.1083/jcb.200302047
https://doi.org/10.1182/blood-2010-02-270819
https://doi.org/10.1007/s10456-011-9251-z
https://doi.org/10.1038/ncb3555
https://doi.org/10.1038/ncb3555
https://doi.org/10.1038/nature05571
https://doi.org/10.1038/nature05571
https://doi.org/10.1016/j.celrep.2016.09.016
https://doi.org/10.1016/j.celrep.2016.09.016
https://doi.org/10.1371/journal.pone.0047488
https://doi.org/10.1371/journal.pone.0047488
https://doi.org/10.1038/ncb2103
https://doi.org/10.1038/ncb2103
https://doi.org/10.1038/ncomms8264
https://doi.org/10.1038/ncomms8264


 Angiogenesis

1 3

in the tumor stroma. Lab Investig J Tech Methods Pathol 
62(6):690–696

 430. Fantin A, Lampropoulou A, Gestri G, Raimondi C, Senatore 
V, Zachary I, Ruhrberg C (2015) NRP1 Regulates CDC42 acti-
vation to promote filopodia formation in endothelial tip cells. 
Cell Rep 11(10):1577–1590. https ://doi.org/10.1016/j.celre 
p.2015.05.018

 431. Scott A, Powner MB, Gandhi P, Clarkin C, Gutmann DH, John-
son RS, Ferrara N, Fruttiger M (2010) Astrocyte-derived vas-
cular endothelial growth factor stabilizes vessels in the devel-
oping retinal vasculature. PLoS ONE 5(7):e11863. https ://doi.
org/10.1371/journ al.pone.00118 63

 432. Gimbrone MA Jr, Leapman SB, Cotran RS, Folkman J (1973) 
Tumor angiogenesis: iris neovascularization at a distance 
from experimental intraocular tumors. J Natl Cancer Inst 
50(1):219–228

 433. Muthukkaruppan V, Auerbach R (1979) Angiogenesis in the 
mouse cornea. Science 205(4413):1416–1418

 434. Polverini PJ, Leibovich SJ (1984) Induction of neovasculari-
zation in vivo and endothelial proliferation in vitro by tumor-
associated macrophages. Lab Investig J Tech Methods Pathol 
51(6):635–642

 435. Rogers MS, Birsner AE, D’Amato RJ (2007) The mouse cornea 
micropocket angiogenesis assay. Nat Protoc 2(10):2545–2550. 
https ://doi.org/10.1038/nprot .2007.368

 436. Morbidelli L, Ziche M (2016) The rabbit corneal pocket 
assay. Methods Mol Biol 1430:299–310. https ://doi.
org/10.1007/978-1-4939-3628-1_20

 437. Chang LK, Garcia-Cardena G, Farnebo F, Fannon M, Chen EJ, 
Butterfield C, Moses MA, Mulligan RC, Folkman J, Kaipainen 
A (2004) Dose-dependent response of FGF-2 for lymphangi-
ogenesis. Proc Natl Acad Sci USA 101(32):11658–11663. https 
://doi.org/10.1073/pnas.04042 72101 

 438. Kenyon BM, Voest EE, Chen CC, Flynn E, Folkman J, D’Amato 
RJ (1996) A model of angiogenesis in the mouse cornea. Invest 
Ophthalmol Vis Sci 37(8):1625–1632

 439. Bussolino F, Di Renzo MF, Ziche M, Bocchietto E, Olivero M, 
Naldini L, Gaudino G, Tamagnone L, Coffer A, Comoglio PM 
(1992) Hepatocyte growth factor is a potent angiogenic factor 
which stimulates endothelial cell motility and growth. J Cell Biol 
119(3):629–641

 440. Ziche M, Morbidelli L, Choudhuri R, Zhang HT, Donnini S, 
Granger HJ, Bicknell R (1997) Nitric oxide synthase lies down-
stream from vascular endothelial growth factor-induced but not 
basic fibroblast growth factor-induced angiogenesis. J Clin Invest 
99(11):2625–2634. https ://doi.org/10.1172/JCI11 9451

 441. Birsner AE, Benny O, D’Amato RJ (2014) The corneal micropo-
cket assay: a model of angiogenesis in the mouse eye. J Vis Exp. 
https ://doi.org/10.3791/51375 

 442. Schwartz S, George J, Ben-Shoshan J, Luboshits G, Avni I, Lev-
kovitch-Verbin H, Ziv H, Rosner M, Barak A (2008) Drug modi-
fication of angiogenesis in a rat cornea model. Invest Ophthalmol 
Vis Sci 49(1):250–254. https ://doi.org/10.1167/iovs.06-1337

 443. Laude A, Cackett PD, Vithana EN, Yeo IY, Wong D, Koh AH, 
Wong TY, Aung T (2010) Polypoidal choroidal vasculopathy 
and neovascular age-related macular degeneration: same or dif-
ferent disease? Prog Retinal Eye Res 29(1):19–29. https ://doi.
org/10.1016/j.prete yeres .2009.10.001

 444. Nowak-Sliwinska P, Sickenberg M, van den Bergh H, Koh AHC 
(2013) Photodynamic therapy for polypoidal choroidal vascu-
lopathy. Prog Eye Retinal Res 37:182–199

 445. Hartnett ME (2015) Pathophysiology and mechanisms of severe 
retinopathy of prematurity. Ophthalmology 122(1):200–210. 
https ://doi.org/10.1016/j.ophth a.2014.07.050

 446. Smith LE, Wesolowski E, McLellan A, Kostyk SK, D’Amato R, 
Sullivan R, D’Amore PA (1994) Oxygen-induced retinopathy in 
the mouse. Invest Ophthalmol Vis Sci 35(1):101–111

 447. Otani A, Slike BM, Dorrell MI, Hood J, Kinder K, Ewalt KL, 
Cheresh D, Schimmel P, Friedlander M (2002) A fragment of 
human TrpRS as a potent antagonist of ocular angiogenesis. 
Proc Natl Acad Sci USA 99(1):178–183. https ://doi.org/10.1073/
pnas.01260 1899

 448. Ritter MR, Aguilar E, Banin E, Scheppke L, Uusitalo-Jarvinen 
H, Friedlander M (2005) Three-dimensional in vivo imaging of 
the mouse intraocular vasculature during development and dis-
ease. Invest Ophthalmol Vis Sci 46(9):3021–3026. https ://doi.
org/10.1167/iovs.05-0153

 449. Stahl A, Connor KM, Sapieha P, Willett KL, Krah NM, Dennison 
RJ, Chen J, Guerin KI, Smith LE (2009) Computer-aided quanti-
fication of retinal neovascularization. Angiogenesis 12(3):297–
301. https ://doi.org/10.1007/s1045 6-009-9155-3

 450. Wangsa-Wirawan ND, Linsenmeier RA (2003) Retinal oxygen: 
fundamental and clinical aspects. Arch Ophthalmol 121(4):547–
557. https ://doi.org/10.1001/archo pht.121.4.547

 451. Gu X, Samuel S, El-Shabrawey M, Caldwell RB, Bartoli M, 
Marcus DM, Brooks SE (2002) Effects of sustained hyperoxia 
on revascularization in experimental retinopathy of prematurity. 
Invest Ophthalmol Vis Sci 43(2):496–502

 452. Chen J, Connor KM, Aderman CM, Willett KL, Aspegren OP, 
Smith LE (2009) Suppression of retinal neovascularization by 
erythropoietin siRNA in a mouse model of proliferative retin-
opathy. Invest Ophthalmol Vis Sci 50(3):1329–1335. https ://doi.
org/10.1167/iovs.08-2521

 453. Pierce EA, Avery RL, Foley ED, Aiello LP, Smith LE (1995) 
Vascular endothelial growth factor/vascular permeability factor 
expression in a mouse model of retinal neovascularization. Proc 
Natl Acad Sci USA 92(3):905–909

 454. Ozaki H, Yu AY, Della N, Ozaki K, Luna JD, Yamada H, Hackett 
SF, Okamoto N, Zack DJ, Semenza GL, Campochiaro PA (1999) 
Hypoxia inducible factor-1alpha is increased in ischemic retina: 
temporal and spatial correlation with VEGF expression. Invest 
Ophthalmol Vis Sci 40(1):182–189

 455. Smith LE, Shen W, Perruzzi C, Soker S, Kinose F, Xu X, Rob-
inson G, Driver S, Bischoff J, Zhang B, Schaeffer JM, Senger 
DR (1999) Regulation of vascular endothelial growth factor-
dependent retinal neovascularization by insulin-like growth 
factor-1 receptor. Nat Med 5(12):1390–1395. https ://doi.
org/10.1038/70963 

 456. Connor KM, Krah NM, Dennison RJ, Aderman CM, Chen J, 
Guerin KI, Sapieha P, Stahl A, Willett KL, Smith LE (2009) 
Quantification of oxygen-induced retinopathy in the mouse: a 
model of vessel loss, vessel regrowth and pathological angio-
genesis. Nat Protoc 4(11):1565–1573. https ://doi.org/10.1038/
nprot .2009.187

 457. Xiao S, Bucher F, Wu Y, Rokem A, Lee CS, Marra KV, Fallon 
R, Diaz-Aguilar S, Aguilar E, Friedlander M, Lee AY (2017) 
Fully automated, deep learning segmentation of oxygen-induced 
retinopathy images. JCI Insight. https ://doi.org/10.1172/jci.insig 
ht.97585 

 458. Stahl A, Chen J, Sapieha P, Seaward MR, Krah NM, Denni-
son RJ, Favazza T, Bucher F, Lofqvist C, Ong H, Hellstrom A, 
Chemtob S, Akula JD, Smith LE (2010) Postnatal weight gain 
modifies severity and functional outcome of oxygen-induced 
proliferative retinopathy. Am J Pathol 177(6):2715–2723. https 
://doi.org/10.2353/ajpat h.2010.10052 6

 459. de Jong PT (2006) Age-related macular degeneration. N Engl J 
Med 355(14):1474–1485. https ://doi.org/10.1056/NEJMr a0623 
26

 460. Friedman DS, O’Colmain BJ, Munoz B, Tomany SC, McCarty 
C, de Jong PT, Nemesure B, Mitchell P, Kempen J, Eye Diseases 

https://doi.org/10.1016/j.celrep.2015.05.018
https://doi.org/10.1016/j.celrep.2015.05.018
https://doi.org/10.1371/journal.pone.0011863
https://doi.org/10.1371/journal.pone.0011863
https://doi.org/10.1038/nprot.2007.368
https://doi.org/10.1007/978-1-4939-3628-1_20
https://doi.org/10.1007/978-1-4939-3628-1_20
https://doi.org/10.1073/pnas.0404272101
https://doi.org/10.1073/pnas.0404272101
https://doi.org/10.1172/JCI119451
https://doi.org/10.3791/51375
https://doi.org/10.1167/iovs.06-1337
https://doi.org/10.1016/j.preteyeres.2009.10.001
https://doi.org/10.1016/j.preteyeres.2009.10.001
https://doi.org/10.1016/j.ophtha.2014.07.050
https://doi.org/10.1073/pnas.012601899
https://doi.org/10.1073/pnas.012601899
https://doi.org/10.1167/iovs.05-0153
https://doi.org/10.1167/iovs.05-0153
https://doi.org/10.1007/s10456-009-9155-3
https://doi.org/10.1001/archopht.121.4.547
https://doi.org/10.1167/iovs.08-2521
https://doi.org/10.1167/iovs.08-2521
https://doi.org/10.1038/70963
https://doi.org/10.1038/70963
https://doi.org/10.1038/nprot.2009.187
https://doi.org/10.1038/nprot.2009.187
https://doi.org/10.1172/jci.insight.97585
https://doi.org/10.1172/jci.insight.97585
https://doi.org/10.2353/ajpath.2010.100526
https://doi.org/10.2353/ajpath.2010.100526
https://doi.org/10.1056/NEJMra062326
https://doi.org/10.1056/NEJMra062326


Angiogenesis 

1 3

Prevalence Research G (2004) Prevalence of age-related macular 
degeneration in the United States. Arch Ophthalmol 122(4):564–
572. https ://doi.org/10.1001/archo pht.122.4.564

 461. Jost M, Maillard C, Lecomte J, Lambert V, Tjwa M, Blaise P, 
Alvarez Gonzalez ML, Bajou K, Blacher S, Motte P, Humblet 
C, Defresne MP, Thiry M, Frankenne F, Gothot A, Carmeliet 
P, Rakic JM, Foidart JM, Noel A (2007) Tumoral and choroi-
dal vascularization: differential cellular mechanisms involving 
plasminogen activator inhibitor type I. Am J Pathol 171(4):1369–
1380. https ://doi.org/10.2353/ajpat h.2007.07007 4

 462. Pennesi ME, Neuringer M, Courtney RJ (2012) Animal mod-
els of age related macular degeneration. Mol Aspects Med 
33(4):487–509. https ://doi.org/10.1016/j.mam.2012.06.003

 463. Poor SH, Qiu Y, Fassbender ES, Shen S, Woolfenden A, Delp-
ero A, Kim Y, Buchanan N, Gebuhr TC, Hanks SM, Meredith 
EL, Jaffee BD, Dryja TP (2014) Reliability of the mouse model 
of choroidal neovascularization induced by laser photocoagula-
tion. Invest Ophthalmol Vis Sci 55(10):6525–6534. https ://doi.
org/10.1167/iovs.14-15067 

 464. Ryan SJ (1979) The development of an experimental model of 
subretinal neovascularization in disciform macular degeneration. 
Trans Am Ophthalmol Soc 77:707–745

 465. Krzystolik MG, Afshari MA, Adamis AP, Gaudreault J, Gragou-
das ES, Michaud NA, Li W, Connolly E, O’Neill CA, Miller JW 
(2002) Prevention of experimental choroidal neovascularization 
with intravitreal anti-vascular endothelial growth factor antibody 
fragment. Arch Ophthalmol 120(3):338–346

 466. Lambert V, Lecomte J, Hansen S, Blacher S, Gonzalez ML, 
Struman I, Sounni NE, Rozet E, de Tullio P, Foidart JM, Rakic 
JM, Noel A (2013) Laser-induced choroidal neovascularization 
model to study age-related macular degeneration in mice. Nat 
Protoc 8(11):2197–2211. https ://doi.org/10.1038/nprot .2013.135

 467. Gong Y, Li J, Sun Y, Fu Z, Liu CH, Evans L, Tian K, Saba 
N, Fredrick T, Morss P, Chen J, Smith LE (2015) Optimization 
of an Image-Guided Laser-Induced Choroidal Neovasculariza-
tion Model in Mice. PLoS ONE 10(7):e0132643. https ://doi.
org/10.1371/journ al.pone.01326 43

 468. Zhu Y, Lu Q, Shen J, Zhang L, Gao Y, Shen X, Xie B (2014) 
Improvement and optimization of standards for a preclinical 
animal test model of laser induced choroidal neovasculariza-
tion. PLoS ONE 9(4):e94743. https ://doi.org/10.1371/journ 
al.pone.00947 43

 469. Sandison J (1928) The transparent chamber of the rabbit’s ear 
giving a complete description of improved techniques of con-
struction and introduction and general account of growth and 
behaviour of living cells and tissues seen with the microscope. 
Am J Anat 41:447–472

 470. Jain RK, Munn LL, Fukumura D (2012) Rabbit ear chambers. 
Cold Spring Harb Protoc 7:813–814. https ://doi.org/10.1101/pdb.
prot0 70045 

 471. Algire GH (1943) An adaptation of the transparent chamber tech-
nique to the mouse. J Natl Cancer Inst 4:1–11

 472. Jain RK, Schlenger K, Hockel M, Yuan F (1997) Quantita-
tive angiogenesis assays: progress and problems. Nat Med 
3(11):1203–1208

 473. Fukumura D, Duda DG, Munn LL, Jain RK (2010) Tumor micro-
vasculature and microenvironment: novel insights through intra-
vital imaging in pre-clinical models. Microcirculation 17(3):206–
225. https ://doi.org/10.1111/j.1549-8719.2010.00029 .x

 474. Jain RK (2002) Angiogenesis and lymphangiogenesis in tumors: 
insights from intravital microscopy. Cold Spring Harb Symp 
Quant Biol 67:239–248

 475. Leunig M, Yuan F, Menger MD, Boucher Y, Goetz AE, Mess-
mer K, Jain RK (1992) Angiogenesis, microvascular architecture, 
microhemodynamics, and interstitial fluid pressure during early 

growth of human adenocarcinoma LS174T in SCID mice. Can 
Res 52(23):6553–6560

 476. Yuan F, Salehi HA, Boucher Y, Vasthare US, Tuma RF, Jain RK 
(1994) Vascular permeability and microcirculation of gliomas 
and mammary carcinomas transplanted in rat and mouse cranial 
windows. Can Res 54(17):4564–4568

 477. Dellian M, Witwer BP, Salehi HA, Yuan F, Jain RK (1996) 
Quantitation and physiological characterization of angiogenic 
vessels in mice: effect of basic fibroblast growth factor, vascular 
endothelial growth factor/vascular permeability factor, and host 
microenvironment. Am J Pathol 149(1):59–71

 478. Snuderl M, Batista A, Kirkpatrick ND, Ruiz de Almodo-
var C, Riedemann L, Walsh EC, Anolik R, Huang Y, Martin 
JD, Kamoun W, Knevels E, Schmidt T, Farrar CT, Vakoc BJ, 
Mohan N, Chung E, Roberge S, Peterson T, Bais C, Zhelyaz-
kova BH, Yip S, Hasselblatt M, Rossig C, Niemeyer E, Ferrara 
N, Klagsbrun M, Duda DG, Fukumura D, Xu L, Carmeliet P, 
Jain RK (2013) Targeting placental growth factor/neuropilin 1 
pathway inhibits growth and spread of medulloblastoma. Cell 
152(5):1065–1076. https ://doi.org/10.1016/j.cell.2013.01.036

 479. Askoxylakis V, Badeaux M, Roberge S, Batista A, Kirkpatrick N, 
Snuderl M, Amoozgar Z, Seano G, Ferraro GB, Chatterjee S, Xu 
L, Fukumura D, Duda DG, Jain RK (2017) A cerebellar window 
for intravital imaging of medulloblastoma in mice. Nat Protoc 
12(11):2251–2262. https ://doi.org/10.1038/nprot .2017.101

 480. Reiberger T, Chen Y, Ramjiawan RR, Hato T, Fan C, Samuel R, 
Roberge S, Huang P, Lauwers GY, Zhu AX, Bardeesy N, Jain 
RK, Duda DG (2015) An orthotopic mouse model of hepato-
cellular carcinoma with underlying liver cirrhosis. Nat Protoc 
10(8):1264–1274. https ://doi.org/10.1038/nprot .2015.080

 481. Rahbari NN, Kedrin D, Incio J, Liu H, Ho WW, Nia HT, Edrich 
CM, Jung K, Daubriac J, Chen I, Heishi T, Martin JD, Huang 
Y, Maimon N, Reissfelder C, Weitz J, Boucher Y, Clark JW, 
Grodzinsky AJ, Duda DG, Jain RK, Fukumura D (2016) Anti-
VEGF therapy induces ECM remodeling and mechanical barriers 
to therapy in colorectal cancer liver metastases. Sci Transl Med 
8(360):360ra135. https ://doi.org/10.1126/scitr anslm ed.aaf52 19

 482. Jain RK, Munn LL, Fukumura D (2013) Lung window prepara-
tion in mice. Cold Spring Harb Protoc. https ://doi.org/10.1101/
pdb.prot0 72678 

 483. Tsuzuki Y, Mouta Carreira C, Bockhorn M, Xu L, Jain RK, 
Fukumura D (2001) Pancreas microenvironment promotes VEGF 
expression and tumor growth: novel window models for pan-
creatic tumor angiogenesis and microcirculation. Lab Investig J 
Tech Methods Pathol 81(10):1439–1451

 484. Jain RK, Munn LL, Fukumura D (2012) Pancreatic tumor prepa-
ration in mice. Cold Spring Harb Protoc. https ://doi.org/10.1101/
pdb.prot0 72363 

 485. Vakoc BJ, Lanning RM, Tyrrell JA, Padera TP, Bartlett LA, 
Stylianopoulos T, Munn LL, Tearney GJ, Fukumura D, Jain 
RK, Bouma BE (2009) Three-dimensional microscopy of the 
tumor microenvironment in vivo using optical frequency domain 
imaging. Nat Med 15(10):1219–1223. https ://doi.org/10.1038/
nm.1971

 486. Jeong HS, Jones D, Liao S, Wattson DA, Cui CH, Duda DG, Wil-
lett CG, Jain RK, Padera TP (2015) Investigation of the lack of 
angiogenesis in the formation of lymph node metastases. J Natl 
Cancer Inst. https ://doi.org/10.1093/jnci/djv15 5

 487. Brown EB, Campbell RB, Tsuzuki Y, Xu L, Carmeliet P, Fuku-
mura D, Jain RK (2001) In vivo measurement of gene expres-
sion, angiogenesis and physiological function in tumors using 
multiphoton laser scanning microscopy. Nat Med 7(7):864–868. 
https ://doi.org/10.1038/89997 

 488. Bruns et al (2017) Science Trans Med (in press)
 489. Chen O, Zhao J, Chauhan VP, Cui J, Wong C, Harris DK, 

Wei H, Han HS, Fukumura D, Jain RK, Bawendi MG (2013) 

https://doi.org/10.1001/archopht.122.4.564
https://doi.org/10.2353/ajpath.2007.070074
https://doi.org/10.1016/j.mam.2012.06.003
https://doi.org/10.1167/iovs.14-15067
https://doi.org/10.1167/iovs.14-15067
https://doi.org/10.1038/nprot.2013.135
https://doi.org/10.1371/journal.pone.0132643
https://doi.org/10.1371/journal.pone.0132643
https://doi.org/10.1371/journal.pone.0094743
https://doi.org/10.1371/journal.pone.0094743
https://doi.org/10.1101/pdb.prot070045
https://doi.org/10.1101/pdb.prot070045
https://doi.org/10.1111/j.1549-8719.2010.00029.x
https://doi.org/10.1016/j.cell.2013.01.036
https://doi.org/10.1038/nprot.2017.101
https://doi.org/10.1038/nprot.2015.080
https://doi.org/10.1126/scitranslmed.aaf5219
https://doi.org/10.1101/pdb.prot072678
https://doi.org/10.1101/pdb.prot072678
https://doi.org/10.1101/pdb.prot072363
https://doi.org/10.1101/pdb.prot072363
https://doi.org/10.1038/nm.1971
https://doi.org/10.1038/nm.1971
https://doi.org/10.1093/jnci/djv155
https://doi.org/10.1038/89997


 Angiogenesis

1 3

Compact high-quality CdSe-CdS core-shell nanocrystals with 
narrow emission linewidths and suppressed blinking. Nat Mater 
12(5):445–451. https ://doi.org/10.1038/nmat3 539

 490. Stroh M, Zimmer JP, Duda DG, Levchenko TS, Cohen KS, 
Brown EB, Scadden DT, Torchilin VP, Bawendi MG, Fukumura 
D, Jain RK (2005) Quantum dots spectrally distinguish multiple 
species within the tumor milieu in vivo. Nat Med 11(6):678–682. 
https ://doi.org/10.1038/nm124 7

 491. Brown E, McKee T, diTomaso E, Pluen A, Seed B, Boucher Y, 
Jain RK (2003) Dynamic imaging of collagen and its modulation 
in tumors in vivo using second-harmonic generation. Nat Med 
9(6):796–800. https ://doi.org/10.1038/nm879 

 492. Perentes JY, McKee TD, Ley CD, Mathiew H, Dawson M, Padera 
TP, Munn LL, Jain RK, Boucher Y (2009) In vivo imaging of 
extracellular matrix remodeling by tumor-associated fibroblasts. 
Nat Methods 6(2):143–145. https ://doi.org/10.1038/nmeth .1295

 493. Gruionu G, Bazou D, Maimon N, Onita-Lenco M, Gruionu LG, 
Huang P, Munn LL (2016) Implantable tissue isolation chambers 
for analyzing tumor dynamics in vivo. Lab Chip 16(10):1840–
1851. https ://doi.org/10.1039/c6lc0 0237d 

 494. Jain RK, Munn LL, Fukumura D (2013) Measuring angiogenesis 
and hemodynamics in mice. Cold Spring Harb Protoc 4:354–358. 
https ://doi.org/10.1101/pdb.prot0 73916 

 495. Kamoun WS, Chae SS, Lacorre DA, Tyrrell JA, Mitre M, Gillis-
sen MA, Fukumura D, Jain RK, Munn LL (2010) Simultaneous 
measurement of RBC velocity, flux, hematocrit and shear rate 
in vascular networks. Nat Methods 7(8):655–660. https ://doi.
org/10.1038/nmeth .1475

 496. Kirkpatrick ND, Chung E, Cook DC, Han X, Gruionu G, Liao 
S, Munn LL, Padera TP, Fukumura D, Jain RK (2012) Video-
rate resonant scanning multiphoton microscopy: an emerging 
technique for intravital imaging of the tumor microenvironment. 
Intravital. https ://doi.org/10.4161/intv.21557 

 497. Melder RJ, Koenig GC, Witwer BP, Safabakhsh N, Munn LL, 
Jain RK (1996) During angiogenesis, vascular endothelial growth 
factor and basic fibroblast growth factor regulate natural killer 
cell adhesion to tumor endothelium. Nat Med 2(9):992–997

 498. Alexandrakis G, Brown EB, Tong RT, McKee TD, Campbell RB, 
Boucher Y, Jain RK (2004) Two-photon fluorescence correlation 
microscopy reveals the two-phase nature of transport in tumors. 
Nat Med 10(2):203–207. https ://doi.org/10.1038/nm981 

 499. Chauhan VP, Stylianopoulos T, Martin JD, Popovic Z, Chen 
O, Kamoun WS, Bawendi MG, Fukumura D, Jain RK (2012) 
Normalization of tumour blood vessels improves the delivery 
of nanomedicines in a size-dependent manner. Nat Nanotechnol 
7(6):383–388. https ://doi.org/10.1038/nnano .2012.45

 500. Chauhan VP, Martin JD, Liu H, Lacorre DA, Jain SR, Kozin 
SV, Stylianopoulos T, Mousa AS, Han X, Adstamongkonkul P, 
Popovic Z, Huang P, Bawendi MG, Boucher Y, Jain RK (2013) 
Angiotensin inhibition enhances drug delivery and potentiates 
chemotherapy by decompressing tumour blood vessels. Nat 
Commun 4:2516. https ://doi.org/10.1038/ncomm s3516 

 501. Hobbs SK, Monsky WL, Yuan F, Roberts WG, Griffith L, 
Torchilin VP, Jain RK (1998) Regulation of transport pathways 
in tumor vessels: role of tumor type and microenvironment. Proc 
Natl Acad Sci USA 95(8):4607–4612

 502. Berk DA, Yuan F, Leunig M, Jain RK (1997) Direct in vivo 
measurement of targeted binding in a human tumor xenograft. 
Proc Natl Acad Sci USA 94:1785–1790

 503. Martin GR, Jain RK (1994) Noninvasive measurement of inter-
stitial pH profiles in normal and neoplastic tissue using fluores-
cence ratio imaging microscopy. Can Res 54(21):5670–5674

 504. Torres Filho IP, Leunig M, Yuan F, Intaglietta M, Jain RK (1994) 
Noninvasive measurement of microvascular and interstitial oxy-
gen profiles in a human tumor in SCID mice. Proc Natl Acad Sci 
USA 91(6):2081–2085

 505. Helmlinger G, Yuan F, Dellian M, Jain RK (1997) Interstitial pH 
and  pO2 gradients in solid tumors in vivo: high-resolution meas-
urements reveal a lack of correlation. Nat Med 3(2):177–182

 506. Fukumura D, Chen Y, Gohongi T, Seed B, Jain RK (1998) VEGF 
expression in tumors is regulated by oxygen gradient rather than 
absolute level of hypoxia itself. Proc Am Assoc Cancer Res 
39:271

 507. Yuan F, Chen Y, Dellian M, Safabakhsh N, Ferrara N, Jain RK 
(1996) Time-dependent vascular regression and permeability 
changes in established human tumor xenografts induced by an 
anti-vascular endothelial growth factor/vascular permeability fac-
tor antibody. Proc Natl Acad Sci USA 93(25):14765–14770

 508. Padera TP, Stoll BR, So PT, Jain RK (2002) Conventional and 
high-speed intravital multiphoton laser scanning microscopy of 
microvasculature, lymphatics, and leukocyte-endothelial interac-
tions. Mol Imaging 1(1):9–15

 509. Cheng G, Liao S, Kit Wong H, Lacorre DA, di Tomaso E, Au P, 
Fukumura D, Jain RK, Munn LL (2011) Engineered blood vessel 
networks connect to host vasculature via wrapping-and-tapping 
anastomosis. Blood 118(17):4740–4749. https ://doi.org/10.1182/
blood -2011-02-33842 6

 510. Winkler F, Kozin SV, Tong RT, Chae SS, Booth MF, Garkavt-
sev I, Xu L, Hicklin DJ, Fukumura D, di Tomaso E, Munn LL, 
Jain RK (2004) Kinetics of vascular normalization by VEGFR2 
blockade governs brain tumor response to radiation: role of oxy-
genation, angiopoietin-1, and matrix metalloproteinases. Cancer 
Cell 6(6):553–563. https ://doi.org/10.1016/j.ccr.2004.10.011

 511. Jung K, Heishi T, Khan OF, Kowalski PS, Incio J, Rahbari NN, 
Chung E, Clark JW, Willett CG, Luster AD, Yun SH, Langer 
R, Anderson DG, Padera TP, Jain RK, Fukumura D (2017) 
Ly6Clo monocytes drive immunosuppression and confer resist-
ance to anti-VEGFR2 cancer therapy. J Clin Invest. https ://doi.
org/10.1172/JCI93 182

 512. Goel S, Gupta N, Walcott BP, Snuderl M, Kesler CT, Kirkpatrick 
ND, Heishi T, Huang Y, Martin JD, Ager E, Samuel R, Wang S, 
Yazbek J, Vakoc BJ, Peterson RT, Padera TP, Duda DG, Fuku-
mura D, Jain RK (2013) Effects of vascular-endothelial protein 
tyrosine phosphatase inhibition on breast cancer vasculature and 
metastatic progression. J Natl Cancer Inst 105(16):1188–1201. 
https ://doi.org/10.1093/jnci/djt16 4

 513. Kodack DP, Askoxylakis V, Ferraro GB, Sheng Q, Badeaux M, 
Goel S, Qi X, Shankaraiah R, Cao ZA, Ramjiawan RR, Bezwada 
D, Patel B, Song Y, Costa C, Naxerova K, Wong CSF, Kloep-
per J, Das R, Tam A, Tanboon J, Duda DG, Miller CR, Siegel 
MB, Anders CK, Sanders M, Estrada MV, Schlegel R, Arteaga 
CL, Brachtel E, Huang A, Fukumura D, Engelman JA, Jain RK 
(2017) The brain microenvironment mediates resistance in lumi-
nal breast cancer to PI3 K inhibition through HER3 activation. 
Sci Transl Med. https ://doi.org/10.1126/scitr anslm ed.aal46 82

 514. Lagerweij T, Dusoswa SA, Negrean A, Hendrikx EML, de Vries 
HE, Kole J, Garcia-Vallejo JJ, Mansvelder HD, Vandertop WP, 
Noske DP, Tannous BA, Musters RJP, van Kooyk Y, Wesseling 
P, Zhao XW, Wurdinger T (2017) Optical clearing and fluores-
cence deep-tissue imaging for 3D quantitative analysis of the 
brain tumor microenvironment. Angiogenesis 20(4):533–546. 
https ://doi.org/10.1007/s1045 6-017-9565-6

 515. Farrar CT, Kamoun WS, Ley CD, Kim YR, Kwon SJ, Dai G, 
Rosen BR, di Tomaso E, Jain RK, Sorensen AG (2010) In vivo 
validation of MRI vessel caliber index measurement methods 
with intravital optical microscopy in a U87 mouse brain tumor 
model. Neuro Oncol 12(4):341–350. https ://doi.org/10.1093/
neuon c/nop03 2

 516. Gazit Y, Baish JW, Safabakhsh N, Leunig M, Baxter LT, Jain RK 
(1997) Fractal characteristics of tumor vascular architecture dur-
ing tumor growth and regression. Microcirculation 4(4):395–402

https://doi.org/10.1038/nmat3539
https://doi.org/10.1038/nm1247
https://doi.org/10.1038/nm879
https://doi.org/10.1038/nmeth.1295
https://doi.org/10.1039/c6lc00237d
https://doi.org/10.1101/pdb.prot073916
https://doi.org/10.1038/nmeth.1475
https://doi.org/10.1038/nmeth.1475
https://doi.org/10.4161/intv.21557
https://doi.org/10.1038/nm981
https://doi.org/10.1038/nnano.2012.45
https://doi.org/10.1038/ncomms3516
https://doi.org/10.1182/blood-2011-02-338426
https://doi.org/10.1182/blood-2011-02-338426
https://doi.org/10.1016/j.ccr.2004.10.011
https://doi.org/10.1172/JCI93182
https://doi.org/10.1172/JCI93182
https://doi.org/10.1093/jnci/djt164
https://doi.org/10.1126/scitranslmed.aal4682
https://doi.org/10.1007/s10456-017-9565-6
https://doi.org/10.1093/neuonc/nop032
https://doi.org/10.1093/neuonc/nop032


Angiogenesis 

1 3

 517. Gazit Y, Berk DA, Leunig M, Baxter LT, Jain RK (1995) Scale-
invariant behavior and vascular network formation in normal 
and tumor tissue. Phys Rev Lett 75(12):2428–2431. https ://doi.
org/10.1103/PhysR evLet t.75.2428

 518. Baish JW, Stylianopoulos T, Lanning RM, Kamoun WS, Fuku-
mura D, Munn LL, Jain RK (2011) Scaling rules for diffusive 
drug delivery in tumor and normal tissues. Proc Natl Acad Sci 
USA 108(5):1799–1803. https ://doi.org/10.1073/pnas.10181 
54108 

 519. Baish JW, Jain RK (1998) Cancer, angiogenesis and fractals. Nat 
Med 4(9):984. https ://doi.org/10.1038/1952

 520. Hanahan D (1985) Heritable formation of pancreatic beta-cell 
tumours in transgenic mice expressing recombinant insulin/sim-
ian virus 40 oncogenes. Nature 315(6015):115–122

 521. Folkman J, Merler E, Abernathy C, Williams G (1971) Isola-
tion of a tumor factor responsible for angiogenesis. J Exp Med 
133(2):275–288

 522. Folkman J, Watson K, Ingber D, Hanahan D (1989) Induction of 
angiogenesis during the transition from hyperplasia to neoplasia. 
Nature 339(6219):58–61

 523. Hanahan D, Folkman J (1996) Patterns and emerging mecha-
nisms of the angiogenic switch during tumorigenesis. Cell 
86(3):353–364

 524. Christofori G, Naik P, Hanahan D (1995) Vascular endothelial 
growth factor and its receptors, flt-1 and flk-1, are expressed in 
normal pancreatic islets and throughout islet cell tumorigenesis. 
Mol Endocrinol 9(12):1760–1770

 525. Inoue M, Hager JH, Ferrara N, Gerber HP, Hanahan D (2002) 
VEGF-A has a critical, nonredundant role in angiogenic 
switching and pancreatic beta cell carcinogenesis. Cancer Cell 
1(2):193–202

 526. Bergers G, Brekken R, McMahon G, Vu TH, Itoh T, Tamaki K, 
Tanzawa K, Thorpe P, Itohara S, Werb Z, Hanahan D (2000) 
Matrix metalloproteinase-9 triggers the angiogenic switch dur-
ing carcinogenesis. Nat Cell Biol 2(10):737–744. https ://doi.
org/10.1038/35036 374

 527. Parangi S, O’Reilly M, Christofori G, Holmgren L, Grosfeld J, 
Folkman J, Hanahan D (1996) Antiangiogenic therapy of trans-
genic mice impairs de novo tumor growth. Proc Natl Acad Sci 
USA 93(5):2002–2007

 528. Bergers G, Javaherian K, Lo KM, Folkman J, Hanahan D (1999) 
Effects of angiogenesis inhibitors on multistage carcinogenesis 
in mice. Science 284(5415):808–812

 529. Bergers G, Song S, Meyer-Morse N, Bergsland E, Hanahan D 
(2003) Benefits of targeting both pericytes and endothelial cells 
in the tumor vasculature with kinase inhibitors. J Clin Invest 
111(9):1287–1295. https ://doi.org/10.1172/JCI17 929

 530. Paez-Ribes M, Allen E, Hudock J, Takeda T, Okuyama H, 
Vinals F, Inoue M, Bergers G, Hanahan D, Casanovas O (2009) 
Antiangiogenic therapy elicits malignant progression of tumors 
to increased local invasion and distant metastasis. Cancer Cell 
15(3):220–231. https ://doi.org/10.1016/j.ccr.2009.01.027

 531. Raymond E, Dahan L, Raoul JL, Bang YJ, Borbath I, Lombard-
Bohas C, Valle J, Metrakos P, Smith D, Vinik A, Chen JS, Horsch 
D, Hammel P, Wiedenmann B, Van Cutsem E, Patyna S, Lu 
DR, Blanckmeister C, Chao R, Ruszniewski P (2011) Sunitinib 
malate for the treatment of pancreatic neuroendocrine tumors. 
N Engl J Med 364(6):501–513. https ://doi.org/10.1056/NEJMo 
a1003 825

 532. Chiu CW, Nozawa H, Hanahan D (2010) Survival benefit with 
proapoptotic molecular and pathologic responses from dual tar-
geting of mammalian target of rapamycin and epidermal growth 
factor receptor in a preclinical model of pancreatic neuroendo-
crine carcinogenesis. J Clin Oncol 28(29):4425–4433. https ://
doi.org/10.1200/JCO.2010.28.0198

 533. Yao JC, Pavel M, Lombard-Bohas C, Van Cutsem E, Voi M, 
Brandt U, He W, Chen D, Capdevila J, de Vries EGE, Tomassetti 
P, Hobday T, Pommier R, Oberg K (2016) Everolimus for the 
treatment of advanced pancreatic neuroendocrine tumors: overall 
survival and circulating biomarkers from the randomized, phase 
III RADIANT-3 study. J Clin Oncol 34(32):3906–3913. https ://
doi.org/10.1200/JCO.2016.68.0702

 534. Scarpa A, Chang DK, Nones K, Corbo V, Patch AM, Bailey P, 
Lawlor RT, Johns AL, Miller DK, Mafficini A, Rusev B, Scar-
doni M, Antonello D, Barbi S, Sikora KO, Cingarlini S, Vicentini 
C, McKay S, Quinn MC, Bruxner TJ, Christ AN, Harliwong I, 
Idrisoglu S, McLean S, Nourse C, Nourbakhsh E, Wilson PJ, 
Anderson MJ, Fink JL, Newell F, Waddell N, Holmes O, Kaza-
koff SH, Leonard C, Wood S, Xu Q, Nagaraj SH, Amato E, Dalai 
I, Bersani S, Cataldo I, Dei Tos AP, Capelli P, Davi MV, Landoni 
L, Malpaga A, Miotto M, Whitehall VL, Leggett BA, Harris JL, 
Harris J, Jones MD, Humphris J, Chantrill LA, Chin V, Nagrial 
AM, Pajic M, Scarlett CJ, Pinho A, Rooman I, Toon C, Wu J, 
Pinese M, Cowley M, Barbour A, Mawson A, Humphrey ES, 
Colvin EK, Chou A, Lovell JA, Jamieson NB, Duthie F, Gingras 
MC, Fisher WE, Dagg RA, Lau LM, Lee M, Pickett HA, Reddel 
RR, Samra JS, Kench JG, Merrett ND, Epari K, Nguyen NQ, 
Zeps N, Falconi M, Simbolo M, Butturini G, Van Buren G, Par-
telli S, Fassan M, Genome APC, Australian Pancreatic Cancer 
Genome I, Khanna KK, Gill AJ, Wheeler DA, Gibbs RA, Mus-
grove EA, Bassi C, Tortora G, Pederzoli P, Pearson JV, Waddell 
N, Biankin AV, Grimmond SM (2017) Whole-genome landscape 
of pancreatic neuroendocrine tumours. Nature 543(7643):65–71. 
https ://doi.org/10.1038/natur e2106 3

 535. Sadanandam A, Wullschleger S, Lyssiotis CA, Grotzinger C, 
Barbi S, Bersani S, Korner J, Wafy I, Mafficini A, Lawlor RT, 
Simbolo M, Asara JM, Blaker H, Cantley LC, Wiedenmann B, 
Scarpa A, Hanahan D (2015) A cross-species analysis in pan-
creatic neuroendocrine tumors reveals molecular subtypes with 
distinctive clinical, metastatic, developmental, and metabolic 
characteristics. Cancer Discov 5(12):1296–1313. https ://doi.
org/10.1158/2159-8290.CD-15-0068

 536. Mancuso MR, Davis R, Norberg SM, O’Brien S, Sennino B, 
Nakahara T, Yao VJ, Inai T, Brooks P, Freimark B, Shalin-
sky DR, Hu-Lowe DD, McDonald DM (2006) Rapid vascular 
regrowth in tumors after reversal of VEGF inhibition. J Clin 
Invest 116(10):2610–2621

 537. Casanovas O, Hicklin DJ, Bergers G, Hanahan D (2005) Drug 
resistance by evasion of antiangiogenic targeting of VEGF 
signaling in late-stage pancreatic islet tumors. Cancer Cell 
8(4):299–309

 538. Rivera LB, Meyronet D, Hervieu V, Frederick MJ, Bergsland E, 
Bergers G (2015) Intratumoral myeloid cells regulate respon-
siveness and resistance to antiangiogenic therapy. Cell Rep 
11(4):577–591. https ://doi.org/10.1016/j.celre p.2015.03.055

 539. Rivera LB, Bergers G (2015) Intertwined regulation of angiogen-
esis and immunity by myeloid cells. Trends Immunol 36(4):240–
249. https ://doi.org/10.1016/j.it.2015.02.005

 540. Allen E, Jabouille A, Rivera LB, Lodewijckx I, Missiaen R, Steri 
V, Feyen K, Tawney J, Hanahan D, Michael IP, Bergers G (2017) 
Combined antiangiogenic and anti-PD-L1 therapy stimulates 
tumor immunity through HEV formation. Sci Transl Med. https 
://doi.org/10.1126/scitr anslm ed.aak96 79

 541. Ellis LM, Reardon DA (2009) Cancer: the nuances of therapy. 
Nature 458(7236):290–292. https ://doi.org/10.1038/45829 0a

 542. Guy CT, Cardiff RD, Muller WJ (1992) Induction of mammary 
tumors by expression of polyomavirus middle T oncogene: a 
transgenic mouse model for metastatic disease. Mol Cell Biol 
12(3):954–961

https://doi.org/10.1103/PhysRevLett.75.2428
https://doi.org/10.1103/PhysRevLett.75.2428
https://doi.org/10.1073/pnas.1018154108
https://doi.org/10.1073/pnas.1018154108
https://doi.org/10.1038/1952
https://doi.org/10.1038/35036374
https://doi.org/10.1038/35036374
https://doi.org/10.1172/JCI17929
https://doi.org/10.1016/j.ccr.2009.01.027
https://doi.org/10.1056/NEJMoa1003825
https://doi.org/10.1056/NEJMoa1003825
https://doi.org/10.1200/JCO.2010.28.0198
https://doi.org/10.1200/JCO.2010.28.0198
https://doi.org/10.1200/JCO.2016.68.0702
https://doi.org/10.1200/JCO.2016.68.0702
https://doi.org/10.1038/nature21063
https://doi.org/10.1158/2159-8290.CD-15-0068
https://doi.org/10.1158/2159-8290.CD-15-0068
https://doi.org/10.1016/j.celrep.2015.03.055
https://doi.org/10.1016/j.it.2015.02.005
https://doi.org/10.1126/scitranslmed.aak9679
https://doi.org/10.1126/scitranslmed.aak9679
https://doi.org/10.1038/458290a


 Angiogenesis

1 3

 543. Lin EY, Nguyen AV, Russell RG, Pollard JW (2001) Colony-
stimulating factor 1 promotes progression of mammary tumors 
to malignancy. J Exp Med 193(6):727–740

 544. Lin EY, Jones JG, Li P, Zhu L, Whitney KD, Muller WJ, Pollard 
JW (2003) Progression to malignancy in the polyoma middle T 
oncoprotein mouse breast cancer model provides a reliable model 
for human diseases. Am J Pathol 163(5):2113–2126. https ://doi.
org/10.1016/S0002 -9440(10)63568 -7

 545. Lin EY, Li JF, Gnatovskiy L, Deng Y, Zhu L, Grzesik DA, 
Qian H, Xue XN, Pollard JW (2006) Macrophages regulate 
the angiogenic switch in a mouse model of breast cancer. Can 
Res 66(23):11238–11246. https ://doi.org/10.1158/0008-5472.
CAN-06-1278

 546. DeNardo DG, Brennan DJ, Rexhepaj E, Ruffell B, Shiao SL, 
Madden SF, Gallagher WM, Wadhwani N, Keil SD, Junaid 
SA, Rugo HS, Hwang ES, Jirstrom K, West BL, Coussens LM 
(2011) Leukocyte complexity predicts breast cancer survival and 
functionally regulates response to chemotherapy. Cancer Discov 
1(1):54–67. https ://doi.org/10.1158/2159-8274.CD-10-0028

 547. Keklikoglou I, Kadioglu E, Bissinger S, Langlois B, Bellotti A, 
Orend G, Ries CH, De Palma M (2018) Periostin limits tumor 
response to VEGFA inhibition. Cell reports 22(10):2530–2540. 
https ://doi.org/10.1016/j.celre p.2018.02.035

 548. Lin EY, Li JF, Bricard G, Wang W, Deng Y, Sellers R, Por-
celli SA, Pollard JW (2007) Vascular endothelial growth factor 
restores delayed tumor progression in tumors depleted of mac-
rophages. Mol Oncol 1(3):288–302. https ://doi.org/10.1016/j.
molon c.2007.10.003

 549. Stockmann C, Doedens A, Weidemann A, Zhang N, Takeda N, 
Greenberg JI, Cheresh DA, Johnson RS (2008) Deletion of vas-
cular endothelial growth factor in myeloid cells accelerates tumo-
rigenesis. Nature 456(7223):814–818. https ://doi.org/10.1038/
natur e0744 5

 550. De Palma M, Mazzieri R, Politi LS, Pucci F, Zonari E, Sitia G, 
Mazzoleni S, Moi D, Venneri MA, Indraccolo S, Falini A, Gui-
dotti LG, Galli R, Naldini L (2008) Tumor-targeted interferon-
alpha delivery by Tie2-expressing monocytes inhibits tumor 
growth and metastasis. Cancer Cell 14(4):299–311. https ://doi.
org/10.1016/j.ccr.2008.09.004

 551. Mazzieri R, Pucci F, Moi D, Zonari E, Ranghetti A, Berti A, 
Politi LS, Gentner B, Brown JL, Naldini L, De Palma M (2011) 
Targeting the ANG2/TIE2 axis inhibits tumor growth and metas-
tasis by impairing angiogenesis and disabling rebounds of proan-
giogenic myeloid cells. Cancer Cell 19(4):512–526. https ://doi.
org/10.1016/j.ccr.2011.02.005

 552. Jain RK (2014) Antiangiogenesis strategies revisited: from starv-
ing tumors to alleviating hypoxia. Cancer Cell 26(5):605–622. 
https ://doi.org/10.1016/j.ccell .2014.10.006

 553. Yeo EJ, Cassetta L, Qian BZ, Lewkowich I, Li JF, Stefater JA 
3rd, Smith AN, Wiechmann LS, Wang Y, Pollard JW, Lang RA 
(2014) Myeloid WNT7b mediates the angiogenic switch and 
metastasis in breast cancer. Can Res 74(11):2962–2973. https ://
doi.org/10.1158/0008-5472.CAN-13-2421

 554. Harney AS, Arwert EN, Entenberg D, Wang Y, Guo P, Qian BZ, 
Oktay MH, Pollard JW, Jones JG, Condeelis JS (2015) Real-
time imaging reveals local, transient vascular permeability, and 
tumor cell intravasation stimulated by TIE2hi macrophage-
derived VEGFA. Cancer Discov 5(9):932–943. https ://doi.
org/10.1158/2159-8290.CD-15-0012

 555. Wyckoff JB, Wang Y, Lin EY, Li JF, Goswami S, Stanley ER, 
Segall JE, Pollard JW, Condeelis J (2007) Direct visualization 
of macrophage-assisted tumor cell intravasation in mammary 
tumors. Can Res 67(6):2649–2656. https ://doi.org/10.1158/0008-
5472.CAN-06-1823

 556. Linde N, Casanova-Acebes M, Sosa MS, Mortha A, Rahman A, 
Farias E, Harper K, Tardio E, Reyes Torres I, Jones J, Condeelis 

J, Merad M, Aguirre-Ghiso JA (2018) Macrophages orchestrate 
breast cancer early dissemination and metastasis. Nat Commun 
9(1):21. https ://doi.org/10.1038/s4146 7-017-02481 -5

 557. Rigamonti N, Kadioglu E, Keklikoglou I, Wyser Rmili C, Leow 
CC, De Palma M (2014) Role of angiopoietin-2 in adaptive tumor 
resistance to VEGF signaling blockade. Cell Rep 8(3):696–706. 
https ://doi.org/10.1016/j.celre p.2014.06.059

 558. Schmittnaegel M, Rigamonti N, Kadioglu E, Cassara A, Wyser 
Rmili C, Kiialainen A, Kienast Y, Mueller HJ, Ooi CH, Laoui D, 
De Palma M (2017) Dual angiopoietin-2 and VEGFA inhibition 
elicits antitumor immunity that is enhanced by PD-1 checkpoint 
blockade. Sci Transl Med. https ://doi.org/10.1126/scitr anslm 
ed.aak96 70

 559. Bergers G, Hanahan D (2008) Modes of resistance to anti-
angiogenic therapy. Nat Rev Cancer 8(8):592–603. https ://doi.
org/10.1038/nrc24 42

 560. Schmittnaegel M, De Palma M (2017) Reprogramming tumor 
blood vessels for enhancing immunotherapy. Trends Cancer 
3(12):809–812. https ://doi.org/10.1016/j.treca n.2017.10.002

 561. Fukumura D, Kloepper J, Amoozgar Z, Duda DG, Jain RK 
(2018) Enhancing cancer immunotherapy using antiangiogen-
ics: opportunities and challenges. Nat Rev Clin Oncol. https ://
doi.org/10.1038/nrcli nonc.2018.29

 562. Donnem T, Reynolds AR, Kuczynski EA, Gatter K, Vermeulen 
PB, Kerbel RS, Harris AL, Pezzella F (2018) Non-angiogenic 
tumours and their influence on cancer biology. Nat Rev Cancer. 
https ://doi.org/10.1038/nrc.2018.14

 563. Eklund L, Bry M, Alitalo K (2013) Mouse models for study-
ing angiogenesis and lymphangiogenesis in cancer. Mol Oncol 
7(2):259–282. https ://doi.org/10.1016/j.molon c.2013.02.007

 564. Blouw B, Song H, Tihan T, Bosze J, Ferrara N, Gerber HP, John-
son RS, Bergers G (2003) The hypoxic response of tumors is 
dependent on their microenvironment. Cancer Cell 4(2):133–146

 565. Pezzella F, Di Bacco A, Andreola S, Nicholson AG, Pastorino 
U, Harris AL (1996) Angiogenesis in primary lung cancer and 
lung secondaries. Eur J Cancer Part A 32(14):2494–2500. https 
://doi.org/10.1016/S0959 -8049(96)00377 -2

 566. Kuczynski EA, Yin M, Bar-Zion A, Lee CR, Butz H, Man S, 
Daley F, Vermeulen PB, Yousef GM, Foster FS, Reynolds AR, 
Kerbel RS (2016) Co-option of liver vessels and not sprouting 
angiogenesis drives acquired sorafenib resistance in hepatocel-
lular carcinoma. J Natl Cancer Inst 108(8):djw030. https ://doi.
org/10.1093/jnci/djw03 0

 567. Jeong HS, Jones D, Liao S, Wattson DA, Cui CH, Duda DG, Wil-
lett CG, Jain RK, Padera TP (2015) Investigation of the lack of 
angiogenesis in the formation of lymph node metastases. J Natl 
Cancer Inst. https ://doi.org/10.1093/jnci/djv15 5

 568. Warth A (2017) Spread through air spaces (STAS): a compre-
hensive update. Transl Lung Cancer Res 6(5):501–507. https ://
doi.org/10.21037 /tlcr.2017.06.08

 569. Kuczynski EA, Vermeulen PB, Pezzella F, Kerbel RS, Reynolds 
AR (in preparation) Vessel co-option in cancer: mechanisms and 
clinical implications

 570. Seaman S, Zhu Z, Saha S, Zhang XM, Yang MY, Hilton MB, 
Morris K, Szot C, Morris H, Swing DA, Tessarollo L, Smith 
SW, Degrado S, Borkin D, Jain N, Scheiermann J, Feng Y, Wang 
Y, Li J, Welsch D, DeCrescenzo G, Chaudhary A, Zudaire E, 
Klarmann KD, Keller JR, Dimitrov DS, St Croix B (2017) 
Eradication of tumors through simultaneous ablation of CD276/
B7-H3-positive tumor cells and tumor vasculature. Cancer Cell 
31(4):501–515. https ://doi.org/10.1016/j.ccell .2017.03.005

 571. Belch JJ, Topol EJ, Agnelli G, Bertrand M, Califf RM, Clement 
DL, Creager MA, Easton JD, Gavin JR 3rd, Greenland P, Hankey 
G, Hanrath P, Hirsch AT, Meyer J, Smith SC, Sullivan F, Weber 
MA, Prevention of Atherothrombotic Disease N (2003) Critical 
issues in peripheral arterial disease detection and management: 

https://doi.org/10.1016/S0002-9440(10)63568-7
https://doi.org/10.1016/S0002-9440(10)63568-7
https://doi.org/10.1158/0008-5472.CAN-06-1278
https://doi.org/10.1158/0008-5472.CAN-06-1278
https://doi.org/10.1158/2159-8274.CD-10-0028
https://doi.org/10.1016/j.celrep.2018.02.035
https://doi.org/10.1016/j.molonc.2007.10.003
https://doi.org/10.1016/j.molonc.2007.10.003
https://doi.org/10.1038/nature07445
https://doi.org/10.1038/nature07445
https://doi.org/10.1016/j.ccr.2008.09.004
https://doi.org/10.1016/j.ccr.2008.09.004
https://doi.org/10.1016/j.ccr.2011.02.005
https://doi.org/10.1016/j.ccr.2011.02.005
https://doi.org/10.1016/j.ccell.2014.10.006
https://doi.org/10.1158/0008-5472.CAN-13-2421
https://doi.org/10.1158/0008-5472.CAN-13-2421
https://doi.org/10.1158/2159-8290.CD-15-0012
https://doi.org/10.1158/2159-8290.CD-15-0012
https://doi.org/10.1158/0008-5472.CAN-06-1823
https://doi.org/10.1158/0008-5472.CAN-06-1823
https://doi.org/10.1038/s41467-017-02481-5
https://doi.org/10.1016/j.celrep.2014.06.059
https://doi.org/10.1126/scitranslmed.aak9670
https://doi.org/10.1126/scitranslmed.aak9670
https://doi.org/10.1038/nrc2442
https://doi.org/10.1038/nrc2442
https://doi.org/10.1016/j.trecan.2017.10.002
https://doi.org/10.1038/nrclinonc.2018.29
https://doi.org/10.1038/nrclinonc.2018.29
https://doi.org/10.1038/nrc.2018.14
https://doi.org/10.1016/j.molonc.2013.02.007
https://doi.org/10.1016/S0959-8049(96)00377-2
https://doi.org/10.1016/S0959-8049(96)00377-2
https://doi.org/10.1093/jnci/djw030
https://doi.org/10.1093/jnci/djw030
https://doi.org/10.1093/jnci/djv155
https://doi.org/10.21037/tlcr.2017.06.08
https://doi.org/10.21037/tlcr.2017.06.08
https://doi.org/10.1016/j.ccell.2017.03.005


Angiogenesis 

1 3

a call to action. Arch Intern Med 163(8):884–892. https ://doi.
org/10.1001/archi nte.163.8.884

 572. Norgren L, Hiatt WR, Dormandy JA, Nehler MR, Harris KA, 
Fowkes FG, Group TIW (2007) Inter-society consensus for the 
management of peripheral arterial disease (TASC II). J Vasc Surg 
45(Suppl S):S5–S67. https ://doi.org/10.1016/j.jvs.2006.12.037

 573. Annex BH (2013) Therapeutic angiogenesis for critical 
limb ischaemia. Nat Rev Cardiol 10(7):387–396. https ://doi.
org/10.1038/nrcar dio.2013.70

 574. Cooke JP, Losordo DW (2015) Modulating the vascular 
response to limb ischemia: angiogenic and cell therapies. Circ 
Res 116(9):1561–1578. https ://doi.org/10.1161/CIRCR ESAHA 
.115.30356 5

 575. van Oostrom MC, van Oostrom O, Quax PH, Verhaar MC, Hoe-
fer IE (2008) Insights into mechanisms behind arteriogenesis: 
what does the future hold? J Leukoc Biol 84(6):1379–1391. https 
://doi.org/10.1189/jlb.05082 81

 576. Couffinhal T, Silver M, Zheng LP, Kearney M, Witzenbichler 
B, Isner JM (1998) Mouse model of angiogenesis. Am J Pathol 
152(6):1667–1679

 577. Adini A, Adini I, Chi ZL, Derda R, Birsner AE, Matthews BD, 
D’Amato RJ (2017) A novel strategy to enhance angiogenesis 
in vivo using the small VEGF-binding peptide PR1P. Angiogen-
esis 20(3):399–408. https ://doi.org/10.1007/s1045 6-017-9556-7

 578. Sarkar C, Ganju RK, Pompili VJ, Chakroborty D (2017) 
Enhanced peripheral dopamine impairs post-ischemic healing by 
suppressing angiotensin receptor type 1 expression in endothelial 
cells and inhibiting angiogenesis. Angiogenesis 20(1):97–107. 
https ://doi.org/10.1007/s1045 6-016-9531-8

 579. Stabile E, Burnett MS, Watkins C, Kinnaird T, Bachis A, la Sala 
A, Miller JM, Shou M, Epstein SE, Fuchs S (2003) Impaired arte-
riogenic response to acute hindlimb ischemia in CD4-knockout 
mice. Circulation 108(2):205–210. https ://doi.org/10.1161/01.
CIR.00000 79225 .50817 .71

 580. Tang G, Charo DN, Wang R, Charo IF, Messina L (2004) 
CCR2−/− knockout mice revascularize normally in response to 
severe hindlimb ischemia. J Vasc Surg 40(4):786–795. https ://
doi.org/10.1016/j.jvs.2004.07.012

 581. van Weel V, Toes RE, Seghers L, Deckers MM, de Vries MR, 
Eilers PH, Sipkens J, Schepers A, Eefting D, van Hinsbergh VW, 
van Bockel JH, Quax PH (2007) Natural killer cells and CD4+ 
T-cells modulate collateral artery development. Arterioscler 
Thromb Vasc Biol 27(11):2310–2318. https ://doi.org/10.1161/
ATVBA HA.107.15140 7

 582. Masaki I, Yonemitsu Y, Yamashita A, Sata S, Tanii M, Komori 
K, Nakagawa K, Hou X, Nagai Y, Hasegawa M, Sugimachi K, 
Sueishi K (2002) Angiogenic gene therapy for experimental criti-
cal limb ischemia: acceleration of limb loss by overexpression 
of vascular endothelial growth factor 165 but not of fibroblast 
growth factor-2. Circ Res 90(9):966–973

 583. Westvik TS, Fitzgerald TN, Muto A, Maloney SP, Pimiento JM, 
Fancher TT, Magri D, Westvik HH, Nishibe T, Velazquez OC, 
Dardik A (2009) Limb ischemia after iliac ligation in aged mice 
stimulates angiogenesis without arteriogenesis. J Vasc Surg 
49(2):464–473. https ://doi.org/10.1016/j.jvs.2008.08.077

 584. Chen M, Fan H, Ledford BT, Farah Z, Barron C, Liu Z, He 
JQ (2017) Impacts of femoral artery and vein excision versus 
femoral artery excision on the hindlimb ischemic model in 
CD-1 mice. Microvasc Res 110:48–55. https ://doi.org/10.1016/j.
mvr.2016.12.006

 585. Hellingman AA, Bastiaansen AJ, de Vries MR, Seghers L, Lijk-
wan MA, Lowik CW, Hamming JF, Quax PH (2010) Variations 
in surgical procedures for hind limb ischaemia mouse models 
result in differences in collateral formation. Eur J Vasc Endovasc 
Surg 40(6):796–803. https ://doi.org/10.1016/j.ejvs.2010.07.009

 586. Krishna SM, Omer SM, Golledge J (2016) Evaluation of the 
clinical relevance and limitations of current pre-clinical models 
of peripheral artery disease. Clin Sci 130(3):127–150. https ://
doi.org/10.1042/CS201 50435 

 587. Lotfi S, Patel AS, Mattock K, Egginton S, Smith A, Modarai 
B (2013) Towards a more relevant hind limb model of muscle 
ischaemia. Atherosclerosis 227(1):1–8. https ://doi.org/10.1016/j.
ather oscle rosis .2012.10.060

 588. van Weel V, Deckers MM, Grimbergen JM, van Leuven KJ, 
Lardenoye JH, Schlingemann RO, van Nieuw Amerongen GP, 
van Bockel JH, van Hinsbergh VW, Quax PH (2004) Vascu-
lar endothelial growth factor overexpression in ischemic skel-
etal muscle enhances myoglobin expression in vivo. Circ Res 
95(1):58–66. https ://doi.org/10.1161/01.RES.00001 33247 .69803 
.c3

 589. Lijkwan MA, Hellingman AA, Bos EJ, van der Bogt KE, 
Huang M, Kooreman NG, de Vries MR, Peters HA, Robbins 
RC, Hamming JF, Quax PH, Wu JC (2014) Short hairpin RNA 
gene silencing of prolyl hydroxylase-2 with a minicircle vector 
improves neovascularization of hindlimb ischemia. Hum Gene 
Ther 25(1):41–49. https ://doi.org/10.1089/hum.2013.110

 590. Welten SM, Bastiaansen AJ, de Jong RC, de Vries MR, Peters 
EA, Boonstra MC, Sheikh SP, La Monica N, Kandimalla ER, 
Quax PH, Nossent AY (2014) Inhibition of 14q32 MicroRNAs 
miR-329, miR-487b, miR-494, and miR-495 increases neo-
vascularization and blood flow recovery after ischemia. Circ 
Res 115(8):696–708. https ://doi.org/10.1161/CIRCR ESAHA 
.114.30474 7

 591. Bastiaansen AJ, Karper JC, Wezel A, de Boer HC, Welten SM, 
de Jong RC, Peters EA, de Vries MR, van Oeveren-Rietdijk 
AM, van Zonneveld AJ, Hamming JF, Nossent AY, Quax PH 
(2014) TLR4 accessory molecule RP105 (CD180) regulates 
monocyte-driven arteriogenesis in a murine hind limb ischemia 
model. PLoS ONE 9(6):e99882. https ://doi.org/10.1371/journ 
al.pone.00998 82

 592. Bastiaansen AJ, Ewing MM, de Boer HC, van der Pouw Kraan 
TC, de Vries MR, Peters EA, Welten SM, Arens R, Moore SM, 
Faber JE, Jukema JW, Hamming JF, Nossent AY, Quax PH 
(2013) Lysine acetyltransferase PCAF is a key regulator of arte-
riogenesis. Arterioscler Thromb Vasc Biol 33(8):1902–1910. 
https ://doi.org/10.1161/ATVBA HA.113.30157 9

 593. Kochi T, Imai Y, Takeda A, Watanabe Y, Mori S, Tachi M, 
Kodama T (2013) Characterization of the arterial anatomy of 
the murine hindlimb: functional role in the design and under-
standing of ischemia models. PLoS ONE 8(12):e84047. https ://
doi.org/10.1371/journ al.pone.00840 47

 594. Thomas D, Thirumaran A, Mallard B, Chen X, Browne S, 
Wheatley AM, O’Brien T, Pandit A (2016) Variability in endog-
enous perfusion recovery of immunocompromised mouse models 
of limb ischemia. Tissue Eng Part C Methods 22(4):370–381. 
https ://doi.org/10.1089/ten.TEC.2015.0441

 595. Nebuloni L, Kuhn GA, Vogel J, Muller R (2014) A novel in vivo 
vascular imaging approach for hierarchical quantification of 
vasculature using contrast enhanced micro-computed tomog-
raphy. PLoS ONE 9(1):e86562. https ://doi.org/10.1371/journ 
al.pone.00865 62

 596. Hendrikx G, Vries MH, Bauwens M, De Saint-Hubert M, Wage-
naar A, Guillaume J, Boonen L, Post MJ, Mottaghy FM (2016) 
Comparison of LDPI to SPECT perfusion imaging using (99 m)
Tc-sestamibi and (99 m)Tc-pyrophosphate in a murine ischemic 
hind limb model of neovascularization. EJNMMI Res 6(1):44. 
https ://doi.org/10.1186/s1355 0-016-0199-2

 597. Yang Y, Tang G, Yan J, Park B, Hoffman A, Tie G, Wang R, 
Messina LM (2008) Cellular and molecular mechanism regulat-
ing blood flow recovery in acute versus gradual femoral artery 

https://doi.org/10.1001/archinte.163.8.884
https://doi.org/10.1001/archinte.163.8.884
https://doi.org/10.1016/j.jvs.2006.12.037
https://doi.org/10.1038/nrcardio.2013.70
https://doi.org/10.1038/nrcardio.2013.70
https://doi.org/10.1161/CIRCRESAHA.115.303565
https://doi.org/10.1161/CIRCRESAHA.115.303565
https://doi.org/10.1189/jlb.0508281
https://doi.org/10.1189/jlb.0508281
https://doi.org/10.1007/s10456-017-9556-7
https://doi.org/10.1007/s10456-016-9531-8
https://doi.org/10.1161/01.CIR.0000079225.50817.71
https://doi.org/10.1161/01.CIR.0000079225.50817.71
https://doi.org/10.1016/j.jvs.2004.07.012
https://doi.org/10.1016/j.jvs.2004.07.012
https://doi.org/10.1161/ATVBAHA.107.151407
https://doi.org/10.1161/ATVBAHA.107.151407
https://doi.org/10.1016/j.jvs.2008.08.077
https://doi.org/10.1016/j.mvr.2016.12.006
https://doi.org/10.1016/j.mvr.2016.12.006
https://doi.org/10.1016/j.ejvs.2010.07.009
https://doi.org/10.1042/CS20150435
https://doi.org/10.1042/CS20150435
https://doi.org/10.1016/j.atherosclerosis.2012.10.060
https://doi.org/10.1016/j.atherosclerosis.2012.10.060
https://doi.org/10.1161/01.RES.0000133247.69803.c3
https://doi.org/10.1161/01.RES.0000133247.69803.c3
https://doi.org/10.1089/hum.2013.110
https://doi.org/10.1161/CIRCRESAHA.114.304747
https://doi.org/10.1161/CIRCRESAHA.114.304747
https://doi.org/10.1371/journal.pone.0099882
https://doi.org/10.1371/journal.pone.0099882
https://doi.org/10.1161/ATVBAHA.113.301579
https://doi.org/10.1371/journal.pone.0084047
https://doi.org/10.1371/journal.pone.0084047
https://doi.org/10.1089/ten.TEC.2015.0441
https://doi.org/10.1371/journal.pone.0086562
https://doi.org/10.1371/journal.pone.0086562
https://doi.org/10.1186/s13550-016-0199-2


 Angiogenesis

1 3

occlusion are distinct in the mouse. J Vasc Surg 48(6):1546–
1558. https ://doi.org/10.1016/j.jvs.2008.07.063

 598. Chalothorn D, Faber JE (2010) Strain-dependent variation in col-
lateral circulatory function in mouse hindlimb. Physiol Genom 
42(3):469–479. https ://doi.org/10.1152/physi olgen omics .00070 
.2010

 599. Shireman PK, Quinones MP (2005) Differential necrosis despite 
similar perfusion in mouse strains after ischemia. J Surg Res 
129(2):242–250. https ://doi.org/10.1016/j.jss.2005.06.013

 600. Helisch A, Wagner S, Khan N, Drinane M, Wolfram S, Heil M, 
Ziegelhoeffer T, Brandt U, Pearlman JD, Swartz HM, Schaper 
W (2006) Impact of mouse strain differences in innate hindlimb 
collateral vasculature. Arterioscler Thromb Vasc Biol 26(3):520–
526. https ://doi.org/10.1161/01.ATV.00002 02677 .55012 .a0

 601. Dokun AO, Chen L, Okutsu M, Farber CR, Hazarika S, Jones 
WS, Craig D, Marchuk DA, Lye RJ, Shah SH, Annex BH (2015) 
ADAM12: a genetic modifier of preclinical peripheral arterial 
disease. Am J Physiol Heart Circ Physiol 309(5):H790–H803. 
https ://doi.org/10.1152/ajphe art.00803 .2014

 602. Dokun AO, Keum S, Hazarika S, Li Y, Lamonte GM, Wheeler F, 
Marchuk DA, Annex BH (2008) A quantitative trait locus (LSq-
1) on mouse chromosome 7 is linked to the absence of tissue loss 
after surgical hindlimb ischemia. Circulation 117(9):1207–1215. 
https ://doi.org/10.1161/CIRCU LATIO NAHA.107.73644 7

 603. Lucitti JL, Sealock R, Buckley BK, Zhang H, Xiao L, Dudley 
AC, Faber JE (2016) Variants of rab GTPase-effector binding 
protein-2 Cause variation in the collateral circulation and sever-
ity of stroke. Stroke 47(12):3022–3031. https ://doi.org/10.1161/
STROK EAHA.116.01416 0

 604. Sealock R, Zhang H, Lucitti JL, Moore SM, Faber JE (2014) 
Congenic fine-mapping identifies a major causal locus for vari-
ation in the native collateral circulation and ischemic injury in 
brain and lower extremity. Circ Res 114(4):660–671. https ://doi.
org/10.1161/CIRCR ESAHA .114.30293 1

 605. Nossent AY, Bastiaansen AJ, Peters EA, de Vries MR, Aref Z, 
Welten SM, de Jager SC, van der Pouw Kraan TC, Quax PH 
(2017) CCR7-CCL19/CCL21 axis is essential for effective arte-
riogenesis in a murine model of hindlimb ischemia. J Am Heart 
Assoc. https ://doi.org/10.1161/JAHA.116.00528 1

 606. Arras M, Ito WD, Scholz D, Winkler B, Schaper J, Schaper 
W (1998) Monocyte activation in angiogenesis and collateral 
growth in the rabbit hindlimb. J Clin Invest 101(1):40–50. https 
://doi.org/10.1172/JCI11 9877

 607. Monaco C (2011) Innate immunity meets arteriogenesis: the 
versatility of toll-like receptors. J Mol Cell Cardiol 50(1):9–12. 
https ://doi.org/10.1016/j.yjmcc .2010.10.015

 608. Silvestre JS, Smadja DM, Levy BI (2013) Postischemic revas-
cularization: from cellular and molecular mechanisms to clini-
cal applications. Physiol Rev 93(4):1743–1802. https ://doi.
org/10.1152/physr ev.00006 .2013

 609. van der Bogt KE, Hellingman AA, Lijkwan MA, Bos EJ, de Vries 
MR, van Rappard JR, Fischbein MP, Quax PH, Robbins RC, 
Hamming JF, Wu JC (2012) Molecular imaging of bone mar-
row mononuclear cell survival and homing in murine peripheral 
artery disease. JACC Cardiovasc Imaging 5(1):46–55. https ://
doi.org/10.1016/j.jcmg.2011.07.011

 610. Caporali A, Meloni M, Vollenkle C, Bonci D, Sala-Newby GB, 
Addis R, Spinetti G, Losa S, Masson R, Baker AH, Agami R, le 
Sage C, Condorelli G, Madeddu P, Martelli F, Emanueli C (2011) 
Deregulation of microRNA-503 contributes to diabetes mellitus-
induced impairment of endothelial function and reparative angio-
genesis after limb ischemia. Circulation 123(3):282–291. https ://
doi.org/10.1161/CIRCU LATIO NAHA.110.95232 5

 611. van Weel V, de Vries M, Voshol PJ, Verloop RE, Eilers PH, 
van Hinsbergh VW, van Bockel JH, Quax PH (2006) Hypercho-
lesterolemia reduces collateral artery growth more dominantly 

than hyperglycemia or insulin resistance in mice. Arterioscler 
Thromb Vasc Biol 26(6):1383–1390. https ://doi.org/10.1161/01.
ATV.00002 19234 .78165 .85

 612. Epstein SE, Stabile E, Kinnaird T, Lee CW, Clavijo L, Burnett 
MS (2004) Janus phenomenon: the interrelated tradeoffs inherent 
in therapies designed to enhance collateral formation and those 
designed to inhibit atherogenesis. Circulation 109(23):2826–
2831. https ://doi.org/10.1161/01.CIR.00001 32468 .82942 .F5

 613. Sheu JJ, Chua S, Sun CK, Chang LT, Yen CH, Wu CJ, Fu M, Yip 
HK (2011) Intra-coronary administration of cyclosporine limits 
infarct size, attenuates remodeling and preserves left ventricu-
lar function in porcine acute anterior infarction. Int J Cardiol 
147(1):79–87. https ://doi.org/10.1016/j.ijcar d.2009.08.008

 614. Gotberg M, van der Pals J, Olivecrona GK, Gotberg M, Koul 
S, Erlinge D (2010) Mild hypothermia reduces acute mortality 
and improves hemodynamic outcome in a cardiogenic shock pig 
model. Resuscitation 81(9):1190–1196. https ://doi.org/10.1016/j.
resus citat ion.2010.04.033

 615. Kim W, Jeong MH, Sim DS, Hong YJ, Song HC, Park JT, Ahn 
YK (2011) A porcine model of ischemic heart failure produced 
by intracoronary injection of ethyl alcohol. Heart Vessels 
26(3):342–348. https ://doi.org/10.1007/s0038 0-010-0022-3

 616. Lahteenvuo JE, Lahteenvuo MT, Kivela A, Rosenlew C, Falk-
evall A, Klar J, Heikura T, Rissanen TT, Vahakangas E, Korp-
isalo P, Enholm B, Carmeliet P, Alitalo K, Eriksson U, Yla-
Herttuala S (2009) Vascular endothelial growth factor-B induces 
myocardium-specific angiogenesis and arteriogenesis via vascu-
lar endothelial growth factor receptor-1- and neuropilin receptor-
1-dependent mechanisms. Circulation 119(6):845–856. https ://
doi.org/10.1161/CIRCU LATIO NAHA.108.81645 4

 617. Yla-Herttuala S, Bridges C, Katz MG, Korpisalo P (2017) Angio-
genic gene therapy in cardiovascular diseases: dream or vision? 
Eur Heart J 38(18):1365–1371. https ://doi.org/10.1093/eurhe artj/
ehw54 7

 618. Roth DM, Maruoka Y, Rogers J, White FC, Longhurst JC, Bloor 
CM (1987) Development of coronary collateral circulation in left 
circumflex Ameroid-occluded swine myocardium. Am J Physiol 
253(5 Pt 2):H1279–H1288

 619. Staab ME, Srivatsa SS, Lerman A, Sangiorgi G, Jeong MH, 
Edwards WD, Holmes DR Jr, Schwartz RS (1997) Arterial 
remodeling after experimental percutaneous injury is highly 
dependent on adventitial injury and histopathology. Int J Cardiol 
58(1):31–40

 620. Song W, Lee J, Kim H, Shin J, Oh D, Tio F, Wong SC, Hong MK 
(2005) A new percutaneous porcine coronary model of chronic 
total occlusion. J Invasive Cardiol 17(9):452–454

 621. Dymarkowski S, Szilard M, Maes A, Liu XS, Huang YM, 
Verbeken E, Mortelmans L, Bogaert J, De Scheerder I (2003) 
Assessment of myocardial viability in a porcine model of chronic 
coronary artery stenosis with dual dose dobutamine magnetic 
resonance imaging. Int J Cardiovasc Imaging 19(1):63–72

 622. von Degenfeld G, Raake P, Kupatt C, Lebherz C, Hinkel R, Gil-
dehaus FJ, Munzing W, Kranz A, Waltenberger J, Simoes M, 
Schwaiger M, Thein E, Boekstegers P (2003) Selective pres-
sure-regulated retroinfusion of fibroblast growth factor-2 into 
the coronary vein enhances regional myocardial blood flow and 
function in pigs with chronic myocardial ischemia. J Am Coll 
Cardiol 42(6):1120–1128

 623. Rissanen TT, Nurro J, Halonen PJ, Tarkia M, Saraste A, Ran-
nankari M, Honkonen K, Pietila M, Leppanen O, Kuivanen A, 
Knuuti J, Yla-Herttuala S (2013) The bottleneck stent model 
for chronic myocardial ischemia and heart failure in pigs. Am 
J Physiol Heart Circ Physiol 305(9):H1297–H1308. https ://doi.
org/10.1152/ajphe art.00561 .2013

 624. Boulate D, Arthur Ataam J, Connolly AJ, Giraldeau G, Amsal-
lem M, Decante B, Lamrani L, Fadel E, Dorfmuller P, Perros F, 

https://doi.org/10.1016/j.jvs.2008.07.063
https://doi.org/10.1152/physiolgenomics.00070.2010
https://doi.org/10.1152/physiolgenomics.00070.2010
https://doi.org/10.1016/j.jss.2005.06.013
https://doi.org/10.1161/01.ATV.0000202677.55012.a0
https://doi.org/10.1152/ajpheart.00803.2014
https://doi.org/10.1161/CIRCULATIONAHA.107.736447
https://doi.org/10.1161/STROKEAHA.116.014160
https://doi.org/10.1161/STROKEAHA.116.014160
https://doi.org/10.1161/CIRCRESAHA.114.302931
https://doi.org/10.1161/CIRCRESAHA.114.302931
https://doi.org/10.1161/JAHA.116.005281
https://doi.org/10.1172/JCI119877
https://doi.org/10.1172/JCI119877
https://doi.org/10.1016/j.yjmcc.2010.10.015
https://doi.org/10.1152/physrev.00006.2013
https://doi.org/10.1152/physrev.00006.2013
https://doi.org/10.1016/j.jcmg.2011.07.011
https://doi.org/10.1016/j.jcmg.2011.07.011
https://doi.org/10.1161/CIRCULATIONAHA.110.952325
https://doi.org/10.1161/CIRCULATIONAHA.110.952325
https://doi.org/10.1161/01.ATV.0000219234.78165.85
https://doi.org/10.1161/01.ATV.0000219234.78165.85
https://doi.org/10.1161/01.CIR.0000132468.82942.F5
https://doi.org/10.1016/j.ijcard.2009.08.008
https://doi.org/10.1016/j.resuscitation.2010.04.033
https://doi.org/10.1016/j.resuscitation.2010.04.033
https://doi.org/10.1007/s00380-010-0022-3
https://doi.org/10.1161/CIRCULATIONAHA.108.816454
https://doi.org/10.1161/CIRCULATIONAHA.108.816454
https://doi.org/10.1093/eurheartj/ehw547
https://doi.org/10.1093/eurheartj/ehw547
https://doi.org/10.1152/ajpheart.00561.2013
https://doi.org/10.1152/ajpheart.00561.2013


Angiogenesis 

1 3

Haddad F, Mercier O (2017) Early development of right ventricu-
lar ischemic lesions in a novel large animal model of acute right 
heart failure in chronic thromboembolic pulmonary hyperten-
sion. J Card Fail 23(12):876–886. https ://doi.org/10.1016/j.cardf 
ail.2017.08.447

 625. Wisenbaugh T, Allen P, Gt C, Holzgrefe H, Beller G, Carabello 
B (1983) Contractile function, myosin ATPase activity and 
isozymes in the hypertrophied pig left ventricle after a chronic 
progressive pressure overload. Circ Res 53(3):332–341

 626. Ahmet I, Sawa Y, Iwata K, Matsuda H (2002) Gene transfection 
of hepatocyte growth factor attenuates cardiac remodeling in the 
canine heart: a novel gene therapy for cardiomyopathy. J Thorac 
Cardiovasc Surg 124(5):957–963

 627. Wakelin SJ, Sabroe I, Gregory CD, Poxton IR, Forsythe JL, Gar-
den OJ, Howie SE (2006) “Dirty little secrets”—endotoxin con-
tamination of recombinant proteins. Immunol Lett 106(1):1–7. 
https ://doi.org/10.1016/j.imlet .2006.04.007

 628. Gorbet MB, Sefton MV (2005) Endotoxin: the uninvited guest. 
Biomaterials 26(34):6811–6817. https ://doi.org/10.1016/j.bioma 
teria ls.2005.04.063

 629. Magalhaes PO, Lopes AM, Mazzola PG, Rangel-Yagui C, Penna 
TC, Pessoa A Jr (2007) Methods of endotoxin removal from bio-
logical preparations: a review. J Pharm Pharm Sci 10(3):388–404

 630. Poltorak A, He X, Smirnova I, Liu MY, Van Huffel C, Du X, 
Birdwell D, Alejos E, Silva M, Galanos C, Freudenberg M, 
Ricciardi-Castagnoli P, Layton B, Beutler B (1998) Defective 
LPS signaling in C3H/HeJ and C57BL/10ScCr mice: mutations 
in Tlr4 gene. Science 282(5396):2085–2088

 631. Medzhitov R (2001) Toll-like receptors and innate immunity. Nat 
Rev Immunol 1(2):135–145. https ://doi.org/10.1038/35100 529

 632. Akira S, Takeda K (2004) Toll-like receptor signalling. Nat Rev 
Immunol 4(7):499–511. https ://doi.org/10.1038/nri13 91

 633. Arditi M, Zhou J, Dorio R, Rong GW, Goyert SM, Kim KS 
(1993) Endotoxin-mediated endothelial cell injury and activa-
tion: role of soluble CD14. Infect Immun 61(8):3149–3156

 634. Unger RE, Peters K, Sartoris A, Freese C, Kirkpatrick CJ (2014) 
Human endothelial cell-based assay for endotoxin as sensitive 
as the conventional limulus amebocyte lysate assay. Biomate-
rials 35(10):3180–3187. https ://doi.org/10.1016/j.bioma teria 
ls.2013.12.059

 635. Mattsby-Baltzer I, Jakobsson A, Sorbo J, Norrby K (1994) Endo-
toxin is angiogenic. Int J Exp Pathol 75(3):191–196

 636. Harmey JH, Bucana CD, Lu W, Byrne AM, McDonnell S, Lynch 
C, Bouchier-Hayes D, Dong Z (2002) Lipopolysaccharide-
induced metastatic growth is associated with increased angiogen-
esis, vascular permeability and tumor cell invasion. Int J Cancer 
101(5):415–422. https ://doi.org/10.1002/ijc.10632 

 637. Lundin JI, Checkoway H (2009) Endotoxin and cancer. Envi-
ron Health Perspect 117(9):1344–1350. https ://doi.org/10.1289/
ehp.08004 39

 638. Haricharan S, Brown P (2015) TLR4 has a TP53-dependent dual 
role in regulating breast cancer cell growth. Proc Natl Acad Sci 
USA 112(25):E3216–E3225. https ://doi.org/10.1073/pnas.14208 
11112 

 639. Skobe M, Rockwell P, Goldstein N, Vosseler S, Fusenig NE 
(1997) Halting angiogenesis suppresses carcinoma cell invasion. 
Nat Med 3(11):1222–1227

 640. Singh M, Couto SS, Forrest WF, Lima A, Cheng JH, Molina 
R, Long JE, Hamilton P, McNutt A, Kasman I, Nannini MA, 
Reslan HB, Cao TC, Ho CC, Barck KH, Carano RA, Fore-
man O, Eastham-Anderson J, Jubb AM, Ferrara N, Johnson L 
(2012) Anti-VEGF antibody therapy does not promote metas-
tasis in genetically engineered mouse tumour models. J Pathol 
227(4):417–430. https ://doi.org/10.1002/path.4053

 641. Prewett M, Huber J, Li Y, Santiago A, O’Connor W, King K, 
Overholser J, Hooper A, Pytowski B, Witte L, Bohlen P, Hicklin 

DJ (1999) Antivascular endothelial growth factor receptor (fetal 
liver kinase 1) monoclonal antibody inhibits tumor angiogenesis. 
Cancer Res 59:5209–5218

 642. Clark HF, Gurney AL, Abaya E, Baker K, Baldwin D, Brush 
J, Chen J, Chow B, Chui C, Crowley C, Currell B, Deuel B, 
Dowd P, Eaton D, Foster J, Grimaldi C, Gu Q, Hass PE, Heldens 
S, Huang A, Kim HS, Klimowski L, Jin Y, Johnson S, Lee J, 
Lewis L, Liao D, Mark M, Robbie E, Sanchez C, Schoenfeld J, 
Seshagiri S, Simmons L, Singh J, Smith V, Stinson J, Vagts A, 
Vandlen R, Watanabe C, Wieand D, Woods K, Xie MH, Yansura 
D, Yi S, Yu G, Yuan J, Zhang M, Zhang Z, Goddard A, Wood 
WI, Godowski P, Gray A (2003) The secreted protein discovery 
initiative (SPDI), a large-scale effort to identify novel human 
secreted and transmembrane proteins: a bioinformatics assess-
ment. Genome Res 13(10):2265–2270. https ://doi.org/10.1101/
gr.12930 03

 643. LeCouter J, Kowalski J, Foster J, Hass P, Zhang Z, Dillard-Telm 
L, Frantz G, Rangell L, DeGuzman L, Keller G-A, Peale F, Gur-
ney A, Hillan KJ, Ferrara N (2001) Identification of an angio-
genic mitogen selective for endocrine gland endothelium. Nature 
412:877–884

 644. Eswarappa SM, Potdar AA, Koch WJ, Fan Y, Vasu K, Lind-
ner D, Willard B, Graham LM, DiCorleto PE, Fox PL (2014) 
Programmed translational readthrough generates antiangiogenic 
VEGF-Ax. Cell 157(7):1605–1618. https ://doi.org/10.1016/j.
cell.2014.04.033

 645. Xin H, Zhong C, Nudleman E, Ferrara N (2016) Evidence for 
pro-angiogenic functions of VEGF-Ax. Cell 167(1):275–284. 
https ://doi.org/10.1016/j.cell.2016.08.054

 646. Lopez XM, Debeir O, Maris C, Rorive S, Roland I, Saerens M, 
Salmon I, Decaestecker C (2012) Clustering methods applied 
in the detection of Ki67 hot-spots in whole tumor slide images: 
an efficient way to characterize heterogeneous tissue-based 
biomarkers. Cytom A 81(9):765–775. https ://doi.org/10.1002/
cyto.a.22085 

 647. Hlushchuk R, Barré S, Djonov V (2016) Morphological aspects 
of tumor angiogenesis. Methods Mol Biol 1464:13–24

 648. Hlushchuk R, Bronnimann D, Correa Shokiche C, Schaad L, 
Triet R, Jazwinska A, Tschanz SA, Djonov V (2016) Zebrafish 
Caudal Fin angiogenesis assay-advanced quantitative assess-
ment including 3-way correlative microscopy. PLoS ONE 
11(3):e0149281. https ://doi.org/10.1371/journ al.pone.01492 81

 649. Yu JA, Castranova D, Pham VN, Weinstein BM (2015) Single-
cell analysis of endothelial morphogenesis in vivo. Development 
142(17):2951–2961. https ://doi.org/10.1242/dev.12317 4

 650. Fujita M, Cha YR, Pham VN, Sakurai A, Roman BL, Gutkind JS, 
Weinstein BM (2011) Assembly and patterning of the vascular 
network of the vertebrate hindbrain. Development 138(9):1705–
1715. https ://doi.org/10.1242/dev.05877 6

 651. Isogai S, Lawson ND, Torrealday S, Horiguchi M, Weinstein 
BM (2003) Angiogenic network formation in the developing 
vertebrate trunk. Development 130(21):5281–5290. https ://doi.
org/10.1242/dev.00733 

 652. Ribatti D, Bertossi M, Nico B, Vacca A, Ria R, Riva A, Ron-
cali L, Presta M (1998) Role of basic fibroblast growth factor in 
the formation of the capillary plexus in the chick embryo cho-
rioallantoic membrane. An in situ hybridization, immunohisto-
chemical and ultrastructural study. J Submicrosc Cytol Pathol 
30(1):127–136

 653. Ribatti D, Nico B, Pezzolo A, Vacca A, Meazza R, Cinti R, Car-
lini B, Parodi F, Pistoia V, Corrias MV (2006) Angiogenesis 
in a human neuroblastoma xenograft model: mechanisms and 
inhibition by tumour-derived interferon-gamma. Br J Cancer 
94(12):1845–1852. https ://doi.org/10.1038/sj.bjc.66031 86

 654. Nurro J, Halonen PJ, Kuivanen A, Tarkia M, Saraste A, Honkonen 
K, Lahteenvuo J, Rissanen TT, Knuuti J, Yla-Herttuala S (2016) 

https://doi.org/10.1016/j.cardfail.2017.08.447
https://doi.org/10.1016/j.cardfail.2017.08.447
https://doi.org/10.1016/j.imlet.2006.04.007
https://doi.org/10.1016/j.biomaterials.2005.04.063
https://doi.org/10.1016/j.biomaterials.2005.04.063
https://doi.org/10.1038/35100529
https://doi.org/10.1038/nri1391
https://doi.org/10.1016/j.biomaterials.2013.12.059
https://doi.org/10.1016/j.biomaterials.2013.12.059
https://doi.org/10.1002/ijc.10632
https://doi.org/10.1289/ehp.0800439
https://doi.org/10.1289/ehp.0800439
https://doi.org/10.1073/pnas.1420811112
https://doi.org/10.1073/pnas.1420811112
https://doi.org/10.1002/path.4053
https://doi.org/10.1101/gr.1293003
https://doi.org/10.1101/gr.1293003
https://doi.org/10.1016/j.cell.2014.04.033
https://doi.org/10.1016/j.cell.2014.04.033
https://doi.org/10.1016/j.cell.2016.08.054
https://doi.org/10.1002/cyto.a.22085
https://doi.org/10.1002/cyto.a.22085
https://doi.org/10.1371/journal.pone.0149281
https://doi.org/10.1242/dev.123174
https://doi.org/10.1242/dev.058776
https://doi.org/10.1242/dev.00733
https://doi.org/10.1242/dev.00733
https://doi.org/10.1038/sj.bjc.6603186


 Angiogenesis

1 3

AdVEGF-B186 and AdVEGF-DDeltaNDeltaC induce angio-
genesis and increase perfusion in porcine myocardium. Heart 
102(21):1716–1720. https ://doi.org/10.1136/heart jnl-2016-
30937 3

 655. Ausprunk DH, Knighton DR, Folkman J (1974) Differentiation 
of vascular endothelium in the chick chorioallantois: a structural 
and autoradiographic study. Dev Biol 38(2):237–248

 656. Lei Y, Rahim M, Ng Q, Segura T (2011) Hyaluronic acid and 
fibrin hydrogels with concentrated DNA/PEI polyplexes for local 
gene delivery. J Control Release 153(3):255–261. https ://doi.
org/10.1016/j.jconr el.2011.01.028

 657. Forough R, Wang X, Martinez-Lemus LA, Thomas D, Sun Z, 
Motamed K, Parker JL, Meininger GA (2003) Cell-based and 
direct gene transfer-induced angiogenesis via a secreted chimeric 
fibroblast growth factor-1 (sp-FGF-1) in the chick chorioallantoic 
membrane (CAM). Angiogenesis 6(1):47–54

 658. Javerzat S, Franco M, Herbert J, Platonova N, Peille AL, 
Pantesco V, De Vos J, Assou S, Bicknell R, Bikfalvi A, Hagedorn 
M (2009) Correlating global gene regulation to angiogenesis in 
the developing chick extra-embryonic vascular system. PLoS 
ONE 4(11):e7856. https ://doi.org/10.1371/journ al.pone.00078 56

 659. Cavill R, Sidhu JK, Kilarski W, Javerzat S, Hagedorn M, Ebbels 
TM, Bikfalvi A, Keun HC (2010) A combined metabonomic 
and transcriptomic approach to investigate metabolism during 
development in the chick chorioallantoic membrane. J Proteome 
Res 9(6):3126–3134. https ://doi.org/10.1021/pr100 033t

 660. Soulet F, Kilarski WW, Antczak P, Herbert J, Bicknell R, Fal-
ciani F, Bikfalvi A (2010) Gene signatures in wound tissue as 
evidenced by molecular profiling in the chick embryo model. 
BMC Genom 11:495. https ://doi.org/10.1186/1471-2164-11-495

 661. Parsons-Wingerter P, McKay TL, Leontiev D, Vickerman MB, 
Condrich TK, Dicorleto PE (2006) Lymphangiogenesis by blind-
ended vessel sprouting is concurrent with hemangiogenesis 
by vascular splitting. Anat Rec A Discov Mol Cell Evol Biol 
288(3):233–247. https ://doi.org/10.1002/ar.a.20309 

 662. Papoutsi M, Sleeman JP, Wilting J (2001) Interaction of rat tumor 
cells with blood vessels and lymphatics of the avian chorioal-
lantoic membrane. Microsc Res Tech 55(2):100–107. https ://doi.
org/10.1002/jemt.1161

 663. Wilting J, Neeff H, Christ B (1999) Embryonic lymphangiogen-
esis. Cell Tissue Res 297(1):1–11

 664. Abe C, Uto Y, Nakae T, Shinmoto Y, Sano K, Nakata H, Teraoka 
M, Endo Y, Maezawa H, Masunaga S, Nakata E, Hori H (2011) 
Evaluation of the in vivo radiosensitizing activity of etanidazole 
using tumor-bearing chick embryo. J Radiat Res 52(2):208–214

 665. Kardamakis D, Hadjimichael C, Ginopoulos P, Papaioannou S 
(2004) Effects of paclitaxel in combination with ionizing radia-
tion on angiogenesis in the chick embryo chorioallantoic mem-
brane. A radiobiological study. Strahlentherapie und Onkologie: 
Organ der Deutschen Rontgengesellschaft [et al] 180(3):152–
156. https ://doi.org/10.1007/s0006 6-004-1140-6

 666. Kleibeuker EA, Ten Hooven MA, Castricum KC, Honeywell R, 
Griffioen AW, Verheul HM, Slotman BJ, Thijssen VL (2015) 
Optimal treatment scheduling of ionizing radiation and sunitinib 
improves the antitumor activity and allows dose reduction. Can-
cer Med 4(7):1003–1015. https ://doi.org/10.1002/cam4.441

 667. Bouchet A, Serduc R, Laissue JA, Djonov V (2015) Effects 
of microbeam radiation therapy on normal and tumoral blood 
vessels. Phys Med 31(6):634–641. https ://doi.org/10.1016/j.
ejmp.2015.04.014

 668. Nowak-Sliwinska P, van Beijnum JR, van Berkel M, van den 
Bergh H, Griffioen AW (2010) Vascular regrowth following 
photodynamic therapy in the chicken embryo chorioallantoic 
membrane. Angiogenesis 13(4):281–292

 669. Nowak-Sliwinska P, Weiss A, Beijnum JR, Wong TJ, Ballini JP, 
Lovisa B, van den Bergh H, Griffioen AW (2012) Angiostatic 

kinase inhibitors to sustain photodynamic angio-occlusion. 
J Cell Mol Med 16(7):1553–1562. https ://doi.org/10.111
1/j.1582-4934.2011.01440 .x

 670. Lange N, Ballini JP, Wagnieres G, van den Bergh H (2001) A 
new drug-screening procedure for photosensitizing agents used 
in photodynamic therapy for CNV. Invest Ophthalmol Vis Sci 
42(1):38–46

 671. Samkoe KS, Clancy AA, Karotki A, Wilson BC, Cramb DT 
(2007) Complete blood vessel occlusion in the chick chorioal-
lantoic membrane using two-photon excitation photodynamic 
therapy: implications for treatment of wet age-related macu-
lar degeneration. J Biomed Opt 12(3):034025. https ://doi.
org/10.1117/1.27506 63

 672. Piffaretti F, Novello AM, Kumar RS, Forte E, Paulou C, Nowak-
Sliwinska P, van den Bergh H, Wagnieres G (2012) Real-time, 
in vivo measurement of tissular  pO2 through the delayed fluo-
rescence of endogenous protoporphyrin IX during photodynamic 
therapy. J Biomed Opt 17(11):115007

 673. Chiba M, Ichikawa Y, Kamiya M, Komatsu T, Ueno T, Hanaoka 
K, Nagano T, Lange N, Urano Y (2017) An activatable photosen-
sitizer targeted to gamma-glutamyltranspeptidase. Angew Chem 
56(35):10418–10422. https ://doi.org/10.1002/anie.20170 4793

 674. Kucinska M, Murias M, Nowak-Sliwinska P (2017) Beyond 
mouse cancer models: three-dimensional human-relevant 
in vitro and non-mammalian in vivo models for photodynamic 
therapy. Mutat Res 773:242–262. https ://doi.org/10.1016/j.mrrev 
.2016.09.002

 675. Debefve E, Pegaz B, van den Bergh H, Wagnieres G, Lange 
N, Ballini JP (2008) Video monitoring of neovessel occlusion 
induced by photodynamic therapy with verteporfin (Visudyne), 
in the CAM model. Angiogenesis 11(3):235–243. https ://doi.
org/10.1007/s1045 6-008-9106-4

 676. Samkoe KS, Cramb DT (2003) Application of an ex ovo chicken 
chorioallantoic membrane model for two-photon excitation 
photodynamic therapy of age-related macular degeneration. J 
Biomed Opt 8(3):410–417. https ://doi.org/10.1117/1.15771 17

 677. Dagg CP, Karnofsky DA, Roddy J (1956) Growth of transplant-
able human tumors in the chick embryo and hatched chick. Can 
Res 16(7):589–594

 678. Fergelot P, Bernhard JC, Soulet F, Kilarski WW, Leon C, 
Courtois N, Deminiere C, Herbert JM, Antczak P, Falciani F, 
Rioux-Leclercq N, Patard JJ, Ferriere JM, Ravaud A, Hagedorn 
M, Bikfalvi A (2013) The experimental renal cell carcinoma 
model in the chick embryo. Angiogenesis 16(1):181–194. https 
://doi.org/10.1007/s1045 6-012-9311-z

 679. Wilson SM, Chambers AF (2004) Experimental metastasis 
assays in the chick embryo. Curr Protoc Cell Biol. https ://doi.
org/10.1002/04711 43030 .cb190 6s21

 680. Deryugina EI, Quigley JP (2008) Chick embryo chorioallantoic 
membrane model systems to study and visualize human tumor 
cell metastasis. Histochem Cell Biol 130(6):1119–1130. https ://
doi.org/10.1007/s0041 8-008-0536-2

 681. Cimpean AM, Ribatti D, Raica M (2008) The chick embryo 
chorioallantoic membrane as a model to study tumor metasta-
sis. Angiogenesis 11(4):311–319. https ://doi.org/10.1007/s1045 
6-008-9117-1

 682. Bulkowska M, Rybicka A, Senses KM, Ulewicz K, Witt K, Szy-
manska J, Taciak B, Klopfleisch R, Hellmen E, Dolka I, Gure 
AO, Mucha J, Mikow M, Gizinski S, Krol M (2017) Micro-
RNA expression patterns in canine mammary cancer show 
significant differences between metastatic and non-metastatic 
tumours. BMC Cancer 17(1):728. https ://doi.org/10.1186/s1288 
5-017-3751-1

 683. Huntosova V, Gay S, Nowak-Sliwinska P, Rajendran SK, Zell-
weger M, van den Bergh H, Wagnieres G (2014) In vivo meas-
urement of tissue oxygenation by time-resolved luminescence 

https://doi.org/10.1136/heartjnl-2016-309373
https://doi.org/10.1136/heartjnl-2016-309373
https://doi.org/10.1016/j.jconrel.2011.01.028
https://doi.org/10.1016/j.jconrel.2011.01.028
https://doi.org/10.1371/journal.pone.0007856
https://doi.org/10.1021/pr100033t
https://doi.org/10.1186/1471-2164-11-495
https://doi.org/10.1002/ar.a.20309
https://doi.org/10.1002/jemt.1161
https://doi.org/10.1002/jemt.1161
https://doi.org/10.1007/s00066-004-1140-6
https://doi.org/10.1002/cam4.441
https://doi.org/10.1016/j.ejmp.2015.04.014
https://doi.org/10.1016/j.ejmp.2015.04.014
https://doi.org/10.1111/j.1582-4934.2011.01440.x
https://doi.org/10.1111/j.1582-4934.2011.01440.x
https://doi.org/10.1117/1.2750663
https://doi.org/10.1117/1.2750663
https://doi.org/10.1002/anie.201704793
https://doi.org/10.1016/j.mrrev.2016.09.002
https://doi.org/10.1016/j.mrrev.2016.09.002
https://doi.org/10.1007/s10456-008-9106-4
https://doi.org/10.1007/s10456-008-9106-4
https://doi.org/10.1117/1.1577117
https://doi.org/10.1007/s10456-012-9311-z
https://doi.org/10.1007/s10456-012-9311-z
https://doi.org/10.1002/0471143030.cb1906s21
https://doi.org/10.1002/0471143030.cb1906s21
https://doi.org/10.1007/s00418-008-0536-2
https://doi.org/10.1007/s00418-008-0536-2
https://doi.org/10.1007/s10456-008-9117-1
https://doi.org/10.1007/s10456-008-9117-1
https://doi.org/10.1186/s12885-017-3751-1
https://doi.org/10.1186/s12885-017-3751-1


Angiogenesis 

1 3

spectroscopy: advantageous properties of dichlorotris(1, 
10-phenanthroline)-ruthenium(II) hydrate. J Biomed Opt 
19(7):77004. https ://doi.org/10.1117/1.JBO.19.7.07700 4

 684. van Wijk XM, Thijssen VL, Lawrence R, van den Broek SA, 
Dona M, Naidu N, Oosterhof A, van de Westerlo EM, Kusters LJ, 
Khaled Y, Jokela TA, Nowak-Sliwinska P, Kremer H, Stringer 
SE, Griffioen AW, van Wijk E, van Delft FL, van Kuppevelt TH 
(2013) Interfering with UDP-GlcNAc metabolism and heparan 
sulfate expression using a sugar analogue reduces angiogenesis. 
ACS Chem Biol 8(10):2331–2338. https ://doi.org/10.1021/cb400 
4332

 685. van Beijnum JR, Thijssen VL, Lappchen T, Wong TJ, Verel I, 
Engbersen M, Schulkens IA, Rossin R, Grull H, Griffioen AW, 
Nowak-Sliwinska P (2016) A key role for galectin-1 in sprouting 
angiogenesis revealed by novel rationally designed antibodies. 
Int J Cancer 139(4):824–835. https ://doi.org/10.1002/ijc.30131 

 686. Berndsen RH, Weiss A, Abdul UK, Wong TJ, Meraldi P, Grif-
fioen AW, Dyson PJ, Nowak-Sliwinska P (2017) Combination 
of ruthenium(II)-arene complex [Ru(eta(6)-p-cymene)Cl2(pta)] 
(RAPTA-C) and the epidermal growth factor receptor inhibitor 
erlotinib results in efficient angiostatic and antitumor activity. Sci 
Rep 7:43005. https ://doi.org/10.1038/srep4 3005

 687. Nowak-Sliwinska P, Clavel CM, Paunescu E, te Winkel MT, 
Griffioen AW, Dyson PJ (2015) Antiangiogenic and anticancer 
properties of bifunctional ruthenium(II)-p-cymene complexes: 
influence of pendant perfluorous chains. Mol Pharm 12(8):3089–
3096. https ://doi.org/10.1021/acs.molph armac eut.5b004 17

 688. Stibal D, Therrien B, Suss-Fink G, Nowak-Sliwinska P, Dyson 
PJ, Cermakova E, Rezacova M, Tomsik P (2016) Chlorambucil 
conjugates of dinuclear p-cymene ruthenium trithiolato com-
plexes: synthesis, characterization and cytotoxicity study in vitro 
and in vivo. J Biol Inorgan Chem 21(4):443–452. https ://doi.
org/10.1007/s0077 5-016-1353-z

 689. Clavel CM, Paunescu E, Nowak-Sliwinska P, Griffioen AW, 
Scopelliti R, Dyson PJ (2015) Modulating the anticancer activ-
ity of ruthenium(II)-arene complexes. J Med Chem 58(8):3356–
3365. https ://doi.org/10.1021/jm501 655t

 690. Nazarov AA, Baquie M, Nowak-Sliwinska P, Zava O, van Bei-
jnum JR, Groessl M, Chisholm DM, Ahmadi Z, McIndoe JS, 
Griffioen AW, van den Bergh H, Dyson PJ (2013) Synthesis and 
characterization of a new class of anti-angiogenic agents based 
on ruthenium clusters. Sci Rep 3:1485. https ://doi.org/10.1038/
srep0 1485

 691. Paunescu E, Nowak-Sliwinska P, Clavel CM, Scopelliti R, 
Griffioen AW, Dyson PJ (2015) Anticancer organometallic 
osmium(II)-p-cymene complexes. ChemMedChem 10(9):1539–
1547. https ://doi.org/10.1002/cmdc.20150 0221

 692. Deryugina EI, Quigley JP (2008) Chapter 2. Chick embryo cho-
rioallantoic membrane models to quantify angiogenesis induced 
by inflammatory and tumor cells or purified effector molecules. 
Methods Enzymol 444:21–41. https ://doi.org/10.1016/s0076 
-6879(08)02802 -4

 693. Reuwer AQ, Nowak-Sliwinska P, Mans LA, van der Loos CM, 
von der Thusen JH, Twickler MT, Spek CA, Goffin V, Griffioen 
AW, Borensztajn KS (2012) Functional consequences of prol-
actin signalling in endothelial cells: a potential link with angio-
genesis in pathophysiology? J Cell Mol Med 16(9):2035–2048. 
https ://doi.org/10.1111/j.1582-4934.2011.01499 .x

 694. Comsa S, Ceausu RA, Popescu R, Cimpean AM, Raica M (2017) 
The human mesenchymal stem cells and the chick embryo cho-
rioallantoic membrane: the key and the lock in revealing vasculo-
genesis. In vivo 31(6):1139–1144. https ://doi.org/10.21873 /inviv 
o.11180 

 695. Edwards SS, Zavala G, Prieto CP, Elliott M, Martinez S, Egana 
JT, Bono MR, Palma V (2014) Functional analysis reveals 
angiogenic potential of human mesenchymal stem cells from 

Wharton’s jelly in dermal regeneration. Angiogenesis 17(4):851–
866. https ://doi.org/10.1007/s1045 6-014-9432-7

 696. Navarro-Requena C, Weaver JD, Clark AY, Clift DA, Perez-
Amodio S, Castano O, Zhou DW, Garcia AJ, Engel E (2018) 
PEG hydrogel containing calcium-releasing particles and mesen-
chymal stromal cells promote vessel maturation. Acta Biomater 
67:53–65. https ://doi.org/10.1016/j.actbi o.2017.12.009

 697. Pisati F, Belicchi M, Acerbi F, Marchesi C, Giussani C, Gavina 
M, Javerzat S, Hagedorn M, Carrabba G, Lucini V, Gaini SM, 
Bresolin N, Bello L, Bikfalvi A, Torrente Y (2007) Effect of 
human skin-derived stem cells on vessel architecture, tumor 
growth, and tumor invasion in brain tumor animal models. 
Can Res 67(7):3054–3063. https ://doi.org/10.1158/0008-5472.
CAN-06-1384

 698. Swadi R, Mather G, Pizer BL, Losty PD, See V, Moss D (2018) 
Optimising the chick chorioallantoic membrane xenograft model 
of neuroblastoma for drug delivery. BMC Cancer 18(1):28. https 
://doi.org/10.1186/s1288 5-017-3978-x

 699. Vargas A, Lange N, Arvinte T, Cerny R, Gurny R, Delie F 
(2009) Toward the understanding of the photodynamic activ-
ity of m-THPP encapsulated in PLGA nanoparticles: correlation 
between nanoparticle properties and in vivo activity. J Drug Tar-
get 17(8):599–609. https ://doi.org/10.1080/10611 86090 31189 14

 700. Pedrosa P, Heuer-Jungemann A, Kanaras AG, Fernandes AR, 
Baptista PV (2017) Potentiating angiogenesis arrest in vivo 
via laser irradiation of peptide functionalised gold nanoparti-
cles. J Nanobiotechnol 15(1):85. https ://doi.org/10.1186/s1295 
1-017-0321-2

 701. Sarsons CD, Tekrony A, Yaehne K, Childs S, Rinker KD, Cramb 
D (2014) Testing nanoparticles for angiogenesis-related disease: 
charting the fastest route to the clinic. J Biomed Nanotechnol 
10(9):1641–1676

 702. Vargas A, Zeisser-Labouebe M, Lange N, Gurny R, Delie F 
(2007) The chick embryo and its chorioallantoic membrane 
(CAM) for the in vivo evaluation of drug delivery systems. Adv 
Drug Deliv Rev 59(11):1162–1176. https ://doi.org/10.1016/j.
addr.2007.04.019

 703. Borges J, Tegtmeier FT, Padron NT, Mueller MC, Lang EM, 
Stark GB (2003) Chorioallantoic membrane angiogenesis model 
for tissue engineering: a new twist on a classic model. Tissue Eng 
9(3):441–450. https ://doi.org/10.1089/10763 27033 22066 624

 704. Laschke MW, Harder Y, Amon M, Martin I, Farhadi J, Ring 
A, Torio-Padron N, Schramm R, Rucker M, Junker D, Haufel 
JM, Carvalho C, Heberer M, Germann G, Vollmar B, Menger 
MD (2006) Angiogenesis in tissue engineering: breathing life 
into constructed tissue substitutes. Tissue Eng 12(8):2093–2104. 
https ://doi.org/10.1089/ten.2006.12.2093

 705. Moreno-Jimenez I, Kanczler JM, Hulsart-Billstrom G, Inglis 
S, Oreffo ROC (2017) The chorioallantoic membrane assay for 
biomaterial testing in tissue engineering: a short-term in vivo 
preclinical model. Tissue Eng Part C Methods 23(12):938–952. 
https ://doi.org/10.1089/ten.TEC.2017.0186

 706. Perugini V, Guildford AL, Silva-Correia J, Oliveira JM, Meikle 
ST, Reis RL, Santin M (2018) Anti-angiogenic potential of 
VEGF blocker dendron loaded on to gellan gum hydrogels 
for tissue engineering applications. J Tissue Eng Regen Med 
12(2):e669–e678. https ://doi.org/10.1002/term.2340

 707. Chary SR, Jain RK (1989) Direct measurement of interstitial 
convection and diffusion of albumin in normal and neoplastic 
tissues by fluorescence photobleaching. Proc Natl Acad Sci USA 
86(14):5385–5389

 708. Bruns OT, Bischof TS, Harris DK, Franke D, Shi Y, Riede-
mann L, Bartelt A, Jaworski FB, Carr JA, Rowlands CJ, Wil-
son MWB, Chen O, Wei H, Hwang GW, Montana DM, Corop-
ceanu I, Achorn OB, Kloepper J, Heeren J, So PTC, Fukumura 
D, Jensen KF, Jain RK, Bawendi MG (2017) Next-generation 

https://doi.org/10.1117/1.JBO.19.7.077004
https://doi.org/10.1021/cb4004332
https://doi.org/10.1021/cb4004332
https://doi.org/10.1002/ijc.30131
https://doi.org/10.1038/srep43005
https://doi.org/10.1021/acs.molpharmaceut.5b00417
https://doi.org/10.1007/s00775-016-1353-z
https://doi.org/10.1007/s00775-016-1353-z
https://doi.org/10.1021/jm501655t
https://doi.org/10.1038/srep01485
https://doi.org/10.1038/srep01485
https://doi.org/10.1002/cmdc.201500221
https://doi.org/10.1016/s0076-6879(08)02802-4
https://doi.org/10.1016/s0076-6879(08)02802-4
https://doi.org/10.1111/j.1582-4934.2011.01499.x
https://doi.org/10.21873/invivo.11180
https://doi.org/10.21873/invivo.11180
https://doi.org/10.1007/s10456-014-9432-7
https://doi.org/10.1016/j.actbio.2017.12.009
https://doi.org/10.1158/0008-5472.CAN-06-1384
https://doi.org/10.1158/0008-5472.CAN-06-1384
https://doi.org/10.1186/s12885-017-3978-x
https://doi.org/10.1186/s12885-017-3978-x
https://doi.org/10.1080/10611860903118914
https://doi.org/10.1186/s12951-017-0321-2
https://doi.org/10.1186/s12951-017-0321-2
https://doi.org/10.1016/j.addr.2007.04.019
https://doi.org/10.1016/j.addr.2007.04.019
https://doi.org/10.1089/107632703322066624
https://doi.org/10.1089/ten.2006.12.2093
https://doi.org/10.1089/ten.TEC.2017.0186
https://doi.org/10.1002/term.2340


 Angiogenesis

1 3

in vivo optical imaging with short-wave infrared quantum dots. 
1:0056. https ://doi.org/10.1038/s4155 1-017-0056, https ://www.
natur e.com/artic les/s4155 1-017-0056-suppl ement ary-infor matio 
n

 709. Gohongi T, Fukumura D, Boucher Y, Yun CO, Soff GA, Comp-
ton C, Todoroki T, Jain RK (1999) Tumor-host interactions in 
the gallbladder suppress distal angiogenesis and tumor growth: 
involvement of transforming growth factor beta1. Nat Med 
5(10):1203–1208. https ://doi.org/10.1038/13524 

 710. Padera TP, Kadambi A, di Tomaso E, Carreira CM, Brown EB, 
Boucher Y, Choi NC, Mathisen D, Wain J, Mark EJ, Munn LL, 
Jain RK (2002) Lymphatic metastasis in the absence of func-
tional intratumor lymphatics. Science 296(5574):1883–1886. 
https ://doi.org/10.1126/scien ce.10714 20

 711. Ny A, Koch M, Schneider M, Neven E, Tong RT, Maity S, Fis-
cher C, Plaisance S, Lambrechts D, Heligon C, Terclavers S, 
Ciesiolka M, Kalin R, Man WY, Senn I, Wyns S, Lupu F, Brandli 
A, Vleminckx K, Collen D, Dewerchin M, Conway EM, Moons 
L, Jain RK, Carmeliet P (2005) A genetic Xenopus laevis tadpole 

model to study lymphangiogenesis. Nat Med 11(9):998–1004. 
https ://doi.org/10.1038/nm128 5

 712. Chen O, Riedemann L, Etoc F, Herrmann H, Coppey M, Barch 
M, Farrar CT, Zhao J, Bruns OT, Wei H, Guo P, Cui J, Jensen R, 
Chen Y, Harris DK, Cordero JM, Wang Z, Jasanoff A, Fukumura 
D, Reimer R, Dahan M, Jain RK, Bawendi MG (2014) Magneto-
fluorescent core-shell supernanoparticles. Nat Commun 5:5093. 
https ://doi.org/10.1038/ncomm s6093 

 713. Au P, Tam J, Duda DG, Lin PC, Munn LL, Fukumura D, 
Jain RK (2009) Paradoxical effects of PDGF-BB overexpres-
sion in endothelial cells on engineered blood vessels in vivo. 
Am J Pathol 175(1):294–302. https ://doi.org/10.2353/ajpat 
h.2009.08088 7

 714. Izumi Y, Xu L, di Tomaso E, Fukumura D, Jain RK (2002) 
Tumour biology: herceptin acts as an anti-angiogenic cocktail. 
Nature 416(6878):279–280. https ://doi.org/10.1038/41627 9b

Affiliations

Patrycja Nowak‑Sliwinska1,2 · Kari Alitalo3 · Elizabeth Allen4 · Andrey Anisimov3 · Alfred C. Aplin5 · 
Robert Auerbach6 · Hellmut G. Augustin7,8,9 · David O. Bates10 · Judy R. van Beijnum11 · R. Hugh F. Bender12 · 
Gabriele Bergers13,4 · Andreas Bikfalvi14 · Joyce Bischoff15 · Barbara C. Böck7,8,9 · Peter C. Brooks16 · 
Federico Bussolino17,18 · Bertan Cakir19 · Peter Carmeliet20,21 · Daniel Castranova22 · Anca M. Cimpean23 · 
Ondine Cleaver24 · George Coukos25 · George E. Davis26 · Michele De Palma27 · Anna Dimberg28 · 
Ruud P. M. Dings29 · Valentin Djonov30 · Andrew C. Dudley31,32 · Neil P. Dufton33 · Sarah‑Maria Fendt34,35 · 
Napoleone Ferrara36 · Marcus Fruttiger37 · Dai Fukumura38 · Bart Ghesquière39,40 · Yan Gong19 · 
Robert J. Griffin29 · Adrian L. Harris41 · Christopher C. W. Hughes12 · Nan W. Hultgren12 · M. Luisa Iruela‑Arispe42 · 
Melita Irving25 · Rakesh K. Jain38 · Raghu Kalluri43 · Joanna Kalucka20,21 · Robert S. Kerbel44 · Jan Kitajewski45 · 
Ingeborg Klaassen46 · Hynda K. Kleinmann47 · Pieter Koolwijk48 · Elisabeth Kuczynski44 · Brenda R. Kwak49 · 
Koen Marien50 · Juan M. Melero‑Martin51 · Lance L. Munn38 · Roberto F. Nicosia5,52 · Agnes Noel53 · Jussi Nurro54 · 
Anna‑Karin Olsson55 · Tatiana V. Petrova56 · Kristian Pietras57 · Roberto Pili58 · Jeffrey W. Pollard59 · Mark J. Post60 · 
Paul H. A. Quax61 · Gabriel A. Rabinovich62 · Marius Raica23 · Anna M. Randi33 · Domenico Ribatti63,64 · 
Curzio Ruegg65 · Reinier O. Schlingemann46,48 · Stefan Schulte‑Merker66 · Lois E. H. Smith19 · Jonathan W. Song67,68 · 
Steven A. Stacker69 · Jimmy Stalin66 · Amber N. Stratman22 · Maureen Van de Velde53 · Victor W. M. van Hinsbergh48 · 
Peter B. Vermeulen50,72 · Johannes Waltenberger70 · Brant M. Weinstein22 · Hong Xin36 · Bahar Yetkin‑Arik46 · 
Seppo Yla‑Herttuala54 · Mervin C. Yoder71 · Arjan W. Griffioen11

1 Molecular Pharmacology Group, School of Pharmaceutical 
Sciences, Faculty of Sciences, University of Geneva, 
University of Lausanne, Rue Michel-Servet 1, CMU, 
1211 Geneva 4, Switzerland

2 Translational Research Center in Oncohaematology, 
University of Geneva, Geneva, Switzerland

3 Wihuri Research Institute and Translational Cancer Biology 
Program, University of Helsinki, Helsinki, Finland

4 Laboratory of Tumor Microenvironment and Therapeutic 
Resistance, Department of Oncology, VIB-Center for Cancer 
Biology, KU Leuven, Louvain, Belgium

5 Department of Pathology, University of Washington, Seattle, 
WA, USA

6 University of Wisconsin, Madison, WI, USA
7 European Center for Angioscience, Medical Faculty 

Mannheim, Heidelberg University, Heidelberg, Germany

8 Division of Vascular Oncology and Metastasis Research, 
German Cancer Research Center, Heidelberg, Germany

9 German Cancer Consortium, Heidelberg, Germany
10 Division of Cancer and Stem Cells, School of Medicine, 

University of Nottingham, Nottingham, UK
11 Angiogenesis Laboratory, Department of Medical Oncology, 

VU University Medical Center, Cancer Center Amsterdam, 
De Boelelaan 1117, 1081 HV Amsterdam, The Netherlands

12 Department of Molecular Biology and Biochemistry, 
University of California, Irvine, CA, USA

13 Department of Neurological Surgery, Brain Tumor Research 
Center, Helen Diller Family Comprehensive Cancer Center, 
University of California, San Francisco, CA, USA

14 Angiogenesis and Tumor Microenvironment Laboratory 
(INSERM U1029), University Bordeaux, Pessac, France

https://doi.org/10.1038/s41551-017-0056
https://www.nature.com/articles/s41551-017-0056-supplementary-information
https://www.nature.com/articles/s41551-017-0056-supplementary-information
https://www.nature.com/articles/s41551-017-0056-supplementary-information
https://doi.org/10.1038/13524
https://doi.org/10.1126/science.1071420
https://doi.org/10.1038/nm1285
https://doi.org/10.1038/ncomms6093
https://doi.org/10.2353/ajpath.2009.080887
https://doi.org/10.2353/ajpath.2009.080887
https://doi.org/10.1038/416279b


Angiogenesis 

1 3

15 Vascular Biology Program and Department of Surgery, 
Harvard Medical School, Boston Children’s Hospital, 
Boston, MA, USA

16 Center for Molecular Medicine, Maine Medical Center 
Research Institute, Scarborough, ME, USA

17 Department of Oncology, University of Torino, Turin, Italy
18 Candiolo Cancer Institute-FPO-IRCCS, 10060 Candiolo, 

Italy
19 Department of Ophthalmology, Harvard Medical School, 

Boston Children’s Hospital, Boston, MA, USA
20 Laboratory of Angiogenesis and Vascular Metabolism, 

Department of Oncology and Leuven Cancer Institute (LKI), 
KU Leuven, Leuven, Belgium

21 Laboratory of Angiogenesis and Vascular Metabolism, 
Center for Cancer Biology, VIB, Leuven, Belgium

22 Division of Developmental Biology, Eunice Kennedy Shriver 
National Institute of Child Health and Human Development, 
National Institutes of Health, Bethesda, MD, USA

23 Department of Microscopic Morphology/Histology, 
Angiogenesis Research Center, Victor Babes University 
of Medicine and Pharmacy, Timisoara, Romania

24 Department of Molecular Biology, Center for Regenerative 
Science and Medicine, University of Texas Southwestern 
Medical Center, Dallas, TX, USA

25 Ludwig Institute for Cancer Research, Department 
of Oncology, University of Lausanne, Lausanne, Switzerland

26 Department of Medical Pharmacology and Physiology, 
University of Missouri, School of Medicine and Dalton 
Cardiovascular Center, Columbia, MO, USA

27 School of Life Sciences, Swiss Federal Institute 
of Technology, Lausanne, Switzerland

28 Department of Immunology, Genetics and Pathology, 
Uppsala University, Uppsala, Sweden

29 Department of Radiation Oncology, University of Arkansas 
for Medical Sciences, Little Rock, AR, USA

30 Institute of Anatomy, University of Bern, Bern, Switzerland
31 Department of Microbiology, Immunology, and Cancer 

Biology, University of Virginia, Charlottesville, VA, USA
32 Emily Couric Cancer Center, The University of Virginia, 

Charlottesville, VA, USA
33 Vascular Sciences, Imperial Centre for Translational 

and Experimental Medicine, National Heart and Lung 
Institute, Imperial College London, London, UK

34 Laboratory of Cellular Metabolism and Metabolic 
Regulation, VIB Center for Cancer Biology, Leuven, 
Belgium

35 Laboratory of Cellular Metabolism and Metabolic 
Regulation, Department of Oncology, KU Leuven 
and Leuven Cancer Institute, Leuven, Belgium

36 University of California, San Diego, La Jolla, CA, USA
37 Institute of Ophthalmology, University College London, 

London, UK

38 Edwin L. Steele Laboratories, Department of Radiation 
Oncology, Massachusetts General Hospital and Harvard 
Medical School, Boston, MA, USA

39 Metabolomics Expertise Center, VIB Center for Cancer 
Biology, VIB, Leuven, Belgium

40 Department of Oncology, Metabolomics Expertise Center, 
KU Leuven, Leuven, Belgium

41 Molecular Oncology Laboratories, Oxford University 
Department of Oncology, Weatherall Institute of Molecular 
Medicine, John Radcliffe Hospital, Oxford, UK

42 MCDB, University of California, Los Angeles, CA, USA
43 Department of Cancer Biology, Metastasis Research Center, 

The University of Texas MD Anderson Cancer Center, 
Houston, TX, USA

44 Department of Medical Biophysics, Biological Sciences 
Platform, Sunnybrook Research Institute, University 
of Toronto, Toronto, ON, Canada

45 Department of Physiology and Biophysics, University 
of Illinois, Chicago, IL, USA

46 Ocular Angiogenesis Group, Departments of Ophthalmology 
and Medical Biology, Academic Medical Center, University 
of Amsterdam, Amsterdam, The Netherlands

47 The George Washington University School of Medicine, 
Washington, DC, USA

48 Department of Ophthalmology, University of Lausanne, 
Jules-Gonin Eye Hospital, Fondation Asile des Aveugles, 
Lausanne, Switzerland

49 Department of Pathology and Immunology, University 
of Geneva, Geneva, Switzerland

50 HistoGeneX, Antwerp, Belgium
51 Department of Cardiac Surgery, Harvard Medical School, 

Boston Children’s Hospital, Boston, MA, USA
52 Pathology and Laboratory Medicine Service, VA Puget 

Sound Health Care System, Seattle, WA, USA
53 Laboratory of Tumor and Developmental Biology, 

GIGA-Cancer, University of Liège, Liège, Belgium
54 Department of Biotechnology and Molecular Medicine, 

University of Eastern Finland, Kuopio, Finland
55 Department of Medical Biochemistry and Microbiology, 

Science for Life Laboratory, Uppsala Biomedical Center, 
Uppsala University, Uppsala, Sweden

56 Department of oncology UNIL-CHUV, Ludwig Institute 
for Cancer Research Lausanne, Lausanne, Switzerland

57 Division of Translational Cancer Research, Department 
of Laboratory Medicine, Lund, Sweden

58 Genitourinary Program, Indiana University-Simon Cancer 
Center, Indianapolis, IN, USA

59 Medical Research Council Centre for Reproductive Health, 
College of Medicine and Veterinary Medicine, University 
of Edinburgh, Edinburgh, UK

60 Department of Physiology, Maastricht University, Maastricht, 
The Netherlands

61 Einthoven Laboratory for Experimental Vascular Medicine, 
Department Surgery, LUMC, Leiden, The Netherlands



 Angiogenesis

1 3

62 Laboratory of Immunopathology, Institute of Biology 
and Experimental Medicine, National Council of Scientific 
and Technical Investigations (CONICET), Buenos Aires, 
Argentina

63 Department of Basic Medical Sciences, Neurosciences 
and Sensory Organs, University of Bari Medical School, 
Bari, Italy

64 National Cancer Institute “Giovanni Paolo II”, Bari, Italy
65 Department of Oncology, Microbiology and Immunology, 

Faculty of Science and Medicine, University of Fribourg, 
Fribourg, Switzerland

66 Institute of Cardiovascular Organogenesis and Regeneration, 
Faculty of Medicine, WWU , Münster, Germany

67 Department of Mechanical and Aerospace Engineering, The 
Ohio State University, Columbus, OH, USA

68 Comprehensive Cancer Center, The Ohio State University, 
Columbus, OH, USA

69 Tumour Angiogenesis and Microenvironment Program, Peter 
MacCallum Cancer Centre and The Sir Peter MacCallum, 
Department of Oncology, University of Melbourne, 
Melbourne, VIC, Australia

70 Medical Faculty, University of Münster, 
Albert-Schweitzer-Campus 1, Münster, Germany

71 Department of Pediatrics, Indiana University School 
of Medicine, Indianapolis, IN, USA

72 Translational Cancer Research Unit, GZA Hospitals, 
Sint-Augustinus & University of Antwerp, Antwerp, Belgium


	Consensus guidelines for the use and interpretation of angiogenesis assays
	Abstract
	1 Introduction
	2 Endothelial cell and monocyte migration assays
	2.1 Types of assays
	2.2 Limitations and challenges
	2.3 Concluding remarks

	3 Endothelial cell proliferation assays
	3.1 Types of proliferation assays
	3.2 Limitations and challenges
	3.3 Concluding remarks

	4 3D models of vascular morphogenesis
	4.1 Types of assays
	4.2 Limitations and challenges
	4.3 Concluding remarks

	5 Aortic ring assay
	5.1 Benefits and strengths of the aortic ring assay
	5.2 Assay overview
	5.3 Quantitative analysis of angiogenesis in aortic cultures
	5.4 Critical points
	5.5 Limitations and challenges
	5.6 Concluding Remarks

	6 Tumor microvessel density and histopathological growth patterns in tumors
	6.1 Histopathological growth patterns
	6.2 Concluding remarks

	7 Assessment of intussusceptive angiogenesis
	7.1 The concept of intussusception and the methodological challenge
	7.2 Limitations and challenges
	7.3 Concluding remarks

	8 In vivo sprouting lymphangiogenic assay and AAV-mediated gene transfer of vascular endothelial growth factor c (VEGFC)
	8.1 Description of the ear sponge assay and AAV generationtissue transduction
	8.2 Applications, benefits, and strengths of the assay: analysis of lymphangiogenesis and angiogenesis
	8.3 Limitations and challenges
	8.4 Concluding remarks

	9 Assay for pericyte recruitment to endothelial cell-lined tubes, capillary assembly, and maturation
	9.1 Benefits and strengths of the assay
	9.2 Assay overview
	9.3 Critical steps in the assay
	9.4 Limitations and challenges
	9.5 Concluding remarks

	10 EC co-culture spheroids
	10.1 Strengths and benefits of the three-dimensional co-culture EC spheroids
	10.2 Assay overview and types of assays
	10.3 Limitations and challenges
	10.4 Concluding remarks

	11 Endothelial cell metabolism
	11.1 Tracer metabolomics
	11.2 Experimental tracer metabolomics setup of EC
	11.3 Mass spectrometry
	11.4 Data processing
	11.5 Radioactive tracer-based assays
	11.6 Measurements of extracellular acidification rate and mitochondrial respiration using a Seahorse XF analyzer
	11.7 Limitations and challenges, problems and pitfalls in probing EC metabolism

	12 Endothelial cell precursors
	12.1 Assays to identify endothelial stem and progenitor cells
	12.2 Limitations and challenges
	12.3 Concluding remarks

	13 Microfluidic assays
	13.1 Development and capabilities
	13.2 Advantages of microfluidics for angiogenesis studies
	13.3 Limitations and challenges
	13.4 Concluding remarks

	14 Flow cytometry and cell sorting assays
	14.1 Types of assays
	14.2 Limitations and challenges
	14.3 Concluding remarks

	15 Loss-of-function approaches in the developing zebrafish
	15.1 Morpholinos
	15.2 Genetic mutants
	15.3 Assessing vascular phenotypes in loss-of-function models
	15.4 Where is the gene expressed?
	15.5 Assessing general morphology and development in morphants or mutants
	15.6 Assessing circulatory flow and cardiac function
	15.7 Assessing vascular patterning
	15.8 Concluding remarks

	16 Chorioallantoic membrane assays
	16.1 In ovo CAM assays
	16.2 Ex ovo CAM assays
	16.3 Angiogenesis platform using a cubic artificial eggshell with patterned blood vessels
	16.4 Assessing vascular patterning
	16.5 The experimental chicken embryo tumor model
	16.6 Functional genomics analysis using the chicken CAM model
	16.7 Limitations and challenges
	16.8 The CAM as a screening platform
	16.9 Concluding remarks

	17 Murine allantois assay
	17.1 Overview assay
	17.2 Limitations and challenges
	17.3 Concluding remarks

	18 In vivo angiogenesis plug assay
	18.1 The in vivo plug assay method
	18.2 Key steps in 3D imaging and analyses
	18.3 Limitations and challenges
	18.4 Concluding remarks

	19 In vivo vascular network forming assay
	19.1 Backgroundhistory
	19.2 Assay overview
	19.3 Visualizing and quantifying vessels
	19.4 Distinguishing human from murine vessels
	19.5 Longitudinal analyses
	19.6 Advantages
	19.7 Limitations and challenges
	19.8 Concluding remarks

	20 Developing mouse retinal vasculature—tip cells
	20.1 Visualization of cellular markers and gene expression
	20.2 Analysis of tip cells
	20.3 Network analysis of retinal vasculature
	20.4 Limitations and challenges
	20.5 Concluding remarks

	21 Corneal angiogenesis assays
	21.1 Assay overview
	21.2 Limitations and challenges
	21.3 Concluding remarks

	22 Mouse oxygen-induced retinopathy model
	22.1 Assay overview
	22.2 Limitations and challenges
	22.3 Concluding remarks

	23 Laser-induced choroidal neovascularization mouse model
	23.1 Laser CNV model advantages and limitations
	23.2 Assay overview
	23.3 Limitations and challenges
	23.4 Concluding remarks

	24 Transparent window preparations for angiogenesis studies in mice
	24.1 Development and capabilities
	24.2 Advantages of intravital microscopychronic window chambers for angiogenesis studies
	24.3 Limitations and challenges of intravital microscopy and window chambers
	24.4 Concluding remarks

	25 The RIP1-Tag2 transgenic mouse model
	25.1 The angiogenic switch
	25.2 Preclinical and clinical studies
	25.3 RIP1-Tag2 versus PNET tumors
	25.4 Adaptation to anti-angiogenic therapy
	25.5 Limitations and challenges
	25.6 Concluding remarks

	26 The MMTV-PyMT breast cancer model
	26.1 Tumor angiogenesis in MMTV-PyMT mice
	26.2 Role of macrophages in MMTV-PyMT tumor angiogenesis
	26.3 Anti-angiogenic therapy in MMTV-PyMT mice
	26.4 Limitations and challenges

	27 Tumor implantation models
	27.1 Implantation of angiogenic tumors
	27.2 Detection of “non-angiogenic” tumors, which rely instead on “vessel co-option”
	27.3 Some “hallmarks” of detecting vessel co-option in tumors growing within the lungs, liver, and brain
	27.4 Limitations and challenges
	27.5 Concluding remarks

	28 Mouse hind limb ischemia model
	28.1 Mouse model for hind limb ischemia
	28.2 Variants of the surgical procedure to induce mouse hind limb ischemia
	28.3 Analysis of blood flow recovery and neovascularization
	28.4 Limitations and challenges
	28.5 Concluding remarks

	29 Large animal models for myocardial angiogenesis
	29.1 Acute ischemia models
	29.2 Chronic ischemia models
	29.3 Non-ischemic heart failure models
	29.4 Myocardial stainings
	29.5 Challenges and limitations
	29.6 Concluding remarks

	30 Guidelines for purity of recombinant proteins in angiogenesis assays
	30.1 Endotoxin
	30.2 Effects of endotoxin in angiogenesis assays
	30.3 Concluding remarks

	31 Conclusions
	Acknowledgements 
	References




