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Preface

There now exists much evidence that growth of solid and hematologic tumors is
angiogenesis-dependent. Tumor angiogenesis is generally viewed as the consequence of an
angiogenic switch, i.e., a genetic event that endows the tumor with the ability to recruit
blood vessels from the neighboring tissue. Tumor tissue is characterized by rapid prolifera-
tion, increased permeability, and disorganized architecture, properties which are a cause or
a consequence of inadequate perfusion and oxygenation.

The main technical challenge in any study of tumor angiogenesis is the selection of the
most appropriate assay. Despite the increasing numbers of both in vitro and in vivo assays,
a “gold-standard” angiogenesis assay has yet to be developed; therefore, a combination of
assays are required to identify the molecular and /or cellular events in tumor angiogenesis.
Despite the discovery and development of numerous antiangiogenic agents for the treat-
ment of cancer, which have showed promising inhibitory effects in preclinical testing, and
in some instances tumor regression, these agents have proved very disappointing in clinical
trials. This inconsistency of data highlights the need for rigorous preclinical testing using
relevant models and the limitations of each assay being taken into consideration, thus avoid-
ing overinterpretation of results.

The aim of this book is to provide a range of methods and protocols for studying tumor
angiogenesis in vitro and in vivo to reflect advances in the field. I would like to thank the
colleagues who kindly agreed to contribute to this work.

Bavi, Italy Domenico Ribatti
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Chapter 1

The Discovery of Tumor Angiogenesis Factors:
A Historical Overview

Domenico Ribatti

Abstract

Starting with the hypothesis formulated by Judah Folkman that tumor growth is angiogenesis-dependent,
this area of research has a solid scientific foundation, and inhibition of angiogenesis is a major area of thera-
peutic development for the treatment of cancer. This chapter offers an account of the most relevant dis-
coveries in this field of biomedical research.

Key words Angiogenesis, Anti-angiogenesis, History of medicine, Tumor growth

1 Early Evidence of Tumor Cells Releasing Specific Growth Factor for Blood
Vessels

Tumor vascularization was first studied systematically by Goldman,
who described the vasoproliferative response of the organ in which
a tumor develops as follows: “The normal blood vessels of the
organs in which the tumor is developing are disturbed by chaotic
growth, there is a dilatation and spiralling of the affected vessels,
marked capillary budding, and new vessel formation, particularly at
the advancing border” [1].

In 1939, Ide et al. suggested that tumors release specific fac-
tors capable of stimulating the growth of blood vessels [2]. In
1945, Algire and Chalkley demonstrated that growing malignan-
cies could continuously elicit new capillary growth from the host
[3]. They used a transparent chamber implanted in a cat’s skin and
showed that the vasoproliferative response induced by tumors was
more substantial and earlier than that induced by normal tissues or
following a wound and concluded that the growth of a tumor is
closely connected to the development of an intrinsic vascular net-
work. In 1956, Merwin and Algire found that the vasoproliferative
response of normal or neoplastic tissues transplanted into muscle
was not significantly different with respect to the time of onset of
new blood vessels, though it was stronger when the implantation

Domenico Ribatti (ed.), Tumor Angiogenesis Assays: Methods and Protocols, Methods in Molecular Biology, vol. 1464,
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2 Domenico Ribatti

was performed in a resection area [4]. In addition, while normal
tissues induced a vasoproliferative response confined to the host,
tumor tissues induced the formation of neovessels that pierced the
implant. Lastly, the intensity of the response seemed to be influ-
enced by the distance between the implant and the host’s vessels:
normal tissue was unable to induce a response if placed more than
50 pm away, whereas tumor tissue had a longer activity range [4].

In 1968, Greenblatt and Shubik implanted Millipore chambers
into a hamster’s cheek pouch and placed some tumor fragments,
and in a few days, the growing tumor mass engulfed the whole
chamber, whose pores were permeable to the tumor interstitial fluid,
but not to the tumor cells [5]. New blood vessels were formed in
any case very likely through the release of a diffusible factor that
could pass through the pores. In 1968, Ehrman and Knoth con-
firmed these data with tumor fragments laid on Millipore filters
planted on the chick embryo chorioallantoic membrane (CAM) [6].

In the 1970s, Pietro M. Gullino and colleagues observed that
the resting adult rodent mammary gland has limited, if any, angio-
genic capacity, whereas this is consistently acquired by mammary
carcinomas. Lesions with a high frequency of neoplastic transfor-
mation induce angiogenesis at a much higher rate than those with
a low frequency. This elevated angiogenic capacity was observed
long before any morphological sign of neoplastic transformation.
Hyperplastic human mammary gland lesions behave in the same
way and angiogenesis may thus be an early marker of neoplastic
transformation [7-10].

2 Absence of Angiogenesis in Tumors in Isolated Perfused Organs and First
Evidence of the Existence of the Avascular and Vascular Phases in Solid
Tumor Growth

Judah Folkman (Fig. 1) and colleagues observed that when tumor
cells were inoculated into isolated perfused organs, tumors were
limited in size to 1-2 mm?* and found that neovascularization did
not occur in isolated perfused organs and that tumors transplanted
from these organs to syngeneic mice became vascularized and grew
rapidly to 1-2 mm?3, more than 1000 times their original volume in
the perfused organ [11]. This was the first evidence that the
absence of neovascularization correlated with severe restriction of
tumor growth.

In another series of experiments, 1 mm fragments from Brown-
Pearce and V2 carcinomas were implanted into the avascular rabbit
cornea 1-6 mm away from the limbic vessels, and observed the tumor
growth daily with a stereomicroscope. After 1 week, new blood ves-
sels had invaded the cornea starting from the edge closer to the site of
implantation and developed in that direction at 0.2 mm and then
about 1 mm/day, and once the vessels reached the tumor, it grew
very rapidly to permeate the entire globe within 4 weeks [12, 13].
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Fig. 1 A portrait of Judah Folkman

3 First Formulation of the Hypothesis That Tumor Growth Is Angiogenesis-
Dependent and Isolation of the First Tumor Angiogenic Factor

In 1971, Folkman published in the “New England Journal of
Medicine” a hypothesis that tumor growth is angiogenesis-
dependent and that inhibition of angiogenesis could be therapeu-
tic [14]. This paper also introduced the term anti-angiogenesis to
mean the prevention of new vessel sprout from being recruited by
a tumor. The hypothesis predicted that tumors would be able to
grow beyond a microscopic size of 1-2 mm? without continuous
recruitment of new capillary blood vessels [ 14].

Until the early 1970s it was widely assumed that tumors did
not produce specific angiogenic proteins. The conventional wis-
dom was that tumor vasculature was an inflammatory reaction to
dying or necrotic tumor cells. In 1971, Folkman, isolated an angio-
genic factor subsequently called “tumor angiogenesis factor”
(TAF) [15]. TAF has since been extracted from different tumor
cell lines, and several low molecular weight angiogenic factors have
been isolated, again from the Walker 256 carcinoma. These factors
induced a vasoproliferative response in vivo when tested on rabbit
cornea or chick CAM, and in vitro on cultured endothelial cells
[16-18].

In 1984, Shing and Klagsbrun, working in the Folkman labo-
ratory, purified to homogeneity the first pro-angiogenic molecule
from tumors, able to bring with high affinity to heparin, and iden-
tified as basic fibroblast growth factor (bFGF).
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4 The Development of the “Angiogenic Switch” Concept

The angiogenic switch whereby the normally quiescent vasculature
grows new capillaries separates the avascular phase characterized by
a dormant tumor and the vascular phase in which exponential
tumor growth ensues. In the prevascular phase, tumor cells prolit-
erate, but the rate of tumor cell death counterbalances this prolit-
eration and maintains the tumor mass in a steady state. Dormant
tumors (carcinoma in situ) have been discovered during autopsies
of 98 % of individuals aged 50-70 years who died of causes other
causes, but was diagnosed in only 0.1 % during life.

Activation of the switch itself has been attributed to the syn-
thesis or release of angiogenic factors. The balance hypothesis
assumes that the level of angiogenesis inducers and inhibitors
governs cell differentiation states of quiescence or angiogenesis.
This balance is altered by increasing activator gene expression,
changing the bioavailability or activity of the inducer proteins,
or reducing the concentrations of endogenous angiogenesis
inhibitors [19].

The mechanism of the switch was first described in 1985 by
Dug Hanahan (Fig. 2) who developed transgenic mice in which
the large T oncogene is hybridized to the insulin promoter [20].
In this islet cell tumorigenesis (RIP1-TAG2 model), these mice
express the large T antigen (TAG) in all their islet cells at birth, and
express the SV40 TAG under the control of the insulin gene pro-
moter, which elicits the sequential development of tumors in the
islets over a period of 12-14 weeks. Tumor development proceeds
by stages during which about halt the 400 islets become
hyperproliferate, while a subset (about 25 %) subsequently acquire
the ability to switch to angiogenesis. Some 15-20% of these angio-
genic islets develop into benign tumors, encapsulated lesions, and
invasive carcinomas [20].

Fig. 2 A portrait of Dug Hanahan
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5 Prognostic Significance of Tumor Vascularity

In 1972, Brem in the Folkman laboratory reported the first quanti-
tative method for histologic grading of tumor angiogenesis. He cor-
related neovascularization in human brain tumors with tumor grade
[21]. In the early 1990s, Weidner and co-workers showed that mea-
surement of microvascular density within isolated regions of high
vessel concentration was a prognostic indicator for human breast
and prostate carcinomas [22]. Microvascular density counting pro-
tocols have become the morphological gold standard to assess the
neovasculature in human tumors. This method requires the use of
specific markers to vascular endothelium and of immunohistochem-
ical procedures to visualize microvessels, and microvascular density
in primary tumors is significantly associated with metastasis and
prognosis in several solid and hematological tumors [23].

6 The Importance of Tumor Stroma

In his treatise “Il Cancro”, published by Ambrosiana in 1946,
Pietro Rondoni, Professor of General Pathology at the University
of Milan, and Director of the Milan Cancer Institute, stated with
regard to the stroma of tumors that: “a tumor acts both angioplas-
tically and angiotactically, in other words it promotes the forma-
tion of new vessels and attracts vascular outgrowths (capillaries and
pluripotent perivasal cells) so as to build up and shape a stroma of
its own, a newly formed stroma. It must thus be unreservedly
admitted that tumors are partly vascularized by the already existing
network of vessels around them. As in other pathological processes,
therefore, vascular neoformation takes place from budding of the
existing capillaries” [24]. The importance of this passage lies in the
fact that Rondoni refers to the ability of a tumor to induce the
formation of new blood vessels from those that already surround
it. He also asserts that this angiogenic activity occurs in its stroma.

In 1986, Harold Dvorak (Fig. 3) first highlighted the role
played by the stromal component in tumor progression and pro-
posed a similarity between tumors and wounds by defining cancer
as a wound that does not heal [25]. Subsequent research has dem-
onstrated that the tumor microenvironment plays an active role
through adhesion molecules, angiogenesis, and stromal host cells.
These latter not only passively support neoplastic cells by providing
a scaffold for their growth, but also promote neoplastic develop-
ment and regulate progression to malignancy. It has been esti-
mated that 15% of malignancy worldwide can be attributed to
chronic inflammatory diseases.

The peritumoral inflammatory infiltrate surrounding newly
formed blood vessels consists of fibroblasts, macrophages, mast
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Fig. 3 A portrait of Harold Dvorak

cells, and other leukocytes that may contribute to the induction of
an angiogenic response by secreting angiogenic cytokines and pro-
teolytic enzymes which, in turn, mobilize angiogenic factors in the
extracellular matrix [26].

7 Anti-angiogenesis

The existence of specific angiogenesis inhibitors was first postulated
by Folkman in 1971 in an editorial [14]. No angiogenesis inhibi-
tors existed before 1980, and few scientists thought at that time
that such molecules would ever be found. The accumulating litera-
ture on angiogenesis inhibitors reported during the 1980s and
early 1990s led to the development by pharmaceutical and biotech-
nology companies of angiogenesis inhibitors for clinical use.

In 1973, Eisenstein et al. found the first angiogenesis inhibitor
in cartilage, an avascular tissue that resists invasion by many tumors
[27]. In 1975, Brem and Folkman demonstrated that tumor-
induced vessels were inhibited by a diffusible factor from neonatal
rabbit cartilage. The partially purified inhibitor suppressed tumor
growth when it was infused into the vascular bed of murine and
rabbit tumors [28].

In 1982, Denckamp, who noticed that tumor blood vessels
had different characteristics than normal blood vessels, hypothe-
sized that the local disruption of the tumor vasculature would
result in the death of tumor cells and that only a few endothelial
cells within the vessels need to be killed to completely occlude the
vessels [29]. This strategy relies on the ability of vascular disrupt-
ing agents (VDAs, also referred to as vascular targeting agents) to
distinguish the endothelial cells of tumor capillaries from normal
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ones. Compared to anti-angiogenesis agents, VDAs are much
more toxic, and like conventional chemotherapeutics, they are
most effective at their maximum tolerated doses.

8 The Discovery of Angiostatin and Endostatin

Angiostatin and endostatin were discovered by M. O’Reilly in
Folkman laboratory based on Folkman’s hypothesis of a mecha-
nism to explain the phenomenon that surgical removal of certain
tumors leads to rapid growth of remote metastases. This hypothe-
sis said that if tumors produce both stimulators and inhibitors of
angiogenesis, an excess of inhibitors could accumulate within an
angiogenic tumor. In the circulation, however, the ratio would be
reversed. Angiogenesis inhibitors would increase relative to stimu-
lators, because of rapid clearance of stimulators from the blood.

Folkman formulated this hypothesis after reading Bouck’s first
report that the emergence of tumor angiogenesis was the result of
a shift in balance between positive and negative regulators of
angiogenesis in a tumor. Bouck reported that the switch to angio-
genesis during tumorigenesis of transformed hamster cells was
associated with downregulation of an inhibitor of angiogenesis,
thrombospondin (TSP), and suggested that the switch to the
angiogenic phenotype could be the result of a shift in the net bal-
ance of positive and negative regulators of angiogenesis [30].

In 1994, O’Reilly began to screen a variety of transplantable
murine tumors for their ability to suppress metastases. A Lewis
lung carcinoma was the most efficient. When the metastasis-
suppressing primary tumor was present in the dorsal subcutaneous
position, micrcoscopic lung metastases remained dormant at a
diameter of less than 200 pm surrounding a pre-existing microves-
sel, but revealed no new vessels. Within 5 days after surgical
removal of the primary tumor, lung metastases became highly
angiogenic and grew rapidly, killing their host by 15 days. This
striking evidence that primary tumor could suppress angiogenesis
in its secondary metastases by a circulating inhibitor was further
supported by the demonstration that a primary tumor could also
suppress corneal angiogenesis by an implanted pellet of bFGF.
O’Reilly then succeeded in purifying this inhibitor from the serum
and urine of tumor-bearing animals. It was a 38-kD internal frag-
ment identical in amino acid sequence to the first four kringle
structures of plasminogen and it was named angiostatin. Angiostatin
inhibited growth of primary tumors by up to 98 % and was able to
induce regression of large tumors and maintain them at a micro-
scopic dormant size [31].

In 1997, O’Reilly isolated and purified another angiogenesis
inhibitor from a murine hemangioendothelioma. This inhibitor,
called endostatin is a 20-kD protein with an N-terminal amino acid
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sequence identical to the carboxyterminus of collagen XVIII. It
was purified directly from tumor cell-conditioned medium.
Endostatin is slightly more potent than angiostatin, and also causes
regression of large tumors to a microscopic size. However, the use
of endostatin in clinical trials for the treatment of neuroendocrine
tumors did not demonstrate therapeutic benefits. A modified ver-
sion of recombinant endostatin has been developed and used in
combination with chemotherapy for the treatment of cancer
patients in China [32].

9 Metronomic Chemotherapy

Browder in the Folkman laboratory was the first to demonstrate
the concept that by optimizing the dosing schedule of conven-
tional cytotoxic chemotherapy to achieve more sustained apoptosis
of endothelial cells in the vascular bed of a tumor, it is possible to
achieve more effective control of tumor growth in mice, even if the
tumor cells are drug-resistant [33].

Conventional chemotherapy is administered at maximum tol-
erated doses followed by oft-therapy intervals of 2—3 weeks to allow
the bone marrow and gastrointestinal tract to recover. In contrast,
anti-angiogenic chemotherapy is administered more frequently at
lower doses, without long interruptions in therapy and with little
or no toxicity. In an editorial published in 2000, Hanahan et al.
coined the term “metronomic chemotherapy” to indicate the new
schedules of cytotoxic agents given regularly at sub-cytotoxic doses
and having the activated endothelium as principal target [34].

During anti-angiogenic chemotherapy, endothelial cell apop-
tosis and capillary dropout precede the death of tumor cells that
surround each capillary and continuous administration of cyclo-
phosphamide in the drinking water inhibited tumor growth in
mice by 95 % and significantly increased circulating levels of TSP-1
[35]. The low-dose “metronomic chemotherapy” was ineffective
in TSP-1 null mice, indication that the low-dose oral chemotherapy
was in part dependent on its capacity to induce an increase in cir-
culating TSP-1.

10 Inhibitors of vascular endothelial growth factor (VEGF)

In 1993, Napoleone Ferrara (Fig. 4) laboratory reported that anti-
VEGF monoclonal antibodies exerted a potent inhibitory effect on
the growth of three tumor cell lines injected subcutaneously in
nude mice, the G55 glioblastoma multiforme, the SK-LMS-1 leio-
myosarcoma and the A673 rhabdomyosarcoma, whereas the anti-
body had no effects on the tumor cell in vitro, consistent with the
hypothesis that the inhibition of angiogenesis is the mechanism of
tumor suppression in vivo [36]. The growth inhibition ranged
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Fig. 4 A portrait of Napoleone Ferrara

between 70% and more than 95%. These findings provided the
first direct demonstration that inhibition of the action of an endog-
enous endothelial cell mitogen may result in suppression of tumor
growth in vivo.

Avastin (Bevacizumab) is a humanized anti-VEGF monoclonal
antibody. Avastin was the first angiogenesis inhibitor approved by
the FDA for the treatment of colorectal cancer in February 2004,
administered in combination with irinotecan, 5-fluorouracil, and
leucovirin [37], and was subsequently approved for use, in combi-
nation with cytotoxic chemotherapy, in breast, lung, and renal can-
cers, demonstrating a significant improvement in overall survival or
delayed tumor progression compared to chemotherapy alone.
However, treatment with Avastin can be accompanied by a variety
of adverse effects, including hypertension, proteinuria, gastrointes-
tinal perforation, bleeding, and thromboembolism.

A variety of small molecules receptor tyrosine kinase (RTK)
inhibitors targeting the VEGF receptors (VEGFRs) have been
developed [38]. Other anti-VEGF agents including VEGF-Trap, a
soluble receptor targeting VEGF-A, VEGEF-B, and placental
growth factor (PIGF), an antisense oligonucleotide VEGF-AS tar-
geting VEGF-A, VEGF-C, and VEGEF-D are at various stages of
clinical development. Inhibitors of VEGF signalling not only stop
angiogenesis but also cause regression of some tumor vessels,
transform some tumor capillaries into a more normal phenotype,
and have direct cytotoxic effects on tumor cells that aberrantly
express VEGFRs.

Removal of VEGF inhibition causes tumor re-growth due to
the fact that pericytes provide a scaffold for the rapidly re-growing
of tumor vessels [39]. Pericytes have been indicated as putative
targets in the pharmacological therapy of tumors by using the
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synergistic effect of anti-endothelial and anti-pericytic molecules.
Removal of pericyte coverage leads to exposed tumor vessels,
which may explain the enhanced effect of combining inhibitors
that target both tumor vessels and pericytes. Bergers et al. [40]
showed that combined treatment or pretreatment with anti-platelet
derived growth factor-B (PDGEF-B) /PDGEF recptor beta (PDGFR-f)
reducing pericyte coverage increases the success of anti-VEGF
treatment in the mouse RIP1-TAG2 model.

11 Concluding Remarks

The number of patients receiving anti-angiogenic therapies for
cancer treatment will increase rapidly in the coming years and the
development of anti-angiogenic and anti-vascular drugs has
prompted a search for suitable biomarkers. In fact, a clinical chal-
lenge in anti-angiogenesis is the finding of biological markers that
help to identify subsets of patients more likely to respond to a
given anti-angiogenic therapy, to detect early clinical benefit or
emerging resistances and to decide whether to change therapy in
second-line treatments.

The results from clinical trials have not shown the dramatic
antitumor effects that were expected following preclinical studies,
which revealed a much higher efficacy of these type of agents in
animal models. Patients with different types of tumors respond dit-
ferently to anti-angiogenic therapy, and future research will focus
on determining the tumor types and stages that will benefit most
from anti-angiogenic therapy.

Preclinical and clinical data have shown the possibility that
tumors may acquire resistance to anti-angiogenic drugs or may
escape anti-angiogenic therapy via compensatory mechanisms.
Most of the FDA-approved drugs, as well as those in phase III
clinical trials, target a single pro-angiogenic protein. However,
multiple angiogenic molecules may be produced by tumors, and
tumors at different stages of development may depend on different
angiogenic factors for their blood supply. Therefore, blocking a
single angiogenic molecule might have little or no impact on tumor
growth. Cancer genomics and proteomics are likely to identify
novel, tumor-specific endothelial targets and accelerate drug dis-
covery. Finally, a particular area of research concerns the assessment
of cumulative toxicities that arise from combination therapies.
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Chapter 2

Morphological Aspects of Tumor Angiogenesis

Ruslan Hlushchuk, Sébastien Barré, and Valentin Djonov

Abstract

The tumor vasculature is a chaotic mixture of abnormal, hierarchically disorganized vessels that differ from
those of normal tissues with respect to organization, structure and function. Firstly, tumor vessel wall struc-
ture is abnormal and heterogeneous within the tumor. Besides contractile wall components, the perivascular
compartment is often lacking pericytes, what makes the tumor vessels fragile and leaky. Secondly, another
group of abnormalities involves distortions in angioarchitecture and vasculature as network. Common fea-
tures of tumor vessels, irrespective of their origin, size and growth pattern, are absence of hierarchical orga-
nization, formation of vessels with irregular contours and their heterogeneous distribution within the tumor.

Key words Angiogenesis, Tumorangiogenesis, Tumor growth, Anti-angiogenesis, Quantification of
tumorangiogenesis

1 Angiogenic Research

Angiogenesis, the formation of new blood vessels from existing
ones, is an extensively investigated process with an enormous medi-
cal, scientific, and economic impact. It plays a major role in cardio-
vascular disorders and cancer progression, which together account
for about 2/3 of the worldwide mortality [1]. Accordingly, the
interest in the field is enormous and the number of registered clinical
trials dealing with angiogenesis is impressive. Preclinical research is
critical: out of 5000 compounds that enter pre-clinical testing, only
five (0.1%(!)), on average, are tested in human trials [2]. Moreover,
the frequently disappointing results from late-stage clinical trials
indicate an urgent need for improved assessment of the effects of
applied angiomodulating compounds in preclinical models [3].

2 Tumorangiogenesis

With increasing tumor mass, new vascular segments are needed for
its supply with oxygen and nutrients and clearance of metabolites.

Domenico Ribatti (ed.), Tumor Angiogenesis Assays: Methods and Protocols, Methods in Molecular Biology, vol. 1464,
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Lack of adequate vasculature constrains further tumor growth that
should result from continuous cell proliferation, the hallmark of
cancer pathogenesis [4]. Therefore, the “angiogenic switch,” when
the tumor cells gain the capability to produce angiogenic factors and
induce angiogenesis, is a crucial step for the tumor growth. There
are many angiomodulating factors that are produced and secreted by
tumor cells, and the progression of tumor angiogenesis depends on
the balance between these pro- and antiangiogenic factors [5, 6].

3 Abnormality of Tumor Blood Vessels

The normal vasculature is arranged in a regular hierarchy of evenly
distributed, well-differentiated arteries, arterioles, capillaries,
venules, and veins. In contrast, the tumor vasculature is a chaotic
mixture of abnormal, hierarchically disorganized vessels that differ
from those of normal tissues with respect to organization, struc-
ture, and function [7, 8].

The vessel wall structure is abnormal and also heterogeneous, even
within the same tumor. For example, in MMTV /c-neu carcinoma
xenograft tumor model it was observed that the smooth muscle cell
presence depends on the location of the vasculature within the tumor:
in the periphery the vessels possess a much more pronounced coverage
with smooth muscle cells than the ones located more centrally (see
Fig. 1) [9]. Besides contractile wall components, the perivascular com-
partment is often lacking pericytes, what makes the tumor vessels fragile
and leaky. Their leakiness or hyperpermeability leads to local edema and
extravascular clotting of plasma. As a result, a cross-linked fibrin gel is
deposited; it serves as a provisional matrix for cell migration, stimulates
angiogenesis and subsequent stroma formation [10].

Further abnormalities in the tumor vessels may be observed in
the basement membrane (interruptions or even its absence) or
endothelial cell layer. One of the frequent findings is the activation
of endothelial cells followed by their vacuolization and prolifera-
tion. Of special importance is the incomplete or lacking endothe-
lial lining due to detachment of the endothelium or aberrant
angiogenesis (see Fig. 2). In the case of missing endothelial lining
the role of endothelial cells can be overtaken by tumor cells, the
process called vasculogenic mimicry that was first described in
uveal melanomas in 1999 [11]. It is actually a separate mode of
vascular channel formation that does not involve endothelial cells.

The second group of abnormalities is dealing with the angio-
architecture and vasculature as network. As already mentioned
above the tumor vasculature is chaotic and disorganized in almost
every possible sense. The vascular segments often have irregular
contours and the vascular tree lacks the hierarchy and the vessel
distribution within a tumor is heterogeneous (see Fig. 3). There are
multiple arteriovenous shunts or the vascular segments where the
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Fig. 1 Consecutive sections through MMTV/c-neu mammary carcinoma xenografts showing immunostaining
for CD31 (a, b, ¢) and SMA (@’, b’, ¢’). Multiple vessels within the cortex (arrowheads in b) bear a covering of
SMA-positive cells (arrowheads in b’), whereas those within the medulla (arrowheads in ¢) are mainly SMA-
negative (positive is marked with arrow in ¢’). The spatial distribution of SMA accords with the distribution
revealed by immunoblotting (d). Adapted with permission from Hlushchuk et al. 2008
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Fig. 2 Endothelial lining of a bigger vessel in the murine liver tumor. Asterisks
indicate the areas lacking endothelial cells (EC): these areas are covered by
platelets. Black arrowheads point to the borders between the detaching endo-
thelial cells (EC). White blood cells (WBC) attached to the endothelium are marked
with arrows. Special thanks to Dr. David Semela for providing the sample

Fig. 3 Scanning electron micrograph of the vascular corrosion cast of the vascu-
lature of treated MMTV/c-neu mammary carcinoma xenograft. The image dis-
plays the heterogeneity of the vasculature and its density within the tumor. Most
vessels have irregular contours and irregular branching pattern. Adapted with
permission from Hlushchuk et al. 2008



Morphological Aspects of Tumor Angiogenesis 17

flow changes direction. The architectural abnormalities collectively
increase the resistance against blood flow. The elevated geometric
resistance and heterogeneous vessel density cause unstable blood
flow, and heterogeneous blood supply [5].

The tumor vessels are often tortuous, with irregular branching
pattern, and, on average, are larger than their normal counterparts.
As a result, and also because of arteriovenous shunts, nutrients are
not taken up efficiently by tumors, as is demonstrated by the higher
than normal oxygen content of the venous blood draining tumors
[8]. High glycolytic activity of tumor cells combined with insuffi-
cient clearance of metabolites, including carbon dioxide, results in
an acidic tumor microenvironment (pH ~7.2 versus pH ~7.4 in nor-
mal tissues) [12, 13]. Such combination leads to formation of the
zones of metabolic insufficiency and ischemia, sometimes necrosis.
As a consequence of ischemia, the transcription factor HIF-1 is sta-
bilized, an event with important consequences for new blood vessel
formation: it further shifts the balance between the anti- and pro-
angiogenic factors towards promotion of tumorangiogenesis [ 14 ].

4 (Classification of the Tumor Vessels

Since decades it is recognized that tumor blood vessels are hetero-
geneous and not of a single type, but only few attempts have been
made to define their individual properties. One of the earliest
attempts was done by Warren BA [7]. Writing in the late 1970s, he
classified tumor blood vessels into eight distinct types, not all of
which were found in any one tumor [8]. Warren concluded that
the main difference between normal and tumor blood vessels was
that, in the latter, capillaries and veins became tortuous and
“dilated.” The term “dilation” was actually a misnomer in this
case, as it was used for description of the enlargement of the ves-
sels, but not through relaxation of smooth muscle cells [8]. One of
the most recent attempts was done by the group of Dvorak. In
their manuscript, they have identified six structurally and function-
ally distinct blood vessel types in human cancers, and surrogates of
each of these can be induced in mice with an adenoviral vector
engineered to express VEGF-A!** (Ad-VEGF-A!*) (see Table 1,
reprinted with permission from ref. 8).

The presented classification includes the involved type of vessel
formation and its dependency on VEGE-A, suggesting that only
some types of tumor vessels can be responsive to the anti-VEGF ther-
apy. In other words, the morphology of tumor vessels (tumor vessel
wall) may be critical for the efficacy of the antiangiogenic treatment,
giving one more explanation to a rather modest success of antiangio-
genic drugs in human cancer patients. Another important parameter
in the presented table is the vessel formation process, mainly angio-
genesis. Noteworthy, angiogenesis has a few modes.
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Table 1
Classification of tumor blood vessels

Vessel type Vessel properties

Angiogenesis Hyperpermeable VEGE-A
dependent

+
4L

MV Large, thin-walled, hyperpermeable, lightly
fenestrated pericyte-poor
Sinusoids that are engorged with red
blood cells

Capillaries Formed from MV by a process that involves
internal division

|
|
D

Glomeruloid Poorly organized vascular structures that + +
Microvascular macroscopically resemble
Proliferations Renal glomeruli. They are composed of

endothelial cells and pericytes with
minimal vascular lumens and reduplicated
basement membrane

Vascular malformations MYV that have acquired an often - -
asymmetrical coat of smooth muscle
Cells and /or fibrous connective tissue.
Resemble arteriovenous
Malformations found in other settings

Arterio-venogenesis

Feeder arteries  Enlarged, often tortuous structures that are derived - -
Draining from preexisting
veins Arteries and veins. They extend radially from the
tumor mass
supplying and draining the angiogenic vessels

within
Other
Vascular Blood-filled spaces lined by tumor cells that have : :
mimicry acquired some

Endothelial cell properties and may contribute to
tumor circulation

VEGEF vascular endothelial growth factor, MV mother vessel

5 Modes of Tumorangiogenesis

Two major modes of angiogenesis have been described, namely
sprouting and intussusception (often also called “nonsprouting” or
splitting) [15]. Sprouting angiogenesis was described more than
150 years ago and has been in the focus of research groups for many
decades. This mode of angiogenesis occurs by outgrowth of ablumi-
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nal sprouts which subsequently merge with existing capillaries.
Degradation of endothelial basement membranes (obviously associ-
ated with increased vessel permeability), as well as proliferation of
endothelial cells, is essential for this process [16, 17]. Sprouting
angiogenesis is often, but not quite correctly, understood or used as
a synonym for “angiogenesis.” It is surely the more widely studied
mode of angiogenesis and many of the molecular and cellular mech-
anisms involved have already been elucidated (see reviews [16, 18]).

In contrast, intussusceptive angiogenesis (IA) is achieved by intra-
luminal growth. A transluminal pillar, the hallmark of intussusceptive
angiogenesis, is formed when endothelial cells of the opposing sides of
the vascular lumen finally make contact [15] (see also Fig. 4). In con-
trast to sprouting, the intussusception does not necessarily require
endothelial cell proliferation or basement membrane degradation.
These features make it more “resistant” to the influences that cause
inhibition of endothelial cells proliferation, ¢.g., anti-VEGF therapy or
radiation therapy [9]. The mentioned therapies lead to increase in
perivascular cell coverage what again should be supportive to later
stages of intussusceptive angiogenesis and remodeling.

Other less-well-characterized forms of angiogenesis are wrap-
ping and hollowing, glomeruloid angiogenesis, co-option of pre-
existing vessels, or vasculogenic mimicry [19].

Fig. 4 Scanning electron microscopy image of transluminar pillars at various
stages. Early stage of pillar formation (arrow) is characterized by connection of
opposing endothelial cells by their protrusions. At later stages the pillar (arrow-
heaa) is increasing in girth and its core is invaded by perivascular cells, fibro-
blasts, and fibers. Lumen of the vessel is marked with asterisks. Er erythrocyte.
Critical point-dried tissue of the ostrich lung. Special thanks to Dr. Andrew
M. Makanya for providing the sample
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6 Normalization of the Tumor Vasculature

In 1971 Folkman has postulated his idea of inhibiting the neovas-
cularization in order to treat cancer disease. His classical paper can
be considered an official “start” of the era of antiangiogenic research
[20]. In the last decade the initial idea of letting the tumor starve by
“killing” the tumor vessels has undergone metamorphosis.
Nowadays, the aim of the antiangiogenic therapy is the normaliza-
tion of the tumor vasculature and not its regression [21]. Caused by
bringing of pro- and anti-angiogenic factors into the balance the
tumor vasculature should undergo transient “normalization” that
leads to improved perfusion of the tumor. In that way, the delivery
of other (e.g., cytostatic) drugs to the tumor mass is substantially
improved. The normalization of the vasculature has direct influence
on the morphology of the vasculature on both aforementioned lev-
els: at the level of the vessel wall components (increase of pericyte
and smooth muscle cell coverage; decreased leakiness) and at the
level of angioarchitecture and the vasculature as network (pruning
of superfluous segments, more regular contours and branching pat-
tern, improved hierarchy etc.). All mentioned changes could also be
explained by the switch from sprouting to intussusceptive mode of
angiogenesis as angioadaptive response to antiangiogenic treatment
(for details see review [17]). Better understanding of the mecha-
nisms underlying the intussusception and the mentioned switch
could potentially improve our control over the tumor vasculature
and tumor growth itself.

7 Remarks to Quantification of the Tumor Angiogenesis in Animal Models

Profound quantification is missing in most of the preclinical ani-
mal studies concerning compound effects on the tumor vascula-
ture. Such effects are often evaluated using the intratumoral
microvessel density (IMD or MVD) in the so-called “vascular hot
spots The hypothesis behind the “vascular hot spots” is to evalu-
ate the most aggressive sites within the tumor, but there is no
guarantee that there are any on a particularly chosen histological
section. There are further issues that can be easily criticized, e.g.,
the most observer-dependent step is the selection of these densely
vascularised areas in a tumor tissue section. This has even led to
the negative judgement of the College of American Pathologists
concerning microvessel density as a prognostic factor in breast
cancer [22] : Quantification of tumor angiogenesis by counting
microvessels in immunostained tissue sections was ranked in cat-
egory III, encompassing “all factors which are not sufficiently
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studied to demonstrate their prognostic value.” The issues of
methodological variation mentioned include: antibody selection,
type of fixative used, methods of counting vessels, calculation of
microvessel density, inter-observer variability (especially of the
selection of the field in which to count) and cut-off value for
“increased” vascularity [23]. The MVD results are biased, hardly
reproducible, and often controversial [24]. Another critical issue:
Are the evaluated hot spots “representative” for the whole tumor?
[25]. Besides having high methodological variability, this approach
can hardly provide any physiologically relevant information or
meaningful parameters of the tumor vasculature. Another major
disadvantage is that the vascular tree as such is completely omit-
ted. One of the suggested ways to reduce the methodological vari-
ability is to use the Chalkley point overlap morphometric technique
[26]: it abolishes the observer-dependent step, namely the fre-
quent decision on whether two immunostained and adjacent
structures are the projection of one single or two separate blood
vessels. Unfortunately, the rest of the weaknesses of IMD approach
remain. The Chalkley count is the number of grid points that hit
stained microvessels. It is a relative vessel area estimate rather than
a true vessel count. But in some instances it provides more physi-
ologically relevant values that better correlate with blood perfu-
sion/hypoxia reduction than IMD (see Fig. 5, reprinted with
permission from ref. 9). Further possible evaluation parameter
could be the vascular surface (exchange) area density. Nonetheless,
the inherent inter-observer variability remains the critical disad-
vantage of the aforementioned and other histological surrogate
markers of tumor angiogenesis [23]. The application of that or
other value does not provide fundamental solution of the prob-
lem. The evaluation is still done in the so called “hot spots,” which
should be the sites of most aggressive angiogenesis in the tumor.
But histology does not provide visualization of the whole tumor
(in 3D) in order to localize such “vascular hot spots.”

At the moment, probably the most promising visualization
method for 3D analysis of the tumor vasculature is the pangio-CT
with the usage of the novel polymer-based contrast agent pAngiofil
(Fumedica AG, Switzerland) (see Fig. 6).

Combined with modern desktop microCT equipment this
agent provides superior images and enables three-dimensional
resolution of the vascular structures down to the capillary level.
Obtained datasets can then be used for localization and analysis of
the vascular hot spots within the whole tumor. The contrast agent
allows consequent histological investigation of the volumes of
interest, making its application even more attractive. Furthermore,
such an approach also enables analysis of architectural abnormali-
ties of the tumor vasculature (in 3D and through the whole
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Fig. 5 (a, b, ¢): Immunohistochemical staining of MMTV/c-neu mammary carcinoma xenografts for CD31
revealing a multitude of tiny vessels in control tumors and fewer, but larger sinusoidal ones in the treated
groups (PTK/ZK anti-VEGF treatment, RT radiotherapy). Changes in the intratumoral microvascular density
(IMD) and vessel area density on days 5, 9, and 19 reflect a switch in the mode of angiogenesis: intussuscep-
tion on day 9 and a second wave of sprouting on day 19. The values significantly different from control values
are marked with * (p<0.02) or # (p<0.05). The HIF-1a staining (g—i) reveals the differences in oxygenation
level of the tumor cells on day 14: in nontreated tumors (g) there is apparent hypoxia demonstrated by plentiful
HIF-1a-positive cells on the distance of more than 100—130 pum from the vessels (arrowheads in g—i). There
are necrotic areas on the similar distance from the vessels (asterisks in g). On day 14 in both treated groups
the level of oxygenation is apparently better with only some HIF-1x-positive cells (h and i). The vessels are
marked with arrowheads (g—i). Adapted with permission from Hlushchuk et al. 2008

sample). Already now in numerous preclinical studies the blood
vessels are visualized and quantified by means of (p)CT approach
[27-32].

With time and easier access to pCT-equipment such an
approach will surely gain on even more popularity and will most
probably become the modern golden standard for the evaluation
of tumor vasculature.



Morphological Aspects of Tumor Angiogenesis 23

Fig. 6 Superior visualization of the vasculature of the rat brain with gliosarcoma (encircled) using pangioCT
with the novel polymer-based contrast agent pAngiofil. The inset in the left upper corner displays the lateral
view of the scanned brain; the blue line indicates the level of the virtual section shown in the main image.
Please note that before pCT scan the sample is fixated and can, therefore, be further processed for histological
observation after the site of interest are determined based on the analysis of the obtained 3D-datasets

Below you will find a number of tumor angiogenesis assays,
please be aware that in some of them the proper quantification
might be a major challenge.
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Chapter 3

Exosomes in Tumor Angiogenesis

Karma Z. Salem, Michele Moschetta, Antonio Sacco, Luisa Imberti,
Giuseppe Rossi, Irene M. Ghobrial, Salomon Manier, and Aldo M. Roccaro

Abstract

Exosomes are small vesicles ranging in size between 30 and 150 nm, derived from the luminal membranes
of the endosome and are constitutively released by fusion with the cell membrane. Several studies have
revealed that exosomes play crucial roles in mediating local and systemic cell communication through the
horizontal transfer of information in the form of nucleic material and proteins. This is particularly relevant
in the context of the tumor-microenvironment cross talk. Here we describe the method of isolating exo-
somes and their role in modifying the tumor environment and more specifically in enabling metastasis and
promoting angiogenesis.

Key words Exosome, Angiogenesis, Cancer, Tumor, Microenvironment, Pre-metastatic niche

1 Introduction

Exosomes have recently come to be recognized as critical compo-
nents of intercellular communication capable of producing local
and systemic changes. They are defined as small vesicles ranging in
size between 30 and 150 nm and are released by all cells and par-
ticularly tumor cells. These vesicles represent a rich source of novel
biomarkers in the diagnosis and prognosis of disease. In fact, the
functional impact of exosomes is imparted by the molecular com-
ponents they carry—including protein and nucleic acids such as
micro RNAs. At present, exosome-mediated processes have been
implicated in the pathobiology of both solid tumors and hemato-
logic malignancies. These microvesicles play an important role in
angiogenesis [1] and in promoting tumorigenesis in many cancer
types, in particular through the transfer of miRNAs, mRNA, and
proteins [2—4]. The function of exosomes in tumor progression
can be explained in part by the capacity of tumor-derived exosomes
to modulate the host microenvironment—in a distant site—and
produce conditions favorable for the proliferation and spread of
neoplastic cells [5-8]. These findings have raised the concept of
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the pre-metastatic niche, in which exosome-induced neoangiogen-
esis plays a central role.

In spite of the advances in elucidating the role of exosomes in
cancer, there is an experimental challenge in studying these
nanovesicles because of their small size and the difficulty in obtain-
ing high yields of these vesicles from biological fluids such as
plasma. Cell culture media and physiologic fluids are known to
contain several types of shed membrane fragments and vesicles. For
this reason, it is imperative to ensure that the purified vesicles are
indeed exosomes and not other contaminating material before per-
forming any functional analysis.

Here we will develop the different methods to isolate exo-
somes and describe their role in inducing tumor progression and
metastasis by inducing neoangiogenesis.

2 Methods of Exosome Isolation

One of the challenges involved in exosome research is a lack of
standard methodologies evaluating the usability, vesicle purity, and
yield from cell-culture-conditioned media and biological fluids.
Currently, the gold standard in the purification of exosomes is a
process of differential centrifugation, consisting of low speed cen-
trifugation to remove cells and debris followed by high speed cen-
trifugation to pellet the exosomes The main disadvantage of this
process is that it can be cumbersome when dealing with large vol-
umes and can also negatively impact the yield and quality of iso-
lated exosomes. Alternatives to ultracentrifugation are process
involving ultrafiltration, or exosome isolation reagents.

Characterizing and assessing the purity of the isolated exo-
somes is also imperative before performing any functional analysis
to ensure that they are not contaminated with other vesicles.

For exosomes from cell culture supernatants, FBS used in cell
culture should be precleared of exosomes by ultracentrifugation at
100,000xg for 3 h at 4°C to remove any preexisting bovine-
derived exosomes.

The ultracentrifugation process consists of several differential
centrifugations. The first few centrifugation steps are designed to
remove dead cells and large debris. At each of these centrifugation
steps, the pellet is discarded and the supernatant is spun down
again. The final supernatant is then ultracentrifuged at 100,000 x g4
to pellet the exosomes. The pellet is then washed in a large volume
of PBS to remove any contaminating proteins or other vesicles and
centrifuged one last time at the same high speed [9].

An alternative method is the ultrafiltration process in which
supernatant fractions of cell-cultured media are filtered on 0.2 pM
pore filters to remove contaminating apoptotic bodies, microvesi-
cles, and cell debris. The resulting filtrate is then ultracentrifuged
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at 20,000 x g4 for 20 min. Exosomes are then harvested by ultracen-
triftugation at 100,000 x g for 70 min.

Other options include employing exosome isolation reagents
such as ExoQuick (System Bioscience), Exosome Isolation Reagent
(Life Technologies) or Exo-spin (Cell Guidance System). In this
case, the biofluid is collected and centrifuged at 3000 x4 for 15 min
to remove cell debris. The supernatant is then transferred to a new
sterile tube and the exosome isolation reagent is added to precipi-
tate exosomes. At this point, the exosomes should appear as a
beige /white pellet at the bottom of the tube. The use of exosome
isolation reagent is more controversial as the potential for contami-
nation by other vesicles is likely increased.

Once the isolation of exosomes is complete, the next step con-
sists of the identification of isolated vesicles as exosomes and requires
morphological analysis. Due to their small size, the most effective
means of characterizing and visualizing exosomes is by electron
microscopy combined with immunogold labeling of exosome-
specific markers such as CD81 and CD63. Other methods to iden-
tify exosome-specific markers such as flow cytometry (requiring
bead-conjugated antibodies) and western blot can be used.
Characterizing the size of the vesicles by NanoSight is also helpful
as it indicates the potential contamination by other vesicles.

3 Exosomes Are Involved in the Metastatic Process

Tumorigenicity and metastatic spread is instigated by cancer initi-
ating cells that require a niche at the distant target site referred to
as the pre-metastatic niche. Evidence suggests that these cancer-
initiating cells prepare their homing bed before arrival, implying
the involvement of soluble mediators in this process. Today, a large
variety of contributing factors have been identified as being
involved in preparing the pre-metastatic niche with tumor-derived
exosomes being heralded as the driving force behind this process.
Exosomes carry mRNA, miRNA, and proteins that are function-
competent. These microvesicles spread throughout the body but
bind to and get taken up by only select target cells. The process of
binding and uptake can severely affect the target cells. It initiates
activation of signal transduction and transferred RNA and proteins
then account for gene silencing as well as over-expression of spe-
cific mRNA or proteins. Rapid progress in understanding the early
role of exosome in metastasis has led to new hopes that we may be
able to prevent metastatic spread by interfering with the pre-
metastatic niche.

Mounting evidence suggests the central role of tumor-derived
exosomes in modulating the distant tumor microenvironment.
Melanoma-derived exosomes injected in naive mice have been
shown to induce neoangiogenesis at pre-metastatic niche sites
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before the presence of any tumor cells [3]. In this process,
melanoma tumor cells with high expression of the RAB family
members were more prone to metastasize. The RAB proteins are
regulators of membrane trafficking and exosome formation and
their expression correlates with the secretion of exosomes. In this
study, RAB27A RNA interference decreased exosome production,
preventing bone marrow pre-metastatic education and reducing
tumor growth and metastasis, suggesting a central role for exo-
somes in the pre-metastatic process.

In the context of multiple myeloma, it has been recently
reported that the protein content of exosomes isolated from
myeloma bone marrow stromal cells was enriched for oncogenic
proteins, cytokines, and kinases, including 11.-6, CCL2, and fibro-
nectin [4]. This supports the notion that bone marrow stromal
cells support tumorigenesis not only through paracrine mecha-
nisms like growth factors [10, 11] but also through direct transfer
of microRNAs and proteins from exosomes thus creating a favor-
able niche for the expansion of the malignant clone.

A recent study by Hoshino et al. demonstrated that various
different types of tumor-derived exosomes fuse preferentially with
resident cells at their predicted destination [12]. This concept of
metastatic organotropism argues that exosomes taken up by organ-
specific cells prepare and prime the pre-metastatic niche. Proteomic
analysis of exosomes revealed distinct integrin expression patterns
perhaps indicating the predilection for exosomes to target specific
cells types or organs. Integrins a6p4 and a6p1 were associated with
lung metastasis while exosomal integrins avp5 was linked to liver
metastasis. Targeting these integrins in turn decreased exosome
uptake as well as lung and liver metastasis.

Studies investigating pancreatic ductal adenocarcinoma
(PDAC) have also demonstrated that intercellular communication
is critical for metastatic progression in this aggressive cancer [13].
In fact, PDAC-derived exosomes were shown to induce liver pre-
metastatic niche formation in mice and consequently increase liver
metastatic burden. Uptake of these tumor-derived exosomes by
the liver resulted in TGF-f secretion and upregulation of fibronec-
tin production. This resulting fibrotic microenvironment then
enhanced the recruitment of bone marrow derived macrophages.
It was also noted that macrophage migration inhibitory factor
(MIF) was highly expressed in tumor-derived exosomes and its
blockade prevented the formation of this liver pre-metastatic niche
and thus inhibited metastasis. Additionally, patients with pancre-
atic tumors that did not progress had markedly lower MIF in their
exosomes than patients who later developed liver metastasis. These
results suggest that exosomal MIF does indeed prime the liver in
preparation for metastasis and may have potential prognostic and
therapeutic implications in preventing the progression of this
cancer.
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In addition to the role of exosomes in promoting tumor metas-
tasis, their function and mechanism of action has been shown to
extend to enhancing angiogenesis in the microenvironment. In
fact, recent evidence suggests that exosomes’ capability to induce
angiogenesis in the pre-metastatic niche plays a central role in the
metastatic process.

4 Angiogenesis in Cancer

Angiogenesis, the growth of new blood vessels from pre-existing
ones, is an important process in the pathogenesis of malignant,
infectious, fibro-proliferative, and inflammatory diseases [ 14 ]. This
process is controlled by multiple growth factors and signaling
pathways, and critically depends upon the tight balance of pro-
angiogenic and antiangiogenic factors [ 14].

It is widely accepted that acquiring angiogenic capacities rep-
resents a fundamental hallmark leading pre-cancerous cells to
become cancerous. After neoplastic transformation the net balance
between pro-angiogenic and anti-angiogenic molecules in the
tumor tissue is tipped to favor angiogenesis, the so called ‘angio-
genic switch’ [15]. The vascular endothelial growth factor, VEGF,
is thought to be the most important as VEGF acts pro-angiogenic
by augmenting all steps of angiogenesis: vascular permeability,
endothelial cell proliferation, endothelial cell migration or invasion
into the surrounding tissue, and finally capillary-like tube forma-
tion [16]. Various inhibitors interfering with VEGF /VEGFR have
received FDA approval and are currently approved in clinical use
[16]. Many other growth factors and pathways have also been
implicated in the formation of cancer associated vessels.

The family of fibroblast growth factors (FGF) is involved in
neurogenesis, embryonic and post-natal organ development,
branching morphogenesis, angiogenesis, and in the pathogenesis
of cancer. FGF-2 by binding to its receptor FGFR-1, is thought to
be the major family member mediating neongiogenesis [17]. The
platelet-derived growth factor (PDGF) is frequently upregulated
in tumors and has been shown to cooperate with FGE-2 to pro-
mote tumor angiogenesis and metastasis development [15]. Delta-
like ligand 4 (DIl4) is a member of the Delta/Jagged tamily of
transmembrane ligands binding to Notch receptor [15, 16]. The
delta-Notch pathway regulates the artery—vein differentiation but
it seems to be also importantly implicated in the stimulation of
blood vessel formation. Its major role is to mediate cell-cell com-
munication and controls of cell determination thus playing a piv-
otal role in vascular development. The role of Angiopoietin 2 in
angiogenesis is generally considered as an antagonist for Angl,
thereby inhibiting Angl-promoted Tie2 signaling, which is critical
for blood vessel maturation and stabilization [18]. However the
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role of Angl /Ang2 /Tie2 pathways in tumor-associated angiogenesis
remain controversial. While some studies have shown that upregula-
tion of Ang2 correlates with tumor growth and angiogenesis devel-
opment of various types of cancers, other studies have reported that
specific induction of Ang2 in gliomas, mammary carcinomas, and
lung carcinomas inhibited tumor growth and metastasis [ 18].

Apart from these growth factors and signaling pathways many
other subcellular systems also contribute to the process of neoves-
sel formation.

Proteolytic degradation of matrix proteins is essential for trans-
migration of activated endothelial cells through the basal mem-
brane into surrounding matrix [ 19]. In this context, the plasminogen
system, the matrix-metalloproteinase (MMP) system, as well as the
heparanase and chymase families are thought to be important [20].
For example, a large body of'in vitro and in vivo data has shown an
important role of the urokinase (uPA)/plasminogen system in
angiogenesis and cancer. Moreover blood vessel formation critically
depends on extracellular signaling as well as the connection with the
extracellular matrix (ECM) proteins, such as fibronectin, fibrino-
gen, vitronectin, and laminin as well as collagens [19]. The attach-
ment to the ECM is adjusted by integrin adhesion receptors [21];
integrins operate as bidirectional transducer molecules by matching
signals from both, the outside to the inside of the cell, or from the
inside to the outside of the cell. Both signaling directions are tightly
regulated in focal adhesion to support cell adhesion, spreading, and
motility of endothelial cells. Both endothelial cell integrins and
ECM proteins have been implicated in cancer associated angiogen-
esis and may represent important therapeutic targets [21].

Integrins have to interact with several kinases as well as related
adaptor proteins since they have no intrinsic kinase activity. Integrins
can activate Focal Adhesion Kinase (FAK) signaling thereby com-
municating signals that can induce cell migration or cell prolifera-
tion [22]. FAK activation then leads to activation of src family
kinases which control not only the activity of Rho GTPases but also
downstream kinases such as AKT, thereby affecting endothelial cell
proliferation, migration, and survival [22]. All these downstream
kinases may represent important therapeutic targets for the devel-
opment of new antiangiogenic drugs. Finally, tumor microenviron-
ment, which consists of several cytotypes including fibroblasts,
pericytes, mesenchymal-stem cells, and inflammatory-immune cells,
also contributes to angiogenesis via secretion of angiogenic mole-
cules and cell-to-cell interactions [ 15, 23].

Given the molecular and biological complexity of angiogenesis
in cancer, the understanding of how cancer and non cancer derived
exosomes participate in this process represents an important chal-
lenge that can open new paths for the development of novel and
effective anticancer drugs able to inhibit the neoangiogenic pro-
cess during cancer development.
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5 Exosomes in Cancer-Associated Angiogenesis

Numerous studies have identified that exosomes can be released
from various cell types: dendritic cells, B lymphocytes, stem cells,
mesenchymal stem cells, tumor cell lines, platelets, cardiomyo-
cytes, endothelial cells have all been implicated in the release of
exosomes which in turn then mediate important biological func-
tions mediating distant cell-to-cell interactions [24].

Endothelial cells can release different types of membrane vesi-
cles, including microvesicles, exosomes, and apoptotic bodies, in
response to cellular activation or apoptosis [24]. Defining the spe-
cific biological functions mediated by the specific types of vesicles
remains an important methodological challenge, as previously dis-
cussed. Data reported in literature needs to be carefully interpreted
after taking into consideration methodological aspects.

It has been shown that endothelial exosomes might be involved
in vascular development through incorporation and transfer of
Delta-like ligand 4 (DIl4; Delta 4) protein to neighboring endo-
thelial cells. This leads to an inhibition of Notch signaling and an
increased capillary-like structure formation in vitro and in vivo
[25]. This suggests that the Delta like ligand /Notch pathway may
not require the direct cell-cell contact and that exosome release by
endothelial cells may work in the place of cell-to-cell contact thus
expanding the range of cell signaling potential for angiogenesis
regulation. Other studies have also shown that endothelial-derived
exosomes contain proteins, microRNA, and mRNA with pro-
angiogenic potential. For example, it has been reported that matrix
metalloproteinases harbored by exosomes from endothelial cells
are functionally active and can mediate endothelial cell invasion
and capillary-like formation [26]. All together it seems that endo-
thelial cell-derived exosomes containing proteins and mRNAs/
microRNAs which may function as paracrine or autocrine factors
thus having the ability to facilitate cancer associated angiogenesis
and metastasis [24, 27]. For example, it has been shown that exo-
somes from LAMAS84 chronic myeloid leukemia (CML) cells affect
vascular remodeling in vitro through an IL-8 mediated activation
of VCAM-1 [28]. Umezu et al. [29] have found that miRNA-
enclosed exosomes have a critical role in mediating leukemia cell-
to-endothelial cell communication. Exosomes, collected from
miR-92a-overexpressing leukemia cells (K562 cells), did enter into
endothelial cells, resulting in increased endothelial cell migration
and tube formation.

Glioblastoma cell-derived exosomes have been shown to inter-
act with endothelial cells and thereby stimulate endothelial cell
proliferation [30, 31]. In this same disease it has been observed
that exosomes derived from tumor cells grown in hypoxia as com-
pared to those derived by cells grown in normoxic conditions sig-
nificantly stimulated angiogenesis [31].
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King et al. [32] reported that hypoxia promoted the release of
exosomes from breast cancer cells, and the hypoxically regulated
miR-210 was presented at elevated levels in hypoxic exosomes.

Squamous carcinoma and colorectal cancer cells can secrete
exosomes enriched in proteins and cell cycle-related mRNAs that
can facilitate angiogenesis and metastasis [ 33, 34].

Cancer cells can indirectly stimulate angiogenesis via platlets-
activation and subsequent release of platelet derived endothelial-
stimulating exosomes. For example, Janowska-Wieczorek et al. [1]
have shown that exosomes released from human platelet a-granules
could contribute to tumor metastasis and angiogenesis. Finally,
cancer cells can also stimulate the release of pro-angiogenic exo-
somes from cells of the tumor microenvironment, i.e., fibroblasts,
macrophages, other immune cells, and mesenchymal stem cells
(ref. 24 for review). In summary this evidence supports the hypoth-
esis that exosomes contribute to cancer angiogenesis via several
mechanisms and may represent a target for future anti-angiogenic
drugs. However studies in this field are still limited so far.

6 Conclusions
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Chapter 4

Coculture Assays for Endothelial Cells-Mural
Cells Interactions

Diana M. Sanchez-Palencia, Alex Bigger-Allen, Magali Saint-Geniez,
Joseph F. Arboleda-Velasquez, and Patricia A. D’Amore

Abstract

Coculture assays allow the investigation of the role of endothelial cell and mural cell interactions in small
vessel development and function. Different setups for coculture can be used to assay questions of interest.
We include here methods for direct coculture, indirect coculture, and coculture in a three-dimensional
extracellular matrix scaffold for studies of either a simple and direct association between the two cell types,
the exchange of soluble molecules, or the interaction within a biomimetic tissue microenvironment.

Key words Angiogenesis, Endothelial cells, Pericytes, Coculture, Matrigel, Small intestinal submu-
cosa, Intercellular interactions, Paracrine, Juxtacrine, Microvessels

1 Introduction

Cocultures have been used successtully over the years to study the
interactions between endothelial cells and cells collectively known
as mural cells (smooth muscle cells and pericytes). Two-dimensional
(2D) direct and indirect coculture methods in cell culture plates
are useful to examine interactions that require direct contact (jux-
tacrine) or those that are made through diffusion of soluble factors
(paracrine). Three-dimensional (3D) techniques involve the use of
agarose, matrigel, or a fibrous decellularized extracellular matrix
(ECM) scaffold to investigate interactions within a 3D-biomimetic
environment. We have investigated through the use of cocultures
the effect of heterotypic cell interactions on cell proliferation [1-
3], migration [4, 5], apoptosis [6], activation of growth factors
[2], cord formation [6, 7], and Notch signaling [8]. Coculture
set-ups have allowed us to examine signaling pathways that dictate
the behavior of endothelial cells [2, 4-7] during vessel formation,
and the maturation and stabilization of neovessels through com-
munication with pericytes [1-3, 6, 8].

Domenico Ribatti (ed.), Tumor Angiogenesis Assays: Methods and Protocols, Methods in Molecular Biology, vol. 1464,
DOI 10.1007/978-1-4939-3999-2_4, © Springer Science+Business Media New York 2016
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We describe here three different methods of coculture includ-

ing direct coculture, indirect coculture using transwells, and cocul-
ture in a 3D matrix using an ECM scaftold [9]. The methodologies
include detailed culture conditions for primary human endothelial
cells and an updated protocol for isolating and culturing bovine
retinal pericytes [2, 10].

2 Materials

2.1 Materials
for the Culture
of Human Retinal
Microvascular
Endothelial Gells
(HRECs)

2.2 Materials

for Isolation

and Gulture of Bovine
Retinal Pericytes
(BRPs)

All materials should be sterilized by autoclaving, filtering, or ethyl-
ene oxide sterilization.

1.

N

ARl A

10.
11.

Primary human retinal microvascular endothelial cells (catalog
number ACBRI 181) (Cell Systems).

. 02% gelatin in PBS (must be tissue culture grade)

autoclaved.

. HREC culture medium: EBM-2 supplemented with 2% fetal

bovine serum (FBS) (catalog number S11150) (Atlanta
Biologicals), EBM-2, 100 U/mL penicillin and 100 mg/mL
streptomycin (1% P/S), 2 mM L-glutamine (1% L-glutamine),
Single Quot (catalog number CC-4176) (Lonza). FBS must be
refiltered and complete media must be filtered after preparation.

1x phosphate buffer saline (PBS) without calcium and magne-
sium, must be autoclaved.

Trypsin-versene (catalog number 17-161E) (Lonza).
HREC freezing media: 90% FBS and 10% DMSO solution.

Six-well or 24-well transwell supports.

Calf eyes shipped on ice (see Note 1).

4 L of sterile PBS.

Two No. 15 surgical blades.

Poly-lined sterile field drapes, 18” x26”, one per eye.

Surgical spears, one per eye (catalog number Q604230)
(Fabco).

Cell strainers, 100 pm pore size mesh (catalog number
352360) (Corning).

Cell strainers, 70 pm pore size mesh (catalog number 352350)
(Corning).

Two sets of sterile scissors and forceps.
Two 150 x25 mm culture dishes per eye.
Two 50 mL conical tubes per eye.

Two sterile 1 L beakers.



12.
13.
14.

15.

16.

17.

18.

19.

20.
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One 2 L beaker.
One L of 0.4 % betadine solution in PBS (see Note 2).

15 mL of collagenase (digest enzyme) solution per eye (pre-
pare the day prior to isolation): 51,051 units collagenase and
0.25% of FBS in PBS; filter sterilize.

PBS-EDTA solution: 2.5 mL ot 0.5 M (pH 8.0) in 500 mL of
PBS; filter sterilize.

Trypsin-EDTA (0.25%) (catalog number 25200-056) (Life
Technologies).

BRP washing medium (prepare the day prior to isolation):
Dulbecco’s modified Eagle’s medium (DMEM) (catalog
number DMEM 12-708F) (Lonza) supplemented with 10%
calf serum (catalog number SH30072.03) (HyClone), 1%
P/S, 1% r-glutamine, 0.025 mg/mL nystatin (catalog num-
ber N3503-5MU) (Sigma); filter sterilize.

BRP culture medium (prepare the day prior to isolation):
DMEM (catalog number DMEM 12-708F) (Lonza) supple-
mented with 10% calf serum (catalog number SH30072.03)
(HyClone), 1% P/S and 1% 1-glutamine; filter sterilize.

BRP growth medium: DMEM (catalog number DMEM
12-708F) (Lonza), 20% bovine calf serum (catalog number
12133C) (Sigma), 1% P/S and 1% L-glutamine; filter sterilize
(see Note 3).

BRP freezing medium: 85 % FBS, 10 % DMSO and 5% DMEM
(catalog number DMEM 12-708F) (Lonza).

2.3 Materials 1. Hydrogen peroxide solution (catalog number 216763) (Sigma).
for the Preparation 2. Sodium hypochlorite solution (catalog number 425044)
of an ECM Scaffold (Sigma).
from F_,omme Small 3. 1 L autoclaved deionized water (DI).
Intestine and for 3D
ECM Coculture 4. 500 mL autoclaved PBS.
5. Four-well chamber slide system (catalog number 177399)
(Thermo Scientific).
6. Sterile forceps and scissors.
7. ECM coculture medium: DMEM (catalog number DMEM
12-708F) (Lonza), 10% FBS (catalog number S11150)
(Atlanta Biologicals), 1% P/S and 1% 1r-glutamine; filter
sterilize.
3 Methods

Work in a biosafety cabinet. Use a surgical mask to protect yourself
from exposure to enzymes.
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3.1 CGulture of HRECs

3.1.1  Thawing of HRECs

3.1.2 Passaging
of HRECs

3.1.3 Freezing of HRECs

1.

Coat T75 flasks with 5 mL of 0.2 % gelatin in PBS, by adding
gelatin evenly to the culture surface of the flask, incubating at
37 °C (inside incubator) for at least 30 min, aspirating gelatin
from flasks and washing twice with 10 mL of PBS.

2. Warm to 37 °C the HREC culture medium.

® N oo

—

Transfer cells from a vial with 1x10° cells to a 15 mL tube.

. Add 5 mL of HREC culture medium to resuspend the cells

and mix by pipetting.

Spin at 423 x g for 4 min.

Aspirate media without disturbing the pellet.
Resuspend in 10-12 mL of media and mix by pipetting.
Plate in one T75 flask.

Passage at a 1:3 to 1:5 ratio (see Note 4).

Warm to 37 °C the HREC culture medium, trypsin-versene
and PBS without calcium and magnesium.

. Accordingly with the desired passage ratio, coat T75 flasks as

indicated in Subheading 3.1.1.

4. Wash cells to be passaged with 5 mL PBS.

10.

1.

. Add 3 mL of trypsin-versene and incubate at 37 °C for

3-5 min, until cells detach; gently tap the sides of the flask to
assist detachment.

Add 6 mL of complete media to quench the trypsin and mix
by pipetting.

. Transfer cells to a 15 mL conical tube and spin at 423 x g for

4 min.

Aspirate media without disturbing the pellet.

. Resuspend and plate in the chosen passage ratio in 10-12 mL

of complete media.

Change media every other day.

Wash cells to be frozen with 5 mL PBS.

Add 3 mL of trypsin-versene and place in 37 °C incubator for
3-5 min, until cells detach; gently tap the sides of the flask to
assist detachment.

. Add 6 mL of complete media to quench the trypsin and mix

by pipetting.
Transfer cells to a 15 mL conical tube and spin at 423 x g for
4 min.

Aspirate media without disturbing the pellet.

. Count cells using an automated cell counter or a hemocytom-

eter and resuspend in freezing media as 1x10°® cells/mL;
freeze in 1 mL volumes.



3.2 |Isolation
of Bovine Retinal
Pericytes (BRPs)

3.2.1

Isolation of BRPs

N

10.
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Upon arrival place eyes on ice.

Set up the following materials inside the biosafety cabinet: 1 L
sterile beakers, sterile drape, culture dishes, surgical spears, sur-
gical tools, surgical blades, 500 mL PBS, sterile filtered wash
medium, 50 mL conical tubes and the collagenase solution.

. Outside the biosafety cabinet, immerse the eyes in betadine

(enough to cover the eyes) inside a 2 L beaker for 15 min.

. Fill two sterile 1 L beakers with sterile PBS; remove the eyes

from the betadine one at a time and submerge in one of the
1 L beakers with sterile PBS.

. Prepare 130 mL per eye of the stock BRP wash medium

diluted 1/25 with sterile PBS. Arrange one separate conical
tube per eye, each containing 25 mL of solution.

. Place the lid of one of the culture dishes upside down under the

sterile drape and manipulate the eye on the drape (see Note 5).
Place the bottom part of the dish diagonally behind the
dissection area while on the sterile drape, and use for collecting
waste tissue.

Remove the orbital fat and muscle surrounding the eyeball
using sterile scissors and forceps. This can be done for all eyes
on the same sterile drape prior to beginning dissection. After
trimming, place the eyes in the other 1 L beaker filled with
PBS. Change the sterile drape.

. Place one eye on the clean sterile drape placed over the culture

dish lid. While holding the eye with forceps by the optic nerve,
make an incision with the surgical blade roughly 5 mm poste-
rior from the iris. Using scissors, cut around the entire eyeball
to remove the anterior segment and place in the waste dish
(Fig. 1a). The vitreous body (which is also waste) should come
out with the anterior segment. Pull the vitreous out using for-
ceps if it did not come out with the anterior segment.

Applying very light pressure, use a scalpel blade to cut out a
thin circular section in the center of the posterior segment
(about 0.1 mm deep and 40 mm in diameter) (Fig. 1b). Use a
moist surgical spear to gather up the sectioned tissue towards
the center (see Note 6). Cut the optic nerve and place the cir-
cular section in the waste dish (se¢ Note 7).

Use a moist surgical spear to gather towards the center of the
posterior segment the remainder of the retina (which will
have a circular hole in the center after the removal of the
circular section in the previous step) (se¢ Note 8). Carefully
lift the gathered retina with a pair of forceps. Cut the remain-
ing attachments of the retina to the optic nerve and then
remove the retina with the second pair of sterile forceps.
Place in the conical tube containing the 25 mL diluted BRP
wash medium solution.
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Fig. 1 Dissection of a bovine retina. (a) Dissection of the anterior and posterior segments of the eye. (h)
Removal of a circular section (dashed line) of the retina in the center of the posterior segment containing the

larger retinal vasculature

11.

12.

13.

14.

15.
16.

Repeat the dissection on the remaining eyes. Keep the retinas
in the previously arranged separate conical tubes containing
diluted BRP wash medium solution (se¢ Note 9). Keep at
room temperature for less than 1 h.

Wash each retina by gently inverting the tube three to four
times. Carefully pour out the wash solution into a waste
container without pouring out the retina. Wash twice more
with BRP wash medium solution for a total of three
washes. Remove as much of wash solution as possible and then
transfer the retina to a clean sterile culture dish by pouring
(see Note 10).

Aspirate 1 mL of collagenase solution into a p1000 pipette
and force the tissue through the pipette four to seven times
until it flows easily. After the first or second pipetting move-
ments, check if there are any visible large vessels (such as those
present in the circular section removed in step 9) and pipette
them out in a separate area of the culture dish.

Continue to inspect and pipette the retina in collagenase solu-
tion four to seven more times until fully digested. Remove any
visible large vessels to the waste dish. Add 13 mL of collagenase
solution to the dish and pipette up and down with a p1000
pipette four to seven times.

Incubate at 37 °C and 5% CO, for 1 h.
Pipette up and down the digested tissue 10-15 times with a

10 mL pipette, and check under the microscope for detached
single cells.
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17. When a single cell suspension is obtained, pass the solution
through a 100 pm mesh into a clean sterile 50 mL conical tube
containing 25 mL of BRP wash medium solution.

18. Spin at 751 x4 for 4 min.

19. Aspirate the supernatant and repeat washing twice with
10-15 mL of BRP wash medium solution.

20. Resuspend cells in 25 mL of BRP culture medium and plate by
passing through a 70 pm mesh into a T175 flask. Culture at
37 °C and 5% CO,.

21. The following day, aspirate the medium, wash twice with
10 mL of PBS and replenish with 25 mL of BRP culture
medium. Repeat on the sixth day of culture. See Fig. 2a—c for
images of cells on the second and fourth day of culture.

22. On the eighth day of culture (Fig. 2d), replace the media with
PBS and observe each flask under a microscope to determine
the presence of non-pericyte cells such as endothelial cells,
astrocytes, and fibroblasts, considered here as “contaminants”
(Fig. 2b, ¢). Mark the location of contaminant colonies on the
bottom of the flask. Colonies are easily detached using a rapid
EDTA treatment as follows: wash the cells with PBS and then
add 10 mL of PBS-EDTA solution. After 2 min, contaminants
will be fully lifted of the plate while pericytes will only start to
round up. Tap firmly the sides of the flask to assist detach-
ment of contaminants, aspirate and wash twice with PBS.

b

Fig. 2 Isolation of bovine retinal pericytes. 2 (P0) (a, b), 4 (P0) (c), 8 (PO) (d), 10 (PO) (e), and 18 (P1) (f) days of
culture. Pericytes begin spreading on the plate after 4 days and take around 10—12 days to achieve confluency.
Contaminants in culture after 2 (b) and 10 days of culture (e, black solid line). Pericytes are shown in white
dashed line circles in (e). Bar: 500 pm
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3.2.2 Passaging
and Freezing of BRPs

3.3 Direct Coculture
of Endothelial Cells
and Pericytes

23.

24.

25.

Add 25 mL of BRP growth medium. Confirm that all con-
taminants are removed under the microscope using the marked
location as guide. Make sure there are no more “contami-
nants” before passaging (se¢ Notes 11 and 12).

Passage cells at a 1:1.5 ratio when they reach 90 % confluency
(between day 8 and 14) by using the standard passaging pro-
cedure described in Subheading 3.2.2. P1 cells can be main-
tained in culture for 1-2 weeks without changes in morphology
(Fig. 2f).

If “contaminant” cells are visible in the next 1-2 weeks, use
trypsin-versene (5 mL for a T175 flask) to remove them.
Generally, endothelial and smooth muscle cells will detach
before pericytes. Wash cells with 13 mL PBS, aspirate, add
trypsin-versene, swirl it around in the flask and use the micro-
scope to observe detachment of “contaminants”. Add twice
the volume of culture medium to quench the trypsin, aspirate
and wash twice with 13 mL PBS. Then passage pericytes using
trypsin-EDTA by the standard passaging procedure in
Subheading 3.2.2. P2 and P3 cells can be frozen 2-3 days
later, using the procedure described in Subheading 3.2.2.

Use BRPS up to P6 and always passage before 90 % confluency
(avoid 100 % confluence, since they start to pile up).

Wash cells with 13 mL PBS and aspirate.

Add 5 mL of trypsin-EDTA and incubate at 37 °C for 3-5 min,
until cells detach; gently tap the sides of the flask to assist
detachment.

. Add 10 mL of BRP growth medium to quench the trypsin and

mix by pipetting.

Transfer cells to a 50 mL conical tube and spin at 423 x g for
4 min.

Aspirate media without disturbing the pellet.

To passage: resuspend in 6-9 mL of BRP growth medium and
passage at a 1:3 ratio. Add media to complete a volume of
12 mL of BRP growth medium in T75 flasks or 25 mL BRP
growth medium in T175 flasks.

To freeze: count cells using an automated cell counter or a
hemocytometer, resuspend in freezing medium as 1x10°
cells/mL and freeze in 1.0 mL volumes.

. Expand BRPs and HREC: in their respective culture media

splitting at 1:3 ratios (Fig. 3a, b).

For assays of pericyte recruitment, pericyte differentiation or
endothelial cell proliferation (determined through the final
total number of endothelial cells plus pericytes in the plate),
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Fig. 3 Direct endothelial cell-pericyte coculture. (@) Human retinal endothelial cells in monoculture. (b) Bovine
retinal pericytes in monoculture. (¢) Example of direct coculture of endothelial cells (circles) and pericytes
(arrows) plated at a 1:1 ratio and allowed to grow for 2 days. Bar: 500 pm

3.4 Indirect
Coculture

of Endothelial Cells
and Pericytes

in Transwells

w N

® N oo

proliferation of pericytes can be arrested at 80 % confluence by
incubating in mitomycin C (10 pg/mL) for 2 h.

Wash BRPs with PBS and detach from flask with
trypsin-EDTA.

Plate in 24-well plates at a density of 2.0 x 10* cells per well in
BRP culture media and allow to attach overnight.

. Next day, detach HRECs as described in Subheading 3.1.2

and add an equal number of HRECs in BRP culture medium.
Incubate and assay as desired (Fig. 3c).

Simultaneously and using identical conditions, establish indi-
vidual cultures of HRECs and proliferation-arrested BRPs as
controls.

. Expand BRPs and HRECs in their respective culture media

splitting at 1:3 ratios (see Note 13).

. Wash BRPs with PBS and detach from flask with trypsin-EDTA.
. Plate BRPs in 24-well plates at a density of 2.0 x 10* cells per

well or in 6-well plates at a density of 1.5 x 10° cells per well in
BRP culture media and allow to attach overnight.

Next day, detach HRECs as described in Subheading 3.1.2
and plate an equal number of HREC:s into the upper chamber
of transwells and allow to attach for 90 min.

Place transwells into the wells containing the BRPs (Fig. 4a).
Add 1 mL of BRP culture media.
Incubate and assay as desired.

Simultaneously and using identical conditions, establish indi-
vidual cultures of HRECs and BRPs as controls, as well as a
direct contact coculture control. For the latter, plate BRPs on
the underside of the transwells and allow to attach overnight;
flip over the transwells, insert into wells, and plate HRECs
into the upper chamber of the transwells (Fig. 4b).
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a b
Endothelial T I Pericytes Endothelial
cells r;nswe cells
f
Transwell Well

Pericytes Well

Fig. 4 (a) Indirect coculture of endothelial cells and pericytes in transwells. Pericytes are plated on 6- or
24-well plates overnight. Endothelial cells are plated at 1:1 ratio the next day on the upper chamber of cor-
respondent 6- or 24-well transwells. (b) Control with direct contact through the transwell membranes. Pericytes
are incubated overnight on the underside of the transwells, which are then flipped over and inserted in wells.
Endothelial cells are plated on the upper chambers of the transwells

Serosa
Muscularis

Submucosa

Mucosa

Fig. 5 Preparation of an extracellular matrix scaffold. (@) Cross-section of the
porcine small intestine. (b) Rectangular scaffold after preparation

3.5 Coculture 1. Obtain the jejunum portion of the small intestine of a market-
in a Three- weight porcine donor, section into 30 cm long segments and
Dimensional ECM open each segment longitudinally to form a rectangle.
Scaffold 2. Rinse well with tap water and scrape off the exterior (serosa
351 Preparation and muscularis) and interior (mucosa) layers of the intestine
of an ECM Scaffold with the edge of a scalpel handle. The remaining tissue is the
from Porcine Small submucosa layer (Fig. 5a).

Intestine 3. Wash for 1 h in DI with rapid agitation on an orbital shaker.

4. Decellularize and disinfect to obtain acellular ECM scaffolds,
by washing for 15 min in a solution of oxidizing agents such
as 2.0% sodium hypochlorite and 2.0 % hydrogen peroxide in
DI with fast agitation.

5. Wash for 15 min once in sterile PBS and twice in sterile DI.

6. Let dry for 1-2 h inside a biosafety cabinet on top of clean
saran wrap cleaned with 70 % ethanol.

7. Sterilize each ECM scaftold separately with ethylene oxide and
use within 6 months.
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. Expand BRPs and HRECs in their respective culture media

splitting at 1:3 ratios.

. Use sterile scissors and forceps to cut 27 x21 mm rectangles

from a sterile ECM scaffold (Fig. 5b).

. Use forceps to place a scaffold on the bottom of each well in a

chamber slide (Fig. 6a).

. Detach HRECs as described in Subheading 3.1.2, culture

5.0x10* HRECs per well on top of the ECM scaffold and
incubate for 2 hin 1 mL of HREC culture media.

. Carefully aspirate the HREC media (without touching the

ECM scaffold), add an equal number of BRPs in 500 pL of
coculture media to each well and allow to attach for 2 h.

. Culture as desired; assay gene expression or image by immuno-

fluorescent staining as desired (Fig. 6b) (see Notes 14-16).

. Simultaneously and using identical conditions, establish cocul-

tures of HRECs and BRPs as controls on chamber slides with-
out a scaffold.

Endothelial cells

|l«— ECM scaffold

Pericytes

Endothelial
cells inside

ECM scaffold

Fig. 6 Coculture of endothelial cells and pericytes in an ECM scaffold (decellularized small intestinal submucosa).
(@) Endothelial cells are incubated in an ECM scaffold placed on the bottom of a chamber slide. Pericytes are
added after 2 h. (b) Endothelial cells (stained with von Willebrand factor, vWF) and pericytes (stained with smooth
muscle actin, SMA) locate inside the scaffold after 2 h of coculture. Scaffold fibers fluoresce in the green channel
(stars). The out of focus location of multiple cells shows the 3D character of this coculture method. Bar: 50 pm
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4 Notes

. Calf eyes yield a higher number of pericytes with a higher pro-

liferative potential than cells isolated from adult eyes.

2. Use glass flasks, not plastic, to make dilution.

10.

11.

12.

13.

14.

15.

16.

. Bovine calf'serum 12133C from Sigma induces increased pro-

liferation of pericytes.

. Passage at 90 % confluence. Confluence at these passage ratios

is achieved in 3-6 days.

The dish prevents the eye from rolling and maintains sterility.

. Keep the spear moist with PBS to avoid the retina from stick-

ing to the spear.

The larger vessels in the retina, where mural cells are mainly
smooth muscle cells, will be removed with this section. These
vessels are visible with the naked eye. The remaining retina in
the posterior segment will contain the pericyte-covered micro-
vasculature (which is not visible with the naked eye).

. Be careful not to remove any underlying pigmented tissue

(i.e., the tapetum lucidum) or the retinal pigment epithelium.

If any loose pigmented tissue is observed, carefully remove it
by aspiration (do with care as it can result in the aspiration of
the entire retina).

Wash medium can be aspirated (instead of poured), but once
again should be done with care to avoid the aspiration of the
retina.

If “contaminants” are still visible after the EDTA treatment,
keep the cells in BRP culture medium for a few more days and
then repeat this step.

The most common “contaminants” are endothelial cells and
fibroblasts. If left unattended, endothelial cells can become
the 70% of the total cell population. Fibroblasts hardly reach
populations higher than the 10% of the total cell population.

Arrest of cell growth is only necessary for direct culture, where
endothelial cell growth is determined by final cell number
including both endothelial cell and pericyte total count. This
is not needed in coculture since cells are physically separated.

Interactions between HRECs and BRPs are observed after
2—4 days.

Image scatfold without sectioning as cells tend to detach from
thinner sections during the washes of staining procedures.

Imaging of scaffolds works very well with upright fluorescence
microscopy. Note in Fig. 4 the out of focus (i.e. out of plane)
location of several cells, due to the 3D character of this cocul-
ture method. vWF antibody (catalog number A0082) (Dako)
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ata 1:100-200 dilution clearly stains endothelial cells (Fig. 6b).
We have not obtained good results working with lectin for
staining of endothelial cells on SIS membranes. For pericytes,
SMA antibody (catalog number C6198) ( Sigma) works very
well at a 1:400 dilution (Fig. 6b). Alternatively, live cells can
be prelabeled before seeding on the chamber slide using a
PKH26 cell membrane linker kit (catalog number PKH26GL)
(Sigma) to label endothelial cells red and a PKH67 cell linker
kit (catalog number PKH67GL) (Sigma) to label pericytes
green. To label 1x10° live cells, detach cells from flask and
wash twice with serum-free media. Add 0.5 pL of PKH dye to
50 pL of diluent-C and vortex. After second wash, resuspend
cells in 50 pL diluent-C and mix with dye solution. Incubate
for 3-5 min at room temperature. Add complete media (with
serum) to quench reaction and wash two to three more times

in complete media. Resuspend and culture as desired.

This work was supported by NIH grants ROOEY021624 (JA) and
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Chapter 5

Characterization of Cancer Stem Gells

Stefania Orecchioni and Francesco Bertolini

Abstract

There is biological and clinical evidence that mammalian tumors are highly heterogeneous at single-cell
level, and that only a minority of the cancer cells have limitless replicative potential in vitro and in vivo.
Here we review the different strategies currently used for the functional isolation of cancer cells with
in vivo cancer initiation potential and self-renewal. These tools are currently used to better define their
molecular, phenotypic, and drug-resistance characteristics in preclinical and clinical studies.

Key words Cancer stem cells, Cancer-initiating cells, Methods, FACS, Side population, Aldehyde
dehydrogenase, Tumorspheres, Tumorigenicity

1 Introduction

The majority of human cancers display a significant degree of intra-
tumor heterogeneity in various phenotypic and functional features,
such as differentiation grade, cellular morphology, gene expression,
proliferative rate, and angiogenic and metastatic potential [1].
Growing evidence suggests that tumor cell heterogeneity might be
attributed to a clonal evolutionary process, driven by genetic insta-
bility, and to differentiation of stem-like cells, the so-called cancer
stem cells or cancer-initiating cells (CSCs/CICs) [2]. CSCs are
described as a small population of undifferentiated cells character-
ized by indefinite self-renewal ability (through asymmetrical cell
division), high tumorigenicity, and differentiation into non-CSC
progeny that leads to the production of all cell types in the tumor,
thus contributing to intratumor heterogeneity. According to the
CSC hypothesis, tumorigenic stem-like cells within heterogeneous
tumors are responsible for the tumor initiation and for the genera-
tion of distant metastasis [3, 4]. Moreover, since CSCs are highly
resistant to chemotherapeutics, they are involved in local or meta-
static tumor recurrence after therapy [5, 6].

Malignant stem cells were first identified in 1994 by John Dick
and colleagues in acute myeloid leukemia (AML) [7]. The Dick

Domenico Ribatti (ed.), Tumor Angiogenesis Assays: Methods and Protocols, Methods in Molecular Biology, vol. 1464,
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laboratory isolated a phenotypically distinct subset of leukemic
cells (CD34+CD38-) from the peripheral blood of AML patients,
characterized by a rate of self-renewal higher than normal hemato-
poietic stem cells. Only these cells, with stem-like properties, were
able to recapitulate the morphological features of the original
malignancy upon transplantation into immunocompromised mice
in limiting dilution assays. This pioneering work provided the para-
digm for the general CSC model and laid the foundations for all
CSC-related studies in solid tumors that followed.

Based on similar techniques previously applied to the hemato-
poietic model, Al-Hajj and colleagues have been the first to iden-
tify and characterize CSCs from breast cancer [8]. Since then,
CSCs have been identified in various solid tumors, including mela-
noma [9], glioblastoma [10], lung carcinoma [11], prostate [12],
and ovarian cancer [ 13], still using the same approach of combined
flow cytometry and serial xenotransplantation in mice.

However, since the identification of rare malignant stem cells
via flow cytometry is a critical step [14, 15], further methodologies
for CSCisolation have been improved by using marker-independent
strategies. Thus, the use of CSC-specific surface markers must be
associated with other functional assays, namely (a) detection of
side-population (SP) phenotypes by Hoechst 33342 dye exclusion
[16, 17], (b) assessment of aldehyde dehydrogenase (ALDH)
enzymatic activity [ 18, 19], and (c¢) evaluation of growth potential
as floating spheres in serum-free medium [20, 21].

Since all the methods above mentioned have their limitations
in identifying CSCs unequivocally, it might be more advantageous
to use combinatorial markers and methodologies, especially when
a whole tumor tissue is analyzed [22]. Indeed, prospective identi-
fication and isolation of CSCs from solid tumors, and a better
understanding of the properties of these cells, will lead to the
development of novel therapeutic strategies aimed to eradicate the
engine of tumor progression. We describe here methods currently
used for CSC identification and characterization, starting from pri-
mary solid tumors.

2 Materials

2.1 Laboratory
Equipment

. Laminar flow biosafety cabinet (BSL2).

. Water bath.

. Hemocytometer.

. Inverted microscope.

. 37 °C Humidified incubator with 5% CO,.

. Falcon 40 pm cell strainers.

N O gt W

. 0.20 pm Syringe filters.
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Acquisition
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2.3 Cell Culture

2.4 Antigen
Expression and Cell
Sorting

2.5 Marker-
Independent Methods
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. Dissociation ~ solution: ~ Dulbecco’s modified Eagle’s

medium:Ham’s nutrient mixture F-12 (1:1) (DMEM/F12)
supplemented with 1x collagenase/hyaluronidase mixture
(10x stock, Stem Cell Technologies) and 125 U/mL DNasi I
(Life Technologies).

. RNAlater RNA Stabilization Reagent (QIAGEN).

. 4% Formaldehyde solution.

. Optimal cutting temperature (O.C.T.) solution (Bio Optica).
. Nalgene cryogenic vials.

. Nalgene Cryo 1 °C cell-freezing container.

. Dimethyl sulfoxide (DMSO).

. Liquid nitrogen transfer container.

. Dry ice.

. Forceps.

. Scalpels.

. Complete growth medium: DMEM /F12 supplemented with

10% fetal bovine serum (FBS) heat inactivated, 2 mM 1-
glutamine, 100 U/mL penicillin, and 100 pg/mL
streptomycin.

. Trypsin-EDTA 1x in PBS without Phenol Red Ca* and Mg?**.
. PBS without Ca* and Mg?*.
. T-25 and T-75 tissue culture flasks.

. Various-sized multiwell plates.

. Navios Flow Cytometer (Beckman Coulter).
. Influx cell sorter (BD Biosciences).

. Ethylenediamine tetraacetic acid (EDTA).

. Bovine serum albumin (BSA).

. Red blood cell lysis buffer: 10 mM Potassium bicarbonate

(KHCO3), 155 mM ammonium chloride (NH,Cl), 0.1 mM
EDTA.

. 7-Aminoactinomycin D (7-AAD) Viability Dye (Beckman

Coulter).

.SYTO 16 Green Fluorescent Nucleic Acid Stain (Life

Technologies).

. CD133/1 (AC133, Promininl) (Miltenyi Biotec) and respec-

tive isotype control.

. Verapamil (Sigma-Aldrich).
. Hoechst 33342 (Sigma-Aldrich).
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2.6 InVivo
Tumorigenicity

3. ALDEFLUOR™ kit (STEMCELL Technologies).

4. Complete tumorsphere medium: DMEM /F12 supplemented
with 5 p/mL insulin, 20 ng/mL epidermal growth factor
(EGF), 20 ng/mL basic fibroblast growth factor (bFGF), and
1x B27 supplement (50x stock, Life Technologies).

5. Ultra-low-attachment plates.

1. NOD/SCID interleukin-2 receptor y (IL-2Ry)-null (NSG)

immunocompromised mice.
. BD Matrigel™ Basement Membrane Matrix (BD Biosciences).
. Round-bottomed 96-well microplates.
. Insulin syringes or Hamilton syringe (2biological Instruments).
. Avertin (2,2,2-Tribromoethanol) (Sigma-Aldrich).

. Hematoxylin and eosin.

N U R W

3 Methods

3.1 Tumor Specimen
Acquisition
and Collection

3.2 Sample
Dissociation

Written informed consent and institutional review board (IRB)
approval for research on human samples are basic prerequisites for
all specimen acquisition. Fresh tissue sample from cancer resection
should be collected in a sterile container as soon as possible after
removal from the operating room. For nucleic acid isolation, it is
crucial that the specimen must be frozen within 20 min in order to
prevent degradation (RNA starts to degrade within minutes).
Tumor fragments should be flash frozen and kept at -20 °C or
-80 °C, or in liquid nitrogen for long-term storage. This provides
excellent tissue integrity and a wide array of options for tissue analy-
sis. Alternatively, immediately stabilize the sample in RNAlater
RNA Stabilization Reagent (see Note 1). For xenotransplantation
studies time is less critical, but the tissue should be kept refrigerated
and in medium until transplantation. In our experience, patient-
derived xenografts have been successfully established by implanting
tumor samples after overnight storage at 4 °C. Additionally, save
part of the specimen for further histological characterization by
embedding a portion of the tumor in optimal cutting temperature
(O.C.T.) solution, followed by flash freezing (see Note 2), or by
fixing one part of the tumor in 4% phosphate-buftered formalin
and embedding in paraffin.

Carry out all procedures in aseptic conditions under a laminar flow
hood to minimize contaminations. Note that all fresh tissue should
be handled in a biosafety cabinet using Biosafety Level 2 (BSL2)
techniques.
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. Prepare dissociation solution as described in Subheading 2.2

and place into a 50 mL conical tube.

. Transfer the tumor to a sterile petri dish using sterile forceps.

. Mince the sample with two scalpels in a cross-wise manner until

tumor is reduce to a paste and the final tissue fragments are small
enough to pass through the tip of a 5 mL pipette (see Note 3).

. Transfer the cut-up tumor to the tube containing the dissocia-

tion solution (prepared in step 1) and incubate into a 37 °C
water bath (see Note 4).

. Mix up and down the tumor fragments every 15 min using a 5 mL

pipette, and then a 1000 plL micropipette to further disintegrate
cell clumps, until the tumor is well dissociated (se¢ Note 5).

. Filter the cell suspension through a 40 pm nylon mesh cell

strainer into a new 50 mL sterile tube and use the rubber end
of the syringe plunger to break up clumps by gently squeezing
cells against the cell strainer.

. Thoroughly rinse the strainer with PBS and recover any residual

from underneath the cell strainer in order to minimize cell loss.

. Centrifuge for 5 min at 350xy, discard the supernatant, and

resuspend the cell pellet in a small volume of cold ammonium
chloride lysis buffer (prepared as described in Subheading 2.4)
to lyse red blood cells (see Note 6); incubate on ice for 5-10 min,
wash with a 10x volume of PBS, and centrifuge again.

. Resuspend cells in DMEM /F12 and calculate the viable cell

concentration with a hemocytometer and trypan blue.

. After evaluation of viability, resuspend cells in complete growth

medium described in Subheading 2.3.

. Plate the primary cell suspension in standard tissue culture

flasks; use T25 flasks or multiwell plates depending on how
many cells are available.

. Culture cells in a 37 °C humidified incubator with 5% CO,;

viable tumor cells should attach to the flask within 12-24 h.

. Inspect the culture regularly by inverted microscope to monitor

cell growth and confluency; replace medium weekly, or when
required as it looks depleted (orange /yellow color), by changing
half volume with fresh complete culture medium (sec Note 7).

. Split the culture when cells are 70-90% confluent by trypsin-

ization with an appropriate volume of 0.25% trypsin and
0.02% EDTA until all adherent cells detach (about 3-5 min).

. When all cells are detached, inactivate trypsin by adding an

equal volume of complete DMEM /F12 and wash the flask
with PBS to collect all detached cells into a 15 mL tube.



54 Stefania Orecchioni and Francesco Bertolini

3.4 Methods
to Characterize CSCs

3.4.1 Antigen Expression
and Cell Sorting

7. Centrifuge at 350 x4 for 5 min, discard supernatant, and resus-
pend the cell pellet in fresh complete culture medium.

8. Perform a cell count using trypan blue exclusion assay on a
hemacytometer (sec Note 8).

9. Replate cells at a concentration between ranges of 1 and
2x10* cells/cm?.

10. Continue cell culture for up to five passages.

The two main methods that are used to prospectively purify and
characterize CSCs include marker-dependent and marker-
independent strategies. Flow cytometry played a crucial role in iden-
tifying CSCs either by marker-dependent and by marker-independent
methods, such as side-population analysis, aldefluor assay, and sphere
formation assays, combined with limiting dilution xenotransplanta-
tion in immunodeficient mice. Here, we describe the principal
in vitro and in vivo strategies used to identify CSCs. Importantly, the
CSC-specific detection methods illustrated hereinafter have their
limitations in identifying malignant stem cells unequivocally, espe-
cially when tumor tissue is analyzed. Therefore, the use of combina-
torial markers and methodologies is imperative in order to isolate
and characterize a putative CSC population.

CSCs are frequently identified and characterized by multiparamet-
ric flow cytometric analysis that represents a powerful technique to
simultaneously interrogate the phenotype of single cells in suspen-
sion with high performance and reliability. Furthermore, it enables
the separation of living cells by fluorescence-activated cell sorting
(FACS), using antibodies directed at cell-surface markers in order
to isolate rare CSCs from a large heterogeneous cell population.

1. Harvest cells within 7 days of primary cultures, wash with PBS,
and perform a cell count and viability analysis.

2. Split cells in two aliquots for flow cytometric analysis and for
cell sorting, respectively.

3. Adjust cell number to a concentration of 1-5 x 10° cells/mL in
FACS bufter (PBS with 2 mM EDTA and 0.5 % bovine serum
albumin).

4. Add the appropriate number of cells to be stained into FACS
tubes.

5. Add conjugated antibody (0.1-10 pg/mL, or a previously
titrated amount) or respective isotype controls and vortex gen-
tly to mix. Incubate cells for at least 15 min at 4 °C in the dark
(see Note 9).

6. Remove any unbound antibody by washing cells in FACS but-
fer. Centrifuge at 350 x4 for 5 min and decant the bufter.
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7. Resuspend stained cells in 200400 pL of FACS bufter for
flow cytometric analysis (see Note 10). Keep the cells at 4 °C
until your scheduled time for analysis.

8. Acquire cells (at least 1 x 10° total cells per sample) on a standard
flow cytometer and perform analysis after selection of DNA+
(Sytol6+) and viable (7-AAD-) cells. Set the analysis gates with

the aid of “fluorescence minus one” isotype controls.

9. The staining panel, both for analysis and cell sorting, includes
various markers depending on the tumor type (an overview of
markers used for the characterization of CSCs in different tumors
is given in ref. 23). For instance, CD133 (prominin-1) has been
recognized as a putative CSCs marker for glioblastoma, breast,
colon, prostate, kidney, pancreatic, and lung carcinomas, liver
and brain tumors, and melanoma [4] (se¢ Note 11).

10. For cell sorting, resuspend stained cells from step 7 in appro-
priate volume of FACS butffer so that the final cell concentra-
tion is 4-5 x 10° cells/mL.

11. Sort CD133-positive and CD133-negative fractions using a
three laser Influx high speed cell sorter (BD Biosciences)
equipped with a Class I biosafety cabinet (se¢ Note 12). The
purity of CD133+ and CD133- sorted populations is rou-
tinely 90 %.

12. Culture sorted cell populations in standard medium for further
in vitro and in vivo experiments.

The side-population (SP) discrimination assay is a flow cytometric
strategy used to isolate CSCs by efflux of incorporated dyes like
Hoechst 33342, via multi-drug resistance (MDR) and ATP-binding
cassette (ABC) transporters expressed within the cell membrane. A
peculiar characteristic of both normal and malignant stem cells is the
overexpression of ABC transporters as efflux pumps protect stem
cells from damage by xenobiotic substances [24]. Then, the flow
cytometric profile of the cells which actively efflux the dye out has a
distinctive feature and they form a distinct small cell population
(<0.1% of the total cell number), termed the “side population,” that
shows little or no fluorescence with Hoechst 33342 [25]. Thus, the
use of Hoechst 33342 to detect CSCs as an SP overcomes the lack
of'a tumor-specific phenotype and replaces it with a more direct and
functional marker. Results obtained with this method must be rigor-
ously validated anyway using other CSC-specific detection methods
described in the previous and following sections.

1. Count viable nucleated cells, resuspend in pre-warmed stan-
dard medium, and divide cells in two aliquots; adjust cell num-
ber to a concentration of 1 x 10° cells/mL in medium.

2. Add to both cell suspensions the Hoechst 33342 stock solu-
tion to obtain a final concentration of 5 pg/mlL.
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34.3 Aldehyde
Dehydrogenase (ALDH)
Activity

10.

11.
12.

13.

. Add only to the aliquot control 50 pM verapamil (ABCB1 and

ABCCI transporter inhibitor, se¢ Note 13) and leave the other
aliquot untreated.

. Incubate the cell /dye suspensions for 90 min at 37 °C in the

dark and gently invert the tubes every 15-20 min to avoid cell
settling and clumping (sec Note 14).

. After 90 min, spin the cells down at 4 °C (in a precooled rotor)

and resuspend the cell pellets in an appropriate volume of cold
FACS bufter (see Note 15).

. If the SP assay is combined with staining for cell surface phe-

notyping, the cells can now be processed for antibody staining
as described in Subheading 3.4.1. Matching the SP assay with
the classical cell-surface staining protocols can lead to a further
characterization of putative CSC populations.

. Immediately prior to flow cytometry, add 7-AAD (to a final

concentration of 2 pg/mL) and incubate cells for 15 min at
4 °C in the dark. Maintain cell suspensions at 4 °C and pro-
tected from light at all times.

. Acquire at least 500,000 total cells per sample on a suitable

flow cytometer.

. The Hoechst 33342 dye is excited at 350 nm ultraviolet (UV).

Therefore, an optimal SP resolution requires a flow cytometer
equipped with a UV laser. To measure the resultant fluores-
cence at two wavelengths use a 450,20 band-pass filter and
675 long-pass filter for detection of Hoechst Blue and Red,
respectively, and the 610 short-pass dichroic mirror to split the
emission wavelengths.

Create the following two-parameter plots (x-axis vs. y-axis)
with all the parameters in linear scale:

(a) Forward scatter (FSC) versus side scatter (SSC)

(b) 7-AAD versus SSC

(c) Hoechst Red versus Hoechst Blue

Exclude debris and dead cells in plots a and b, respectively.

Identify the SP on the Hoechst Red versus Hoechst Blue plot
(on the left side of the plot, showing low fluorescence intensity
at both emission wavelengths).

Optional: Sort SP-positive and SP-negative fractions and eval-
uate the purity. Culture sorted cell populations in standard
medium for further in vitro and in vivo experiments.

The aldehyde dehydrogenase 1 (ALDHI1) isoform catalyzes the
conversion of retinol to retinoic acid in normal and malignant stem
cells and its activity has been used as a functional stem cell marker
to isolate CSCs in different tumor types [26]. Cells with ALDH]1
enzymatic activity can be detected using a simple and rapid method
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that is now commercially available (STEMCELL Technologies)
and it works with cultured cells as well as with cells isolated from
solid tumors.

1. Perform a viable cell count and resuspend cells in
ALDEFLUOR™ assay buffer containing the ALDH substrate
Bodipy™-aminoacetaldehyde (BAAA) and efflux inhibitor (see
Notes 16 and 17).

2. Transfer portion of cells from step 1 to negative control tube
containing the ALDH enzyme inhibitor diethylamino-
benzaldehyde (DEAB, 50 mmol/L).

3. Incubate at 37 °C for 30-60 min.

4. Spin the cells down at 4 °C (in a precooled rotor) and resus-
pend the cell pellets in an appropriate volume of cold FACS
bufter (see Note 18).

5. If the aldefluor assay is combined with staining for cell surface
phenotyping, the cells can now be processed for antibody
staining as described in Subheading 3.4.1.

6. Measure the cellular fluorescence with the green fluorescence
channel (520-540 nm) of a standard flow cytometer and per-
form analysis setting up proper gate according to instruction in
ALDEFLUOR™ kit. Since only cells with an intact cellular
membrane can retain BAA-, only viable ALDH" s cells are

identified.

7. Optional: Sort ALDH-positive and ALDH-negative fractions
and evaluate the purity. Culture sorted cell populations in stan-
dard medium for further in vitro and in vivo experiments.

In the sphere formation assay, cells from solid tumors are grown in
serum-free, non-adherent conditions forming spherical structures
(tumorspheres). This assay can be used to estimate the percentage
of CSCs present in a population of tumor cells since only malig-
nant stem cells can survive and proliferate in this environment.

1. Resuspend freshly isolated tumor cells or sorted cells into a
single-cell suspension in complete tumorsphere medium
described in Subheading 2.5. Importantly, B27 should be
freshly added before use.

2. Perform a viable cell count with trypan blue.

3. Plate cell suspension onto ultra-low-attachment plates at
appropriate density in triplicate. The optimum density is usu-
ally between 200 and 600 cells/cm? depending on cell type.

4. Maintain cells in a 5% CO,-humidified incubator at 37 °C for
1 week without replenishing the medium so as not to disturb
the formation of the tumorspheres.
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3.4.5 InVivo
Tumorigenicity Evaluation

5.

After 1-week incubation, analyze sphere formation under an
inverted light microscope and count the number of tumor-
spheres (at 40x magnification) whose size can vary from less
than 50 to 250 pm. They are easily distinguishable from aggre-
gated cells as the cells seem to be fused together and single
cells cannot be identified.

. Sphere-forming efficiency (%) is calculated according to the

formula (number of spheres per wells/number of cells seeded
per well) x 100.

A crucial characteristic of CSCs is their ability to generate tumors
as xenografts in immunodeficient mice. This unique feature must
therefore be rigorously verified in animal models to prove the self-
renewal and differentiation potential of the cellular subpopulation
isolated with FACS and other marker-independent methods
described above.

1.

Count viable cells, and serially dilute in PBS using a broad
range of cell doses (from 10% to 10%) to assess the optimum
range of tumorigenicity.

. Thaw on ice an aliquot of Matrigel and mix equivalent volume

of cell and Matrigel in a round-bottomed 96-well plate that is
resting on ice (see Note 19).

. Prior to injection into mice, gently mix the cells/Matrigel sus-

pensions and aspirate 20-100 pL per injection into cooled
insulin syringe or a Hamilton syringe for the smallest volumes
(see Note 20).

4. Anesthetize mice with Avertin (375 mg/kg) intraperitoneally.

. Inject orthotopically at least five mice with each cell dose.

. Determine an approximate median of tumorigenic frequency

and then use tighter dilutions to identify the minimum tumori-
genic dose.

. Once xenografts are established, tumors should be compared

histologically to the primary patient specimen (see
Subheading 3.1) by hematoxylin and eosin staining.

4 Notes

. For RNAlater long-term storage at -20 °C, first incubate

tumor fragments (placed in separate cryovials) overnight in the
RNA stabilization reagent at 4 °C. Then transfer the tissue, in
the reagent, to —20 °C for archival storage.

. Cover the cryomold with a thin layer of O.C.T. and, using

sterile forceps, transfer the specimen to the cryomold. Fill it
with more O.C.T. by paying attention to avoid air bubble for-
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mation, and freeze the mold in liquid nitrogen by holding the
cryomold with a forceps over the opening of the liquid nitro-
gen transfer container (freezer gloves and a face shield should
be used during this procedure).

3. Many studies report that the implantation of tumor fragments
in mice has a higher transplantation success rate than single-
cell suspension injection. Then, in this step, it is important to
keep aside small fragments (2—-3 mm square) of tumor for both
cryopreservation and direct implantation of the primary sam-
ple into immunodeficient mice. For cryopreservation: place no
more than five fragments in a cryovial and fill it with a 90%
FBS+10% DMSO solution. Freeze the fragments by slowly
decreasing the temperature 1 °C/min in a Nalgene Cryo 1 °C
cell-freezing container filled with isopropanol. Place the con-
tainer at —80 °C overnight before transterring the vials to liq-
uid nitrogen cryotanks.

4. Gentle agitation of tissue fragments may improve tumor dis-
sociation. If use a shaker, or a tube rotator in a 37 °C incuba-
tor, set motion at low to moderate speed.

5. The digestion progression can be monitored by gross observa-
tion and microscopic evaluation of the digestion medium
(large undigested material may contain cell debris, fat, and
extracellular matrix). Depending on the sample type, tumor
dissociation should take from 30 min to 4 h. Since longer incu-
bation times will reduce cell viability, the sample should not be
left in the digestion medium for longer than necessary. Stop
digestion by adding DMEM /F12 in equal amount of collage-
nase mix added.

6. Adjust the pH to 7.2 and sterilize the solution using a 0.20 pm
filter before use. Keep at 4 °C.

7. At the first medium change, collect also culture supernatant
containing unattached cells and plate it into a new flask to pro-
vide a backup culture.

8. When possible, freeze earlier passages of the primary culture in
90% FBS +10% DMSO and store in liquid nitrogen for further
experiments.

9. If you use primary unlabeled antibodies, after completing step
5, dilute the fluorochrome-labeled secondary antibody in
FACS buffer (see individual antibody data sheet for the appro-
priate dilution) and then resuspend the cells in this solution.
Incubate for at least 30 min at 4 °C in the dark. Wash the cells
twice by centrifugation at 350 x g for 5 min and resuspend the
cell pellet in 200400 pL of FACS buffer for flow cytometric
analysis.
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10.

11.

12.

13.

14.

15.

16.

17.

If you need to preserve cells for several days, after completing
step 6 instead of resuspending cells in FACS buffer, add 100-
200 pL 4 % paraformaldehyde and incubate for 15 min at room
temperature. Centrifuge samples at 350x4 for 5 min and
resuspend the cell pellet in 200400 pL of FACS buftfer.
Fixation will stabilize the light scatter and inactivate most bio-
hazardous agents. The fixation for different antigens will
require optimization by the user.

While CD133 has been efficiently used as a single marker for the
isolation of CSCs in colorectal cancer and brain tumors, intratu-
moral heterogeneity makes it difficult to define universal stem-
ness markers. Thereby, a set of markers are necessary to identity
and characterize CSCs from other tumor types (see ref. 23).

Continuously cool the samples to 4 °C during the procedure.
Perform a forward scatter pulse height and side scatter analysis
to exclude cell clusters and doublets. Perform a two-way cell
sorting procedure with a 140 pm nozzle with a 5.5-PSI pres-
sure, and with an event rate of 1000 events per second, using
a sort pure mode (optimal conditions need to be optimized
depending on the instrument and /or the cells sorted). Collect
samples into sterile polypropylene tubes containing sterile
FACS buffer, and use for further in vitro and in vivo studies.

A significant number of ABC transporter inhibitors is available;
based on both the tumor type and the type and content of
ABC transporters, the use of a different inhibitor could be
required (e.g., verapamil, cyclosporine A, and probenecid tar-
get the ABCBI protein, while fumitremorgin C blocks the
ABCG?2 transporter).

It is crucial that the temperature throughout the sample is
maintained at 37 °C. To ensure a correct temperature control,
the Hoechst incubation step is usually performed in a water
bath. Otherwise, in order to avoid manual mixing of the tubes,
dye incubation step can also be successfully carried out in a
37 °C incubator equipped with a gentle shaker.

In order to inhibit further dye efflux, the cells must be kept at
4 °C for the rest of the experiment. Thus, steps following the
Hoechst staining (e.g., washing, centrifugation, antibody
staining, and data acquisition) should be carried out in the
cold and in the dark, for minimizing metabolic activity and
preserving the Hoechst profile.

Perform the assay using different sample concentrations (range
from 1x10° to 2 x 10° cells/mL) and select the cell concentra-
tion that better discerns between ALDH"&" and ALDH""
cells minimizing background ratio.

BAAA is a visible light excitable fluorochrome that diffuses
freely across the plasma membrane of intact viable cells. Only
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cells with ALDH activity convert BAAA into the fluorescent
product Bodipy™-aminoacetate (BAA-). The reaction prod-
uct BAA- is retained inside cells since its exclusion through
ABC transporters is blocked by efflux inhibitors contained into
the assay buffer. To optimize the assay, it may be useful to add
other efflux inhibitors (e.g., verapamil, probenecid, or
2-deoxy-p-glucose).

In order to inhibit efflux of BAAA and of BAA- and to prevent
loss of fluorescence intensity, the cells must be kept at 4 °C for
the rest of the experiment.

The final 1:1 cells/Matrigel suspension volume depends upon
the injection site ranging from 20 pL (e.g., renal capsule and
brain) to 100 pL (subcutaneous and mammary fat pad).

Traditionally, CSC research has been carried out using severe
combined immunodeficient (SCID) or nonobese diabetic
SCID (NOD/SCID) mice. However, the use of more highly
immunocompromised NOD /SCID interleukin-2 receptor y
(IL-2Ry)-null (NSG) mice lacking T, B, and NK cells can
increase the detection of tumorigenic cells.
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Chapter 6

The Aortic Ring Assay and Its Use for the Study of Tumor
Angiogenesis

Alfred C. Aplin and Roberto F. Nicosia

Abstract

This chapter describes protocols developed in our laboratory to prepare and analyze angiogenic cultures
of rat aorta. Rings of rat aorta cultured in collagen gels produce neovessel outgrowths which reproduce
ex vivo key steps of the angiogenic process including endothelial migration, proliferation, proteolytic
digestion of the extracellular matrix, capillary tube formation, pericyte recruitment, and vascular regres-
sion. The angiogenic response of aortic explants can be stimulated with growth factors or inhibited with
anti-angiogenic molecules. Aortic ring cultures can also be used to study tumor angiogenesis. Protocols
outlined in this chapter describe how this assay can be modified to investigate the angiogenic activity of
cancer cells.

Key words Collagen, Endothelial cells, Pericytes, Neovascularization, Cancer cells

1 Introduction

Angiogenesis contributes to the progression of many debilitating
and life-threatening diseases but it also plays a critical role in
embryonal development, the revascularization of ischemic organs,
and the regeneration of tissues [1]. Basic research conducted dur-
ing the last 40 years has greatly enhanced our understanding of
how blood vessels form, mature, and remodel and has uncovered
key molecular pathways of angiogenic regulation that can be tar-
geted pharmacologically for therapeuticintervention [ 1 ]. Successful
translational studies and clinical trials have led to the approval
for therapeutic applications of many angiogenesis-targeting drugs
[2, 3]. Research in this field has created the need for bioassays to
test the activity of pro- and anti-angiogenic compounds. Among
the many systems that have been developed to study angiogenesis
[4], the aortic ring model has emerged as one of the most widely
used assays particularly for the evaluation of new drugs. A Medline
review shows that nearly 500 studies have been published to date

Domenico Ribatti (ed.), Tumor Angiogenesis Assays: Methods and Protocols, Methods in Molecular Biology, vol. 1464,
DOI 10.1007/978-1-4939-3999-2_6, © Springer Science+Business Media New York 2016
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with the aortic ring assay and that its use has steadily increased in
recent years [5].

The aortic ring assay recapitulates ex vivo the main steps of the
angiogenic process including endothelial migration, proliferation,
proteolytic digestion of the extracellular matrix, capillary tube for-
mation, recruitment of pericytes, and vascular regression [6].
Except for the lack of blood flow, the angiogenic response of the
aortic explants resembles angiogenesis in vivo and is regulated by
paracrine interactions between endothelial cells, macrophages,
fibroblasts, and pericytes involving a variety of angiogenic factors
and inflammatory cytokines/chemokines [5].

In this chapter we provide a detailed description of protocols
currently used in our laboratory to prepare aortic ring cultures and
analyze angiogenesis in this model. We also describe how this assay
can be used to study tumor angiogenesis.

2 Materials and Reagents

. 1-2-month-old rat.

. Styrofoam dissecting board.

80% Ethanol.

. Hair clippers with size 40 A5 blade.

. Size 2.0 silk sutures.

. One pair of 17 cm curved Mayo scissors.

. Two Halsted-Mosquito hemostats.

. Size 22 surgical blades and scalpel blade handle.

O 0 N O Ul R W N

. Small forceps.

—
=)

. Small curved scissors.

—
—

. 100 mm four-compartment Felsen dishes.
. Four-well tissue culture dishes (NUNC—IVF dishes).
. Endothelial Basal Medium (EBM, Lonza).

. Rat tail collagen solution (1.3 mg/ml, either commercial or
prepared in-house).

—
N

15. Fine-curved microdissection forceps (Dumont #7).

16. 14 mm straight blade Noyes iridectomy scissors.

17. Sterile 23.4 mg/mL sodium bicarbonate solution.

18. Sterile 10X minimum essential medium (MEM) solution.
19. Micropipettors and sterile tips.

20. Humidified 5% CO, tissue culture incubator.

21. Dissecting microscope.
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Sacrifice rats by CO, asphyxiation or intraperitoneal injection
of sodium pentobarbital.

. Shave thoracic and abdominal skin using hair clippers, and dis-

infect with 80 % ethanol.

. Pin the animal onto a dissection board.

4. Make a Y-shaped incision with a scalpel from the top of each

3 Methods

3.1 Excision of the 1.

Aorta
2
3
5
6
7
8
9

10.

3.1.1 Notes 1.
2

3.2 Preparation of 1.

Aortic Rings

shoulder to the xyphoid process of the sternum and down to
the lower abdomen.

. Dissect the skin from the underlying muscle with a scalpel and

open the abdominal cavity using small scissors.

. Cut the ribs with scissors from each side of the animal toward

the manubrium of the sternum. Using a hemostat, gently dis-
place the sternal plate to the right side of the animal exposing
the thoracic cavity.

. Using sterile forceps, displace the intestines, stomach, spleen,

and liver to the right side of the animal.

. Cut the diaphragm with sterile small curved scissors toward

the midline and back, avoiding the diaphragmatic vessels: this
will expose the thoracic aorta along the vertebral column.

. Tie a knot with a silk suture at the distal end of the thoracic

aorta, just below the diaphragm. While holding the suture with
forceps, dissect the aorta from the posterior mediastinum with
small curved scissors. Excise the aorta at the aortic arch level.

Cut the aorta below the knot and place it in a Felsen dish con-
taining serum-free EBM.

We recommend using the thoracic portion of the aorta which
has a uniform diameter and a regular pattern of collateral
(intercostal) arteries. The abdominal artery (below the dia-
phragm) is an additional source of rings, but its tapering lumen
may introduce variability in the angiogenic response.

. Attention should be given not to damage the aorta by stretch-

ing or letting it dry. The isolation procedure should be com-
pleted within 10-15 min of animal sacrifice.

Working under a dissecting microscope, clean the aorta of peri-
aortic fibroadipose tissue and blood using curved microdissec-
tion forceps and Noyes iridectomy scissors.

. Remove the intraluminal blood clot using fine microdissection

forceps.

. Cut away the collateral vessels as close to the aorta as possible.
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3.2.1 Notes

3.3 Embedding
Aortic Rings
in Gollagen Gel

4.

As the cleaning proceeds, transfer the aorta into the adjacent
compartments of the Felsen dish, always ensuring that the
aorta is submerged in fresh medium.

. Prepare aortic rings by serially cross-sectioning the aortic tube

at 1-1.5 mm intervals with a scalpel. Discard the proximal and
distal rings.

. Wash the rings through eight sequential baths of serum-free

EBM using two Felsen dishes. Lift and hold rings between
washes using the capillary action of medium trapped between
the microdissection forceps prongs.

. After washing, re-examine rings to ensure that they are uni-

form in size. Trim off any remaining fibroadipose tissue. The
aortic rings are now ready to be embedded in collagen gels.

. The thoracic aorta of a 2-month-old rat should yield 20-25

rings.

. When cutting rings from the aorta with a scalpel, it is helpful

to remove some of the growth medium from the chamber so
that the aorta is kept wet but no longer floats.

. When transferring rings between washes, take care not to crush

or otherwise damage the rings.

. The total time required to clean a rat aorta, cut individual

rings, and perform eight washes should not take longer than
3045 min.

. Once aortic rings have been prepared, they may be stored in

EBM in a humidified tissue culture incubator at 37 °C for peri-
ods of up to 24 h prior to embedding in collagen gels.

. Prepare the working collagen solution by mixing 1 volume

10x MEM with 1 volume 23.4 mg/ml NaHCO; in a sterile
tube. Next add eight volumes of 1.3 mg,/ml collagen solution
and mix by pipetting slowly up and down several times taking
care not to generate bubbles. Keep all solutions on ice.

. Transfer aortic rings with fine-curved microdissection forceps

into four-well IVF dish. Place one ring on the bottom of each
culture well.

. Pipette a 30 pul drop of working collagen solution onto each

ring.

. Using a sterile pipette tip, reposition the aortic ring so that it is

suspended in the collagen solution and oriented with the lumi-
nal axis parallel to the bottom of the culture dish.

. Spread the collagen solution around the explant into a thin

disc of approximately 8 mm in diameter by slowly drawing the
collagen outward around the ring in a circular motion.
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6.

10.

11.

12.

13.

Incubate the IVF dish containing four aortic ring cultures into
a tissue culture incubator at 37 °C for 10 min to induce colla-
gen gelation.

. Carefully add 500 pl of serum-free EBM to each culture in a

dropwise fashion.

. Replace growth medium with fresh medium three times a week

starting from day 3.

. This method is optimized for assaying angiogenic growth from

collagen gel cultures of rat aortic rings. The same method can
be applied to mouse aortic rings with minor modifications of
the culture conditions [6-8].

. Always prepare four aortic ring cultures per experimental

group including an untreated set of cultures.

. The collagen solution can be prepared from rat tail tendons as

described [6, 9] or obtained from commercial sources [7].

. Alternative matrices such as fibrinogen or Matrigel may be

used, as needed [10-12].

. The procedure should be carried out without interruptions,

always keeping the aortic rings submerged in culture medium
to avoid drying of the aortic explants.

. It is important not to stretch or crush the aorta or the aortic

rings at any stage of the procedure.

. Always mix the 10x MEM and NaHCO; solutions thoroughly

before adding the collagen solution.

. Keep all reagents for the collagen gel on ice.

. The collagen solution should not be less than 1.3 mg/ml dry

weight and all reagents should be of tissue culture grade and
LPS (endotoxin)-free. Aortic rings are very sensitive to LPS
which can stimulate or inhibit angiogenesis depending on its
concentration [13].

Before adding collagen to the aortic ring, remove excess
medium carried over during transfer to the IVF dish by gently
dragging the wet ring across the surface of the dish.

Neutral pH should be maintained throughout the culture
period.

Control and experimental aortic rings should always be dis-
sected from animals of the same age, ideally from the same
aorta.

Feeding is not required if the cultures are not supplemented
over time with exogenous agents. If the cultures are not fed,
the angiogenic response of the rings is more pronounced and
the aortic neovessels survive longer, likely due to accumulation
of endogenous angiogenic factors in the culture medium.
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3.4 Preparation of
Cancer GCell
Aggregates

3.5 Co-culture of
Aortic Rings

with Gancer GCell
Aggregates

3.6 Treatment

of Aortic Ring Cultures
with Tumor-
Conditioned Medium

3.6.1 Notes

1.

Pipette 4 ml ofa 1 x 10° suspension of cancer cellsin EBM + 10 %
EBS into a sterile 25 ml Erlenmeyer flask.

. Place flask on an orbital shaker set at ~75 rpm, and culture for

48 h in a humidified incubator at 37 °C.

. Look for clustering of cells and formation of aggregates in the

middle of the flask.

. Transfer to a 15 ml tube and let aggregates sediment by gravity

to the bottom of the tube. If aggregates are too small (this will
depend on the cancer cell type), centrifuge at low speed to
facilitate sedimentation.

. Remove supernatant, resuspend aggregates in 0.5 ml collagen

solution (see above), and mix with a micropipettor P1000. Keep
suspension of cancer cell aggregates in collagen solution on ice.

. Pipette 5 pl of collagen /cell aggregates onto bottom of a four-

well IVF dish, and incubate at 37 °C for 5 min to induce gel
formation. This will generate a collagen gel drop containing
cancer cell aggregates.

. Place an aortic ring next to the cancer cell /collagen gel drop,

and pipette an additional 30 pl collagen solution onto the cul-
ture dish to cover both aortic ring and adjacent cancer cell/
collagen gel drop.

. Use a pipette tip to ensure that the collagen gel is uniformly

spread around the aortic explant and adjacent cancer cells.

4. Incubate for 10 min at 37 °C.

. Add 500 pl serum-free EBM and incubate at 37 °C. Feed 3x a

week.

. Prepare tumor-conditioned medium by incubating subconflu-

ent cultures of cancer cells in serum-free EBM for 3 days. Use
fresh or store at -70 °C.

2. Prepare aortic ring cultures as described above.

. Feed the aortic ring cultures with a 1:1 mixture of fresh serum-

free EBM and tumor-conditioned medium. Dose-response
experiments can be performed by varying the ratio of fresh
EBM and tumor-conditioned EBM.

. For the co-culture experiments, place the ring within 1 mm

from the cancer cell aggregates to ensure maximum exposure
to tumor angiogenic factors.

. The size of the cancer cell aggregates will vary depending on

the cancer cell line.

. If cancer cells have special media requirements, prepare tumor-

conditioned medium with the cancer cell-specific medium,
always without serum. Use this medium for the 1:1 mixture
with EBM in the untreated control.
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4 Measurement of Angiogenesis

4.1 Measurement
of Angiogenesis

by Counting
Neovessels

4.1.1 Notes

Angiogenesis can be measured either by manually counting vessels
with an inverted microscope or by image analysis. Image analysis
provides an objective measurement of the angiogenic response
including vessel number and length but it may be time consuming
unless it is automated. For the method with Image J software used
in our laboratory, refer to a previously published paper [14]. The
manual counting method allows rapid assessment of angiogenic
response from living cultures. This method only requires a trained
observer and an inverted microscope. The speed and extent of the
angiogenic response are analyzed by graphing the number of
neovessels produced by individual cultures over time [15, 16]. A
brief description of the manual method [6] is outlined below.

1. Use an inverted microscope with 4x to 10x magnification
equipped with bright-field optics. Adjust the condenser dia-
phragm to obtain optimal contrast and depth of field.

2. Start by visualizing a landmark of the outgrowth and then
count all the visible vessels in either a clockwise or a counter-
clockwise direction.

3. Identify microvessels by their greater thickness and cohesive
pattern of growth compared to isolated cells.

4. Count each branch as a separate vessel; a Y-shaped branching
vessel is therefore counted as three vessels; loops are counted
as two vessels; for anastomosing vessels forming polygonal pat-
terns, count each side of the polygon as a separate vessel.

5. Count microvessels every 2—3 days and record the results for a
period of 10-14 days.

6. Use statistical methods (#-test, analysis of variance) to analyze
data and determine levels of significance between control and
treated cultures.

1. Beware of adventitial collagen fibers or contaminating extrane-
ous fibers which may mimic vessel sprouts.

2. The three-dimensional nature of the angiogenic growth
requires frequent readjustment of the focus to accurately visu-
alize vessels.

3. Vessel counts should be done by the same observer through-
out the experiment.

4. The angiogenic outgrowth of a typical unstimulated collagen
gel culture of rat aorta contains 60-100 microvessels.

5. As vessel number exceeds 200 per culture (cultures treated with
exogenous angiogenic stimuli) the visual count method may
become challenging and labor intensive. Since the outgrowths
in these cultures are generally symmetrical, counting microves-
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Fig. 1 Co-culture of aortic rings and cancer cell aggregates. (a) Angiogenic sprouting from aortic ring in control
culture. (b) Angiogenesis stimulated by cancer cells in co-culture of aortic ring with aggregates of PC3 cancer
cells. (¢) Measurement of tumor angiogenesis in co-cultures of aortic rings with breast (MDA231), ovarian
(OVCAR), and prostate cancer (PC3) cell lines (N=4; ***p<0.001)

sels in half the culture and then doubling the number will give a
close approximation of the angiogenic response. Alternatively
these cultures can be measured by image analysis [14].

6. We do not recommend the manual vessel count method if the
aortic rings are cultured in Matrigel due to the complexity and
highly branched nature of the outgrowths in this matrix.
Angiogenesis in Matrigel is best visualized by image analysis after
the cultures have been stained with endothelial specific markers.

7. Phase contrast is an acceptable alternative if sufficient contrast
cannot be achieved with bright-field optics.

5 Expected Results

Most of the neovessels in aortic cultures originate from the cut edges
of the explants. Sprouting endothelial cells form branches, anasto-
moses, loops, and networks which become coated with pericytes
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Fig. 2 Cultures of aortic rings stimulated with tumor-conditioned media. Control culture (a) and cultures treated
with conditioned media from OVCAR (b) or PC3 (¢) cancer cells. (d) Measurement of tumor angiogenesis in
aortic ring cultures treated with tumor-conditioned media (N=4; ***p<0.001)

over time [5, 6, 9]. Endothelial sprouts become visible at days 2—-3
and increase in number and length over the next 4-5 days.
Angiogenic sprouting stops after 6—8 days of culture and is followed
by vascular regression. Aortic angiogenesis can be greatly enhanced
by exposing the cultures to endothelial growth stimuli including
recombinant growth factors/cytokines or angiogenic factor-produc-
ing cells or tissue explants [5, 6, 9]. Figures 1 and 2 show the angio-
genic effect in aortic cultures of human prostate, breast, and ovarian
cancer cells or media conditioned by these cancer cells. This modifi-
cation of the assay can be used to investigate mechanisms of tumor
angiogenesis and test the efficacy of drugs designed to interfere with
angiogenesis in different types of malignancy.
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Chapter 7

Surface Plasmon Resonance Analysis of Heparin-Binding
Angiogenic Growth Factors

Marco Rusnati and Antonella Bugatti

Abstract

Surface plasmon resonance (SPR) is an optical technique to evaluate biomolecular interactions. Briefly,
SPR measures the capacity of two molecules to bind each other by detecting reflected light from a prism-
gold film interface. One of the two putative interactants (called ligand) is chemically immobilized onto the
gold film. When the sensor is exposed to a sample containing the second interactant (called analyte), its
binding to the immobilized ligand causes a change of the refractive index of the material above the gold
surface that is monitored as a real-time graph of the response units against time, producing a real-time
graph called sensorgram. SPR has become a golden standard technology for label-free, real-time interac-
tion analysis in basic research and drug discovery in a wide array of biomedical areas, including oncology
and virology [1, 2]. Here we describe the exploitation of SPR for the study of the capacity of the pro-
oncogenic, pro-angiogenic HIV-1 pl7 matrix protein [3, 4] to bind to heparin, a structural analog of
heparan sulfate proteoglycans (HSPGs) receptors, and for the identification of novel HSPGs-antagonists
to be used as anti-p17 drugs.

Key words Surface plasmon resonance, Biosensor, Heparin, Protein binding, Affinity calculation

1 Introduction

Surface plasmon resonance (SPR) is an optical technique to evalu-
ate biomolecular interactions by detecting reflected light from a
prism-gold film interface. A typical setup of a solid-phase bioassay
based on SPR spectroscopy is schematized in Fig. 1. Briefly, it is
composed by:

1. A light source that emits a monochromatic laser beam.

2. An optical detector system that monitors the changes in SPR
signal brought about by binding events in real time.

3. An exchangeable gold slide (called sensorchip), upon which
one of the two putative interactants is immobilized.

4. A microfluidic system that allows the injection of the sample
containing the second interactant over the sensor surface.

Domenico Ribatti (ed.), Tumor Angiogenesis Assays: Methods and Protocols, Methods in Molecular Biology, vol. 1464,
DOI 10.1007/978-1-4939-3999-2_7, © Springer Science+Business Media New York 2016
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light
source

Fig. 1 Schematic representation of a surface plasmon resonance apparatus. The
molecule immobilized onto the gold sensorchip is named ligand whereas the
putative partner injected into the flow channel is called analyte. In the presence
of the ligand/analyte interaction, the refractive index at the gold surface changes,
resulting in the shift of the resonance angle that provides label-free transduction
of the binding event

5. These four integrated systems communicate with a computer
equipped with control and data evaluation software.

The biophysical bases of the SPR operating principles are
extensively described elsewhere [5]. Briefly, the polarized beam of
monochromatic visible light is passed through a prism fitted with
the sensorchip. The light is reflected off the gold surface and its
intensity is detected at the specular angle. An electric field intensity,
known as evanescent wave, is generated when the light strikes the
surface. It interacts with and is absorbed by free electron clouds in
the gold layer, generating electron charge density waves called
plasmons, causing a reduction in the intensity of the reflected light.
The angle corresponding to the sharp intensity minimum that
occurs at the SPR condition is called resonance angle. It depends
on the refractive index of the material near (below 300 nm) the
gold surface, as it is sampled by the evanescent light intensity. The
resonance angle can be monitored by following the specularly
reflected light intensity versus angle at fixed wavelengths or versus
wavelength at fixed angle. In an SPR assay, one of the two mole-
cules for which a binding analysis is required is chemically immobi-
lized onto the gold film (and is defined ligand). Then, the sensor is
exposed to a sample containing the second molecule to be ana-
lyzed (defined analyte) that is injected through the microfluidic
system. If the binding of the analyte to the ligand occurs, this
causes a change of the refractive index at the metal surface, result-
ing in the shift of the resonance angle that provides label-free
transduction of the binding event. The raw data are then processed
and presented as a real-time graph of the response units (RU)
against time, a graph referred to as sensorgram (see Fig. 3).
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In respect to conventional techniques such as fluorescent-,
enzyme-, or radio-labeled assays, SPR analysis adds to label-free
molecular recognition several advantages: the ability to manipulate
very low concentrations of molecules semi-automatically in real
time, the possibility to detect analytes over a wide range of molecu-
lar weights and binding affinities (including weakly interacting
small chemical compounds), and the access to information span-
ning from straight ON-OFF sensing to binding kinetics and ther-
modynamics. In details:

1. Kinetics analysis that allows the determination of the associa-
tion and dissociation rates (k,, and k., respectively) that give a
measure of how fast a molecule binds to and detaches from
another (see Note 1). The k.¢/k,, ratio allows the determina-
tion of the dissociation constant (Ky) value, inversely propor-
tional to the affinity of the interaction.

2. Equilibrium analysis that allows the calculation of the equilib-
rium Kj in a kinetic-independent way (sec Note 2).

3. Calculation of the stoichiometry of the interaction, particularly
important for the binding of a multivalent interactant such as
heparin/heparan sulfate proteoglycans (HSPGs) that set up
complex interactions with multiple copies of its partners [6]
(see Note 3).

4. Competition experiments, aimed at the identification of com-
pounds able to prevent/displace the binding of a ligand to its
receptor. This ability is predictive of the in vivo antagonist
capacity of the identified compounds, with implications in
drug discovery programs [7-9] (see Note 4).

In our laboratory, SPR has been successfully exploited to
screen a large number of proteins for their capacity to bind to hep-
arin, a structural analog of HSPGs receptors expressed onto all the
eukaryotic cells and involved in various physiological and patho-
logical processes including virus infection, inflammation, angio-
genesis, and oncogenesis [1, 2].

2 Materials

Prepare all solutions and samples using ultrapure water (deionized
water with a sensitivity of 18 MQ cm at 25 °C) and analytical grade
reagents. Filter all reagents and samples by 0.22 pm PVDF Stericup
(Merk Millipore, Darmstadt, Germany) before using it in the SPR
apparatus (se¢ Note 5). Follow all waste disposal regulations when
disposing waste materials. When working with the Biacore X-100
apparatus (see below) prepare all the samples in Biacore 1.5 ml
polypropylene vials with rubber caps compatible with the auto-
mated injection rack system.
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2.1 SPR Apparatus
and Sensorchips

2.2 Heparin,
Proteins, and Heparin-
Like Antagonists

for Immobilization
and SPR Analysis

Two difterent SPR apparatus (a Biacore X and a Biacore X-100, GE
Healthcare, Milwaukee, WI) are routinely used in our laboratory.
Although similar results can be obtained with the two apparatus when
performing simpler analysis (i.e., direct interaction of a protein with
heparin), the newer and powerful Biacore X-100 allows more com-
plex analysis (i.e., competition experiments with small chemical com-
pounds) otherwise not manageable with the Biacore X (see Notes 4
and 6).

Depending on the requirements of appropriate experimental
conditions, different sensorchips can be used:

1. SA sensorchip, composed of a carboxymethylated dextran
matrix covalently attached to a gold surface. Streptavidin is
already covalently bound via carboxyl moieties of the dextran
for the quick immobilization of biotinylated partners. In
respect to CM3 sensorchip (described below), SA sensorchip is
characterized by longer carboxymethylated dextran chains,
allowing high-efficiency immobilization, particularly searched
in competition experiments (see Note 4).

2. CM3 sensorchip has a shorter carboxymethylated dextran
matrix in respect to sensorchip SA. The shorter matrix may
give reduced nonspecific binding (see Note 7). On the other
hand, due to the shorter matrix, the immobilization yield is
approximately 30% of that obtained on sensorchip SA under
the same experimental conditions (se¢ Note 8).

Biacore apparatus are always kept with a maintenance sensor-
chip inside. All the procedures described are performed at a fixed
temperature equal to 25 °C.

1. Streptavidin (Sigma-Aldrich).

2. Heparin is a structural analog of the glycosaminoglycan chains of
HSPGs. A high-molecular-weight heparin (13.6 kDa) (se¢ Note
9) is routinely used in our laboratory that is obtained from a com-
mercial batch preparation of unfractionated sodium heparin from
beef mucosa (Laboratori Derivati Organici S.p.A., Milan, Italy)
purified from contaminants (up to 95%) according to described
methodologies. Its 3C NMR spectrum showed 78% N-sulfate
glucosamine, 80 % 6-O-sulfate glucosamine, and 59 % 2- O-sulfate
iduronic acid. Heparin is biotinylated as already described [10].

3. HIV-1 pl7 is a novel, non-conventional angiogenic growth
factor that contributes to tumor angiogenesis in HIV-1-
positive patients [3]. The coding sequence of HIV-1 pl7
clade B isolate BHI10 (aa 1-132) is amplified by polymerase
chain reaction with specific primers that allows the cloning of
the pl7 sequence into the BamH1 site of the prokaryotic
expression vector pGEX-2T (GE, Healthcare, Milwaukee,
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WI). HIV-1 pl7 is then expressed and purified as already
described [11].

. The capsular E. coli K5 polysaccharide has the same structure

as the heparin precursor N-acetyl heparosan[7,12]. K5-sulfated
derivatives are obtained by N-deacetylation/ N-sulfation and/
or O-sulfation of a single batch of K5 polysaccharide as
described [13]. Selected K5-sulfated derivatives have been
already demonstrated to act as heparin/HSPGs antagonists in
different pathological settings [ 14].

. 0.01 M HEPES pH 7.4 containing 0.15 M NaCl, 3 mM

Surface Preparation EDTA, 0.05% Tween 20 (HBS-EDP+).
(Stfeptf'_/idi’? 2. 10 mM Sodium acetate, pH 4.8.
Immobilization and 3. 100 mM N-hydroxysuccinimide (NHS).
Heparin Capture) and ) ) o
for Binding and 4. 400 mM .N—ethyl—N—(3—d1methylam1nopropyl)—carbodumlde
Competition Analysis hydrochloride (EDC).
5. 1 M Ethanolamine.
6. Wash solution: 50 mM NaOH containing 1 M NaCl.
7. Extrawash solution: 50 % Isopropanol in 50 mM NaOH con-
taining 1 M NaCl.
8. Regeneration solution: 2 M NaCl in deionized water.
3 Methods

3.1 Streptavidin
Immobilization

3.2 Heparin Capture

Apart from the use of SA sensorchip, on which streptavidin is pre-
coated, when CM3 sensorchip is preferred (see Notes 6 and 7) the
immobilization of streptavidin is required that is obtained as
follows:

1.

3.

4.

The sensorchip is usually kept in the fridge, so that it must be
equilibrated at 25 °C for at least 30 min before starting any
procedure.

. Undock and remove the maintenance sensorchip, insert and

dock the new sensorchip.

Activate the CM3 surface by injecting a mixture of EDC/
NHS (1:1) at a flow rate of 10 pl/min for 7 min.

Inject streptavidin (30 pg/ml in 10 mM sodium acetate,
pH 4.8) over the activated CM3 sensorchip at a flow rate of
10 pl/min for 7 min.

. Deactivate the excess of reactive groups of the sensorchip by

injecting 1 M ethanolamine at a flow rate of 10 pl /min for 7 min.

Biotinylated heparin is captured onto streptavidin-coated sensor-
chip as follows:
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3.3 Kinetics
and Affinity
Measurements
with HIV-1 p17

1. Surface conditioning with three consecutive injections of 1 M

NaCl in 50 mM NaOH. Flow rate equal to 5 pl/ml and con-
tact time equal to 1 min are recommended.

. Inject biotinylated heparin (10 pg/ml in HBS-EP+) onto the

streptavidin sensorchip at a flow rate of 5 pl/min for 8 min.

3. Wash with an injection of 40 pl of extrawash solution at a flow

rate equal to 5 pl/min. This is intended to wash only the flu-
idic channels (see Note 5) without entering into contact with
the flow cell where heparin has been immobilized.

In Fig. 2 is reported a typical sensorgram obtained for the

immobilization of heparin onto a streptavidin-precoated SA
sensorchip.

1. Make serial dilutions (ideally from five to eight, see legend to

Fig. 3) of HIV-1 p17 in HBS-EP+. The concentrations chosen
should cover a wide range centered on the value for the K for
the interaction under analysis (se¢ Note 10).

. Inject the first of the HIV-1 pl7 dilutions (usually from the

less to the more concentrated ones) at a flow rate equal to
5 pl/min for 120 s (“contact time”), followed by a 600s “dis-
sociation time” in which HBS-EP+ alone is passed onto the
surface at the same flow rate.

3. Regenerate the sensorchip by one injection of regeneration

solution at a flow rate equal to 5 pl/min for 30 s (“contact
time”) followed by a 60 s “stabilization period” in which
HBS-EP+ alone is passed onto the surface at the same flow rate.

In Fig. 3 is shown a representative analysis resulting from the

study of the interaction occurring between HIV-1 pl7 and
sensorchip-immobilized heparin. In Table 1 are reported the bind-
ing parameters calculated for the same interaction [15].

42000 I wash: I capture:
I—I n ,-I injection of biotinylated
-~ injections of heparin that reacts with
50 mM NaOH streptavidin immobilized
=] - containing on the sensorchip
& 30000 1M NaCl to amount of
prepare the heparin
surface covalently bound
29000 to sensorchip
(280 RU)
28000 |— L) L_J L_l._._._ Pk -

Time

Fig. 2 Sensorgram resulting from a representative procedure of immobilization
of heparin onto streptavidin-coated sensorchip. The final amount of immobilized
heparin (280 RU) corresponds to about 20 femtomoles/mm?
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Fig. 3 SPR analysis of HIV-1 p17/heparin interaction. (a) Sensorgrams showing the binding of HIV-1 p17
(500 nM) to the heparin- or streptavidin-coated sensorchips. (b) Blank-subtracted sensorgrams overlay show-
ing the binding of increasing concentrations of HIV-1 p17 (1000, 500, 250, 125, 62.5, 31.25 nM) to the heparin-
coated sensorchip. In a and b, the response (in RU) is recorded as a function of time. (¢) Saturation curve
obtained by the values of RU bound at equilibrium derived from the injection of the increasing concentrations
of HIV-1 p17 onto the heparin-coated sensorchip. /nset in panel ¢: Scatchard plot analysis of the equilibrium
binding data shown in ¢. The correlation coefficient of the linear regression is equal to —0.96. Reproduced from
ref. 15 with permission from ASBMB
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Table 1
Binding parameters of the interaction of HIV-1 p17 to heparin

Kon (1/Ms) Kot (1/8) Ky (M) Kosi/Kon Ky (M) at equilibrium

HIV-1 pl7 /heparin
Native pl17 3.39x10° 0.0643 1.9x107 1.36x10~7
Heat-denatured pl7 4.32x10° 0.217 5.03x1077 4.23x107

ko, and kg are reported. Ky value was derived either from the k.g/k,, ratio or by Scatchard plot analysis of the equilib-
rium binding data. The results shown are representative of other two that gave similar results. #.4. not determinable.
Reproduced from ref. 15 with permission from ASBMB

3.4 Competition Once the best SPR conditions to characterize the HIV-1 pl7/

Experiments heparin interaction are set, this knowledge can be translated in the

with K5-Sulfated optimization of a reliable SPR model for a first-line screening

Derivatives aimed at the identification of putative inhibitors of HIV-1 p17. To
this aim:

1. Make serial dilutions (ideally from three to eight, see legend to
Fig. 4) of each K5-sulfated derivative in the presence of a fixed
concentration (100 nM) of HIV-1 p17 in HBS-EP+. For the
choice of the fixed concentration of HIV-1 pl7 and of the
range of concentrations of K5-sulfated derivatives see Notes 11
and 12, respectively.

2. Inject the first of the samples containing the mixture of HIV-1
pl7 and the putative inhibitor (usually from the more to the
less concentrated ones) at a flow rate equal to 10 pl/min for
120 s (“contact time”) followed by a 600 s of “dissociation
time” in which HBS-EP+ alone is passed onto the surface at
the same flow rate.

3. Regenerate the sensorchip by one injection of regeneration
solution at a flow rate equal to 10 pl/min for 30 s (“contact
time”) followed by a 60 s “stabilization period” in which
HBS-EP+ alone is passed onto the surface at the same flow rate.

In Fig. 4 is shown a representative competition experiment in
which a series of sulfated K5 derivatives have been assayed in dose—
response for their capacity to inhibit the interaction of HIV-1 p17
to sensorchip-immobilized heparin.

The preparation of the samples and the performing of the steps
described above are different when using the Biacore X or Biacore
X-100 apparatus since the latter is endowed with a certain degree
of automatization that quickens the procedure (se¢e Note 13 for
further details).
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Fig. 4 Effect of K5-sulfated derivatives on the interaction of HIV-1 p17 to heparin.
K5 derivatives (at concentrations spanning from 300 to 0.3 nM) were evaluated
for their capacity to inhibit the interaction of HIV-1 p17 (100 nM) with heparin
immobilized to the sensorchip. The responses are plotted as percentage of the
binding of HIV-1 p17 measured in the absence of any polysaccharide. Each point

is the mean+S.E.M. of three separate determinations. Reproduced from ref. 15
with permission from ASBMB

4 Notes

1. To perform accurate kinetics analysis, the phenomenon of mass
transport [16, 17] should be avoided or minimized. To this
aim, optimal assay conditions consist in a combination of high
flow rates and low surface binding capacity. Regarding the for-
mer, flow rates >30 pl/min are recommended when possible.
Regarding the latter, it translates in the immobilization of lim-
ited amount of ligand (usually lower than 500 RU) (see also
Notes 7 and 8 for related issues).

2. Inanideal SPR analysis, the K values calculated either by kinetic
or equilibrium analysis must coincide (see Table 1), thus ensur-
ing the quality and reliability of the measurements. In particular
analysis however this is hardly achievable (i.e., binding involving
large aggregates [virions, extracellular vesicles] or small chemical
compounds resuspended in dimethyl sulfoxide [DMSO] [see
also Note 6 for related issues]). In these cases, the more trust-
worthy Ky value is that provided by equilibrium analysis that,
being independent from kinetic parameters, is not influenced by
artifacts such as those derived by the presence of DMSO.

3. The binding stoichiometry can be calculated by the following
equation:

M, L

M,A

S:

X

= >

w
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where S is stoichiometry; M, and M,A are the molecular
weight (mass) of the ligand and of the analyte, respectively; A is
the analyte binding level at saturation; and L is the level of ligand
immobilization (the last two parameters expressed in RU).

. In competition experiments, a high ligand density translates in a

high binding capacity functional to an easier evaluation of the
inhibitory potency of a putative antagonist. This can be obtained
by immobilizing heparin to a SA instead of a CM3 sensorchip.

. Due to its capillary-like geometry, the fluidic system of the

Biacore apparatus is particularly prone to clotting caused by
debris present in the buffers and/or samples to be injected.
Particular attention to avoid this events must be then adopted.

. Putative drugs are often low-molecular-weight (LMW ) organic

compounds that require organic solvents like DMSO (usually
from 1 to 3%) in order to become soluble in aqueous bufters.
In turn, SPR analysis in the presence of DMSO requires spe-
cial care. Biacore X-100 Plus Package provides the necessary
software to correctly process raw data from this type of analy-
sis. The response obtained from the analysis of the direct
binding of LMW analytes to their target ligands can be very
low (a few RU) because of the equally very low molecular
size (down till 200 Da). In addition, binding affinities are
often weak (Kj values in the range of pM) which further
reduces the response. For this reason, sensor surfaces for
LMW screening must be prepared with high levels of ligand
(from 8000 to 10,000 RU for average-sized ligands).
Accordingly, high concentrations of analytes (expected to be
weak binders) are required to saturate the surface (typically
0.1-2 mM). Phosphate buffers are generally recommended
for work with small molecules. Using organic buffers such as
HEPES can bind to the small organic ligand, thus interfering
with the analysis. Physiological ionic strength (150 mM mon-
ovalent cations) should be used to reduce nonspecific bind-
ing and inclusion of detergent (0.05% Surfactant P20)
generally improves data quality by reducing drift and signal
disturbances. The composition of running buffer and sample
buffer must be matched as closely as possible, particularly
with respect to organic solvent concentration. Variations in
DMSO content between samples resulting from both evapo-
ration and absorption of water are however unavoidable. An
alternative approach to study the direct binding of LMW ana-
lytes to their target ligands is represented by competition
experiments (see also Notes 4 and 11 for related issues).

. Heparin-binding proteins are cationic peptides containing

stretches of basic amino acids that have thus the tendency to
bind aspecifically to negatively charged surfaces such as the car-
boxymethylated dextran matrix. The shorter dextran chains
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(and the consequent lower negative charge) of CM3 sensor-
chip may reduce this nonspecific binding.

. The lower yield of immobilization that can be obtained with

CM3 sensorchip is useful in kinetic applications, where low
ligand densities are required to obtain solid kinetic data (see
also Note 1 for related issues).

. The immobilization of longer heparin chains (13.6 kDa) in

respect to shorter ones (usually up to 9 kDa) ensures the
presence of a higher number of binding sites also in the pres-
ence of low-density immobilization, allowing the better dis-
crimination of the specific versus aspecific binding of cationic
proteins (see also Note 7).

In practice, the Kj value is often not known, and the range of
concentrations that can be used may be limited by availability or
solubility of the analyte. Whenever possible, the range of con-
centration of the analyte can be tentatively decided by compari-
son to previous, similar analysis. As for HIV-1 pl7, a good
indication has been provided by the K values already calculated
for the interaction of heparin with other cationic peptides.

Usually, a sub-saturating concentration of analyte is chosen on
the basis of the already performed kinetics and affinity measure-
ments. In sub-saturating concentrations, the analyte is more
easily challenged by the inhibitor, facilitating the performing of
good dose-response curves, overall in those cases in which the
inhibitor is available in small amount or its solubility is limited.
Note that the use of sub-saturating amount of analyte (that
generates low RU responses) is in contrast with the require-
ment for high RU responses mentioned in Notes 4, 6, and 9.
A good balance between these two contrasting requirements
must be searched for in an optimal ligand /analyte ratio.

The range of concentrations of the inhibitor is centered on the
K, value calculated for the interaction to be challenged and
that has been calculated in the kinetics and affinity measure-
ments. Usually a few doses spanning from 100 times lower to
100 times higher the Kj are firstly assayed and, on the basis of
these first results, the range of concentrations can be refined.

The preparation of the samples and the performing of the steps
described in paragraphs in Subheadings 3.1-3.4 are difterent
when using the Biacore X or Biacore X-100 apparatus, with the
latter endowed with a certain degree of automatization that
quickens the procedure. When using the Biacore X apparatus each
injection must be performed manually and each singly generated
sensorgram must be merged with the others (overlay) and ana-
lyzed with the dedicated software. At variance, the automatization
available in the Biacore X-100 allows the creation of “Wizard”
procedure (here not described) that automatically performs all the
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injections required for the procedure. To this aim, a rack is avail-
able in which a dialog shows you where the buffers and the
reagents should be placed and how much of each sample is
needed. Make sure that you do not make bubbles while putting
the reagents into the vials (see also Note 5). Close all the vials with
the orange rubber caps and place them in the right order.

This work was supported by grants from MIUR to Marco Rusnati.
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Chapter 8

An Ex Vivo Tissue Culture Model for Anti-angiogenic
Drug Testing

Mohammad S. Azimi, Michelle Lacey, Debasis Mondal,
and Walter L. Murfee

Abstract

Angiogenesis, defined as the growth of new blood vessels from existing ones, plays a key role in development,
growth, and tissue repair. Its necessary role in tumor growth and metastasis has led to the creation of a new
category of anti-angiogenic cancer therapies. Preclinical development and evaluation of potential drug can-
didates require models that mimic real microvascular networks. Here, we describe the rat mesentery culture
model as a simple ex vivo assay that offers time-lapse imaging of intact microvascular network remodeling and
demonstrate its application for anti-angiogenic drug testing.

Key words Angiogenesis, Microvascular network, Endothelial cell, Mesentery, Drug screening,
Pericytes, Tissue culture

1 Introduction

Models that mimic angiogenesis are extremely valuable for the
preclinical evaluation of anti-angiogenic tumor therapies.
Consequently, an emerging need is the development of more bio-
mimetic models that recapitulate the complexity of a real tissue.
For example, consider single-cell two-dimensional in vitro assays.
While such approaches have proven extremely useful in identitying
mechanistic signaling information, they are limited in their com-
plexity and capability to mimic physiologically relevant scenarios
[1]. In face of these limitations, three-dimensional culture systems
[1], ex vivo tissue explant models [2], microfluidic platforms [3,
4], and integrated computational approaches [5] have been devel-
oped in an attempt to incorporate the multicellular complexity of a
real microvascular network, and yet these assays are also inherently
limited by their “bottom-up” approach and do not fully recapitu-
late the in vivo scenario. The utility of any model depends on the
scientific question being investigated or the application. Recently,
we have introduced the rat mesentery tissue culture model as a

Domenico Ribatti (ed.), Tumor Angiogenesis Assays: Methods and Protocols, Methods in Molecular Biology, vol. 1464,
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RAT MESENTERY CULTURE MODEL
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Fig. 1 lllustration of rat mesentery culture model. The mesenteric tissue, harvested from the small intestine of an
adult Wistar rat, is transferred into a culture dish, quickly spread out on the bottom of a well, secured in place with
a membrane insert, and covered with media. Tissues are cultured in standard conditions (37 °C, 5% CO,)

novel, alternative ex vivo model that offers time-lapse imaging of
intact microvascular networks. Culturing of the rat mesentery was
first described as a useful model for recapitulating mast cell dynam-
ics during wound healing [6]. Our laboratory has further estab-
lished the ex vivo tissue model as a tool for investigating cell
dynamics involved in microvascular remodeling [7, 8] (Fig. 1).
Despite the lack of flow incorporation, features of this model made
possible by the “top-down” preservation of a real tissue characteris-
tics include (1) viable blood and lymphatic vessels (Fig. 2a) and cell
proliferation (Fig. 2d) in an intact microvascular network scenario,
(2) stimulation of angiogenesis and lymphangiogenesis (Fig. 2¢), (3)
the ability to probe pericyte-endothelial cell interactions (Fig. 2b),
and (4) time-lapse imaging [7, 8]. The key advantages of the rat
mesentery culture model are its simplicity and self-containment,
which eliminate the need for matrix embedding.

The objective of this chapter is to detail the rat mesentery culture
model methodology for anti-angiogenic drug testing. The thickness
of the mesentery tissue (20-40 pm) [9] combined with our techni-
cally simple protocol enables tissue-specific comparisons before
and after treatment to investigate its effects on entire microvascular
networks. Validation of this method for anti-angiogenic drug test-
ing has been demonstrated using sunitinib, a tyrosine kinase
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Fig. 2 Presence of viable cells, pericytes, lymphatic/blood vessels, and proliferative cells within microvascular
network. Live/dead assay after 3 days of culture exhibits a high ratio of live to dead cells, especially along the
microvasculature (a); BSI-lectin/NG2 labeling confirms the presence of pericytes along microvessels (b); LYVE1/
PECAM labeling confirms the presence of lymphatic and blood vessels (¢); and vascular cell proliferation is sup-
ported by BrdU-DAPI-positive cells along a capillary segment labeled with BSI-lectin (d). Scale bars=100 pm

inhibitor targeting VEGFR-2, and bevacizumab, a known VEGF-A

inhibitor [8]. The rat mesentery culture model potentially serves

to offer a valuable preclinical drug screening platform.

2 Materials and Surgical Tools

2.1 Solutions 1.

and Reagents

2. Phosphate-buffered saline with calcium and magnesium.
. 0.9% Sodium chloride (saline).

. BSI-lectin labeling solution: MEM supplemented with 2.5%
FITC-conjugated BSI-lectin (25 pg/ml).

. Zetamine.

O 0 NN O »

1

=)

2.2 Tools

[©) WS 2 W=~ S T NS R ]

Media: Minimum essential media (MEM), supplemented with
1% penicillin-streptomycin (PenStrep), and 10% fetal bovine

serum (FBS).

. Beuthanasia-D.

. AnaSed.

. 70% Ethanol.

. 70% Isopropyl alcohol.

. Povidone-iodine.

. Microdissecting scissors.
. Microdissecting forceps.
. Scalpel handle.

. Sterile surgical blade.

. Culture dish.

. Six-well plate.
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2.3 Other

w

0 N O Ul

. Surgical stage: The surgical stage is created by drilling an

elliptical hole approximately 2 in. by 1 in. in the center of a
100 mm culture dish. Next, the sharp edges of the hole are
polished using sandpaper, and a layer of silicon glue is added to
the edges to create a raised, smooth surface for the tissues.

. Electric heating pad.
. Pre-cut surgical drape with an elliptical hole (2 by 1 in.) at the

center.

. Absorbent bench underpad with waterproof barrier.
. Gauze sponge.

. Cotton tip applicators.

. 5 ml Syringe.

. Membrane insert: Inserts are assembled using hydrophilic

polycarbonate filter membrane with 5 pm pores and commer-
cially available membrane inserts.

3 Methods

3.1 Preparation

3.2 Mesenteric
Tissue Exteriorization

. Anesthetize the rat with intramuscular injection of Zetamine

(80 mg/kg body weight), and AnaSed (8 mg/kg body weight)
(see Note 1-3).

. Wait for approximately 5 min and confirm that the rat is under

anesthesia by pinching between the animal’s toes. The pinch-
ing should not cause any reflexes.

. Shave the abdominal area, and ensure complete removal of hair.

. Wipe the shaved area with alternating 70 % isopropyl alcohol

and povidone-iodine solution twice.

Before harvesting the tissue, prepare the surgical bench by wip-
ing the station with 70% ethanol. Pre-warm PBS and media to
approximately 37 °C in separate culture dishes using the heating
pad (see Notes 4-9).

1.
2.
3.

Spread the absorbent underpad on the bench.
Place the anesthetized rat on its back on the underpad.

Starting 1 in. below the sternum, use a scalpel blade to make
an approximately 2-in. longitudinal incision through the skin
and then the linea alba.

. Place the pre-cut drape over the abdominal section so that the

opening aligns with the incision.

. Place the sterilized surgical stage on the abdominal section so

that the opening aligns with the incision.

. Gently pull out the small intestine through the opening of the

surgical stage using sterile cotton-tip applicators without any
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3.5 Imaging
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contacts with mesenteric windows, and locate the ileum. Lay
out the exposed tissue on the surgical stage.

. Euthanize the rat via intracardiac injection of Beuthanasia-D

(0.2 ml).

. Make sure that the rat is euthanized by palpating the heart.

Make sure that there is no pulse before initiating the harvest-
ing process.

. Identify vascularized mesenteric windows starting in the ileum

(see Notes 10 and 11).

. Locate a desired mesenteric window by cotton-tip applicators,

fully spread it out, and place it on the surgical stage.

. Pull up an arbitrary part of the selected tissue’s fat border with

the forceps, and cut around the entire mesenteric window
using the microscissors (see Note 12 and 13). Make sure to
include a fat border approximately 0.2 mm thick around the
mesenteric windows. The fat border provides a cushion
between the membrane insert and the dish (see Subheading 3.4,
part 3) in culture.

. Rinse the harvested mesenteric window by immersion in PBS

solution.

. Place the tissue in a culture dish containing media.

6. Repeat steps 2—4 until all desired mesenteric tissues have been

harvested.

. Take one tissue out of the media and place it inside the well of

a 6-well plate.

. Using forceps, spread out the tissue on the bottom of the well

by grabbing different parts of the peripheral fat pad and pulling
them apart, until the tissue is fully exposed and flattened.

. Place the membrane insert inside the well and on top of the

tissue, to keep the tissue in place, and add media supplemented
with 10% FBS to fully cover the membrane (se¢ Note 14 and 15).
In order to keep the tissue secured and flat, ensure that the
membrane touches the fat pad around the tissue and rests gen-
tly against it. Avoid pressing the membrane insert against the
tissue as it could cause cell death.

4. Repeat steps 1-3 for all tissues.

. Transfer the plate to an incubator under standard conditions

(5% CO,).

. On the day of imaging (see Note 16), replace the culture media

with BSI-lectin labeling solution (se¢ Note 17).

. Incubate the tissues for 30 min under standard culture

conditions.
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3. After the incubation, aspirate the lectin-supplemented media,
and wash the tissues with lectin-free media twice.

4. Replace the wash media with the desired culture media.

5. Using a fluorescent microscopy unit equipped with a motor-
ized stage, take images of the networks (se¢ Note 18). Make
sure to record the coordinates of the images so they will be
accessible for multiple imaging over the period of the culture.
However, if a motorized stage is not available, finding the same
region is possible by following the patterning landmarks within
the microvascular network (see Note 19-21).

3.6 Example The use of the rat mesentery culture model for drug testing was
Application Study demonstrated with a validation study evaluating the anti-angiogenic
effects of sunitinib, an established tyrosine kinase inhibitor targeting
VEGEFR-2, and bevacizumab, a well-known VEGEF-A inhibitor [8].
Here we showcase a potential application of the model for evaluat-
ing unknown effects of potential repositioning based on FDA-
approved drug combinations. The combination of nelfinavir and
curcumin was recently shown by our laboratories to produce syner-
gistic anticancer effects [10]. While nelfinavir has been reported to
cause endothelial dysfunction [11, 12] and curcumin, an antioxi-
dant and NF-kp inhibitory dietary supplement, is known to have
anti-angiogenic effects [13], a question remains whether or not the
dose-specific anti-tumor effect of the combination was associated
with anti-angiogenesis. Use of the rat mesentery tissue culture
model, to evaluate the anti-angiogenic effects of a nelfinavir/
curcumin drug combination, highlights its dose and tissue-specific
sensitivity. In this study, tissues were exposed to curcumin (4.5 pM)
in the presence of a low dose (1.5 pM) or high dose (4.5 pM) of
nelfinavir for 3 days. The results suggest that the high-dose drug
treatment has inhibitory effects on capillary sprouting and vascular
density (Fig. 3). While future studies are undoubtedly needed to

Fig. 3 (continued) sprouting observed in the control group is inhibited with drug treatment. Scale bars=100 pm.
The effect of 3-day exposure to these drugs on 10% serum growth was evaluated for two angiogenic metrics:
vessel density (e), and number of capillary sprouts per vascular area (f). Control tissues were stimulated with 10%
serum only. Each pair of bars represents a tissue from a rat. The number following the letter R (from 1 to 4) identifies
the rat and the second number (from 1 to 6) identifies the tissue. Changes in segments and sprouts per vascular
area were analyzed using mixed effects linear models. Models account for differences in tissue samples from rats.
Differences among drug treatment groups were compared using the Tukey method for multiple comparisons.
Increases in both vessel density and number of capillary sprouts per tissue were significantly diminished in the
high-dose group compared to those in the control group (p<0.001 for both; represented by *). The response was
also attenuated in the high-dose group relative to the low-dose group for both capillary sprouts and vessel density
(p=0.002 and p<0.001, respectively; represented by +). Differences between the control and the low-dose groups
were not statistically significant. The mean increase in vascular density in control group was 59.4 vessel segments
compared to 43.5 for the low-dose and 7.6 for high-dose groups. The mean increases in number of capillary
sprouts were 11.4, 11.2, and 3.2 for control, low-dose, and high-dose groups, respectively
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Fig. 3 The inhibition of angiogenesis in rat mesenteric microvascular networks by nelfinavir/curcumin treatment.
Day 0 (a) and day 3 (b) images for tissues stimulated with 10% serum (control). Arrowheads indicate the newly
formed sprouts caused by the stimulation. Asterisks show the regions with high vascular density; day 0 (¢) and
day 3 (d) images for tissues stimulated with 10% serum+high-dose drug treatment. The capillary
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elucidate the individual dose effects of curcumin and nelfinavir and
to evaluate the comparative advantage of drug combination reposi-
tioning, the results demonstrate the ability to identify concentra-
tion-dependent effects in an intact network scenario—a utility that
could be valuable for therapeutic dose determination, which would
be influenced by the presence of tissue constituents more than just
blood vessels or blood endothelial cells. As a final note, the rele-
vance of the rat mesentery for chemotherapy and anti-angiogenic
drug testing is supported by numerous chronic in vivo animal stud-
ies [14, 15]. The results from this application study serve to expand
the usefulness of this tissue by demonstrating the ability to evaluate
drugs, for which the anti-angiogenic effects are unknown, in a
“high-content” ex vivo scenario.

4 Notes

1. All animal experiments should be approved by an institutional
animal and care use committee (IACUC) or its equivalent.

2. Although this method is based on male adult Wistar rats (325-
350 g), other rat strains and ages can be used as tissue sources.

3. This method has been demonstrated with rat mesenteric tis-
sues. The presence of microvascular networks in mouse mesen-
teric tissues remains in question, and based on our experience,
mouse mesenteric tissue windows are largely avascular and lack
branching microvascular networks.

4. Bring all the materials and reagents to 37 °C before use.

5. Make sure to use sterile materials and avoid exposing them to
open air or mixing them with non-sterile materials. All materi-
als should be handled under the biological hood before sur-
gery to prevent contamination.

6. All surgical tools and instruments should be sterilized before
the surgery to prevent culture contamination.

7. All the non-liquid tools and applicators should either be sterile
or autoclaved if possible.

8. Plastic parts that are not suitable for high-temperature auto-
clave should be soaked in 70 % ethanol and thoroughly washed
with sterile saline prior to harvesting.

9. Aseptic techniques should be applied throughout the surgery
and the culture period. This includes wearing sterile gloves,
surgical mask, eye protector, and lab coat.

10. When harvesting tissues, consider the level of vascularization
in each tissue, as it is often possible to identify vascular net-
works just by examining the tissue closely with the naked eye.
Although there are approximately 15-20 mesenteric windows
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to harvest from adult rats, some of those tissues might not be
vascularized.

Make sure to start harvesting tissues from the ileum and move
towards the jejunum. Based on our experience, tissues from
the ileum are likely to be vascularized.

During surgery, try to avoid cutting peripheral vessels present
in the fat border, as it will lead to bleeding and blood clot for-
mation inside the surgical stage. Occasional bleeding, however,
can be stopped by applying pressure on the vessel using a ster-
ile gauze sponge and rinsing the tissues with saline. Make sure
to soak up all the blood in the surgical stage with a sterile
gauze sponge before harvesting proceeds.

During the harvesting period, use the sterile 5.0 ml syringe to
intermittently drip saline on the exteriorized tissues to ensure
that tissues do not dry out.

While spreading the tissue at the bottom of the well, try not to
trap air bubbles underneath the tissue. The presence of air
bubbles underneath the tissue, occurring during mounting tis-
sues, will cause blackout regions for the imaging.

FBS was used in this method since it is relatively inexpensive
and causes a robust angiogenic response within 3 days at 10%
level [8, 16]. Other concentrations of FBS could be used to
cause angiogenesis. Alternatively, FBS can be substituted with
different angiogenic and lymphangiogenic growth factors,
such as VEGF-A [7], bFGF [7], and VEGE-C [17].

Time and repetition of imaging must be determined based on
specific aims. The first imaging session is usually done on the
day culture starts (day 0), and after that, it could be repeated
multiple times throughout the culture.

BSI-lectin is used in this chapter to visualize microvascular net-
works. The decision to choose FITC-conjugated BSI-lectin
was based on its robust labeling of blood vessels across the
hierarchy of the intact microvascular networks in a relatively
short period of time. Alternatively, antibody labeling could
represent a potential method to visualize specific cell types.

Imaging should be done as fast as possible to reduce possible
negative effects associated with live tissue imaging such as poten-
tial fluorophore photo-toxicity and temperature fluctuations.

Tissues should be re-labeled with BSI-lectin for each imaging
session.

The 3-day period was selected for this study mainly because
10% FBS causes a robust angiogenic response in mesenteric
windows after 3 days (see Note 15). However, previous viabil-
ity tests have confirmed that cells remain alive for at least 7 days
even in the absence of serum [7]. Furthermore, multiple
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studies have shown the presence of cell proliferation, smooth
muscle cells, pericytes, and angiogenesis [7, 8]. Nevertheless,
future studies are needed to determine how long cells stay via-
ble in this culture past 7 days.

21.
used.

For the reported method, an environmental chamber was not
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Chapter 9

The Chorioallantoic Membrane of the Chick Embryo
to Assess Tumor Formation and Metastasis

Anne Herrmann, Diana Moss, and Violaine Sée

Abstract

The chorioallantoic membrane (CAM) of the chick embryo is a suitable and convenient platform for the
assessment of tumor formation and metastatic dissemination. Here, we describe tumor cell engraftment on
the extraembryonic CAM and further monitoring of tumor growth and metastasis.

Key words Chick embryo, CAM, Tumor model, Metastasis, Tumorigenesis

1 Introduction

The ability to quantify tumor growth and metastasis in vivo is criti-
cal not only to advance our understanding of the multistep cancer
progression but also for preclinical pharmacological drug testing.
While various model organisms exist, the chick embryo can present
advantages over more routinely used rodent models and has been
used for more than a century. In 1911 Rous and Murphy reported
that avian sarcoma cells form tumors when implanted on the cho-
rioallantoic membrane (CAM) [1] and tumorigenesis has since
been shown for cancer cells of murine, human, or other origin
(reviewed in ref. 2). This is not surprising, as the CAM offers the
ideal microenvironment for the engraftment of cancer cells. It ben-
efits from a rich capillary network and supply of nutrients, and is
easily accessible and suitable for all cell types without the need of a
special, immunodeficient host as the chick embryo naturally has no
immune system during most of'its development [3]. In addition, its
in ovo development allows noninvasive monitoring including the
ability for live in vivo imaging of tumorigenesis and metastasis [4].
Some of the metastatic processes can be monitored by direct injec-
tion of tumor cells intravenously, in the yolk sac or in a target organ.
Their behavior in blood vessels and their ability to form tumors can
be imaged upon injection or several days later [4, 5]. However, to
obtain a complete picture of all metastatic cascade events from
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primary tumor formation, invasion, intravasation to extravasation
proliferation in the metastatic site and formation of secondary
tumors, the implantation onto the CAM is the most suitable model.
Here, we explain the different experimental steps required for spon-
taneous metastasis assessment using the CAM model including the
storage of fertilized chicken eggs, their incubation and windowing,
tumor cell engraftment on the CAM, and the assessment of tumor
formation and metastasis.

2 Materials

2.1 Tissue Culture 1.
2.
3.
4.
5.
6.
7.
2.2 Egg Incubation 1.

and Windowing

[\

10.

11.

12.

2.3 CAM 1.
Implantation

CO, incubator.

Sterile phosphate-buffered saline (PBS).
Trypsin-EDTA.

Fetal calf serum containing media for cell culture.
15 ml conical tubes.

Centrifuge.

Ice.

Refrigerator for fertilized egg storage at 12—-14 °C.

. Blue tack (Bostik) and petri dish for “egg holder” (see Note 1).

Power Craft PKW-160W Combitool Mini-drill, used with a
Combi disk as rotary tool (see Note 2).

. Egg incubator (OvaEasy 190 advance Series II, Brinsea)

including removable trays and humidity pump (Humidity
Management Module H22, Brinsea).

Egg incubator (Multihatch Mark II, Brinsea) (se¢e Note 3).

. Egg piercer (Fox Run Boiled Egg Piercer).

Sterile 10 ml syringe (BD, Catalogue no.: 302188) and needle
(Terumo Neolus, 20 Gx1”, 0.9 x25 mm).

Waste container.
Rough tissue wipes.

Adhesive tape to attach egg window (3 M, Scotch Magic tape,
Catalogue no.: 5210460).

Adhesive tape to cover albumin hole (Nev’s Ink, Inc. Brand
Labelling Tape).
Sterile scalpel (Swann Morton, Catalogue no.: 0501).

Sterile flow cabinet.

2. Pipette and pipette tips.

. Lens cleaning tissue (Fisher Scientific Catalogue no.:

FB13066), cut in 0.5 x 3 cm stripes, autoclaved.
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4. Dumont Tweezers 4 (T5389, straight).

Marker pen or pencil.

4% Formaldehyde prepared in PBS (Sigma Aldrich).

2. Ice.

. Dissection scissors and tweezers (springbow dissection scissors

(T5372), Dumont tweezers 7 (T5392, curved), Dumont twee-
zers 4 (T5389, straight), delicate operating scissors (straight;
sharp-sharp; 30 mm blade length; 4 3 /4" overall length)).

4. PBS (Life Technologies, with MgCl, and CaCl,).

Petri dishes (100 mm).

. Leica M165FC fluorescent stereomicroscope with 16.5:1

zoom optics, Leica DFC425 C camera.

3 Methods

3.1 Incubation
of Chicken Eggs

3.2 Fenestration
of Chicken Eggs

All procedures are carried out at room temperature unless other-
wise stated. Cell preparation and CAM implantation have to be
performed under a sterile laminar flow hood to avoid contamina-
tion. Cell preparation is described for the use of a T-75 c¢m flask
(surface area of 7500 mm?).

1.

Fertilized white leghorn chicken eggs should be stored in a
cool damp place. We suggest adding a water tray to a refrigera-
tor set at 12—-14 °C. Fertilized eggs can be stored under these
conditions for up to 14 days without significant delay of
embryonic development when transferred to 37.8 °C.

Incubation should commence 7 days prior to CAM implanta-
tion. The desired number of fertilized eggs should be removed
from the refrigerator and labeled for further identification.

. Eggs are incubated, labeled side uppermost, in a humidified

incubator (40%) at 37.8 °C. The first day of incubation is
classed as embryonic day 0 (EO).

. On E3 (72 h after start of incubation) eggs are removed from

the incubator and gently cleaned with rough tissue wipes
sprayed with a little 70 % ethanol. As the egg shell is permeable
ethanol should be used with caution and not be sprayed
directly on the egg as it can impair the survival of the embryos.

. Rotate the eggs from side to side several times to ensure that

the embryo and its membrane are not sticking to the inner
side of the egg shell.

. Place the egg on a cushioned holder (see Note 1), labeled side

facing up.
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4. Puncture the wide base of the egg (air cell) with egg piercer
and insert a 10 ml syringe with 19 G needle to remove about
3 ml of albumen. This will result in a dropping of the embryo
and ensure a free space between the shell and embryonic struc-
tures and avoid its disruption during fenestration. The needle
should be inserted delicately to avoid damaging of the egg
yolk. Needle blockage can occur due to the chalazae, which
hold the yolk in place. In that case, the needle should be care-
fully removed and reinserted.

5. The aspirated albumen can be discarded. The amount removed
(~3 ml) might need to be adjusted depending on the size of
the egg.

6. Seal pierced hole with Nev’s Ink tape. Use as little tape as pos-
sible; usually a 0.5x 0.5 cm piece is sufficient to seal the hole
to minimize the loss of gas exchanges between the embryo
and the egg shell.

7. A rectangular window (1x2 cm) is carefully cut in the egg
shell using a rotary tool with cutting disk attachment. The fine
opaque inner shell membrane beneath the eggshell must not
be damaged; otherwise egg shell dust will fall on the embryo
and its extra-embryonic membrane, with a risk of the window
falling onto the embryo (see Note 2).

8. Separate the connection of the inner shell membrane on three
sides with a sterile scalpel. Avoid cutting all sides as this will
cause the window to fall on top of the embryo.

9. Attach about 2.5 cm of Scotch Magic adhesive tape on the
fenestrated area and carefully remove the window completely.
The embryo should be located directly beneath the fenestrated
opening.

10. Reclose the window and incubate the egg in a humidified
incubator (40% humidity is recommended) at 37.8 °C (see
Note 3). It is important that the tape is sealed neatly around
the cuts, but a corner of the tape should be left unattached for
ease of handling later on (Fig. 1).

Fig. 1 Representative images of egg fenestration. (a) Tools needed for egg fenestration showing cushioned egg
holder, syringe with needle, sterile scalpel, egg piercer (left to right), and rotary-tool (bottom). (b) Removal of

albumen, step 3.2.4. (¢) Careful incision of membrane, step 3.2.8. (d) Use of adhesive tape to glue the window
in place, step 3.2.9
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. In order to easily and reliably identify tumor cells, their label-

ing with a fluorescent protein (stable cell line) is highly
recommended.

. For adherent cells remove supernatant and wash once with

5 ml of PBS.

. Remove PBS and add 1 ml of trypsin-EDTA and incubate for

as required at 37 °C.

. Add 10 ml of media containing 10% FCS, count cells with

a hemocytometer or similar, and collect cell suspension in con-
ical tube.

. Centrifuge for 5 min at 101 x 4.

6. Remove supernatant completely and use pipette to carefully

transfer the pellet to a microtube. The pellet should have a
thick liquid consistency (see Note 4) and be stored on ice until
CAM implantation (see Note 5).

. At E7 remove the eggs from the incubator and discard unfer-

tilized eggs or dead embryos. This can be assessed by opening
the window and observing the developmental stage and/or
presence of a heartbeat.

. Place the egg on an egg holder, carefully remove the window,

and, using a stereomicroscope with bright field, locate the
CAM (it should be right beneath the fenestrated area above
the embryo, sec Note 6).

. Use tweezers to pick up and fold a strip of sterile lens tissue

paper and lower it into the window until it touches the
CAM. Remove tissue paper carefully; the part of the CAM
that was in contact with the lens tissue should be dry and ide-
ally have a small fold.

. Pipet 2x 10° cells directly into the fold (sec Note 7), reseal the

fenestrated area, and label the side of the egg with a number or
other form of identification. This should be done as quickly as
possible after the target area has been dried with tissue paper.

. Without disturbing the cell pellet on the CAM, place the

egg back into the incubator and incubate for a further 7 days
until E14.

. At E14, the end of the experimental period, tumor formation

and metastasis are investigated wusing a fluorescence
stereomicroscope.

2. Place the egg on an egg holder and remove window.

. Using a forceps, carefully remove the shell surrounding the

fenestrated area to increase the field of view. Remove as much
shell as possible without disturbing the extra-embryonic mem-
branes or embryo.
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3.6 Dissection
and Detection
of Metastasis

4.

Use bright-field and fluorescence imaging to locate the pri-
mary tumor and /or any dried cell patches.

. Acquire images of the tumor using fluorescence and bright-field.

. Use dissection scissors and tweezers to carefully remove the

tumor from the CAM and place it in a petri dish containing
sterile PBS for further image acquisition.

Tumors are imaged from three perspectives: anterior, poste-
rior, and lateral view (see Note 8).

. For immunohistochemistry (IHC) (see Note 9), place the

tumor in 4% formaldehyde solution and incubate for 4 h to
overnight. As a general rule, incubate tumor samples for 1 h
per 1 mm of tissue thickness.

Tumors should not be stored in formaldehyde solution for a
long term and the fixation protocol might need to be adapted
depending on the tissue and labeling technique.

. To monitor metastatic potential, embryos have to be removed

from their shell and dissected, after primary tumor excision.

The embryo is picked up by the neck using curved tweezers
and detached from the allantois and extra-embryonic mem-
branes with scissors.

. Place the embryo in a petri dish and kill it in accordance with

ethical standards, ¢.4., quick decapitation. Both head and body
should be immersed in some PBS to prevent tissues from dry-
ing out.

. Remove organs carefully and assess each tissue and organ for

fluorescence to identify potential metastatic deposits.

. Depending on the metastatic potential of the cell used (see

Note 10), metastasis can be non-existent or limited to a few
cells only; hence a careful and thorough examination is recom-
mended (see Note 11) (Fig. 2).

4 Notes

. Use blue-tack to form a cushioned mold for the egg, ¢4., in a

100 mm petri dish.

A sharp pair of scissors can also be used for fenestration. After
performing steps 3.2.1-3.2.6 an egg piercer should be used
to punch two holes in the area of the window. The sharp tip of
the scissors is then used to increase the size of the punched
holes. A piece of adhesive tape should be attached to the top
of the area to prevent egg shell pieces from falling on top of
the embryo during the window incision. Scissor blades are
inserted in the holes and used to cut out the window. Protocol
is continued from step 3.2.9.
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Fig. 2 Scheme of chick embryo and its embryonic CAM with representative images of primary tumors grown
on the CAM (top panel, taken at E14) and secondary tumors formed in the embryo itself (bottom image). Cells
have been transduced with GFP for ease of identification

3. Ideally different incubators for different egg incubation steps
should be used, in order to avoid contamination and to keep
changes of temperature and humidity to a minimum. As a sug-
gestion, one incubator should be used to incubate eggs before
windowing, one for windowed eggs and another one post-
CAM implantation.
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4.

10.

11.

Cell pellets should be resuspended in a minimum volume of
liquid. The consistency of the cell solution should be so vis-
cous that a droplet of cells can be implanted on the CAM
without spreading over the CAM’s surface. For human cancer
cells we recommend about 2 x 10 cells in 2 pl per egg.

. Cells should be implanted on the CAM immediately after

preparation. A delay of more than 15 min is not
recommended.

If embryonic development is delayed, the CAM could be
absent in an early E7 embryo. It is reccommended to check the
presence of the CAM before cell preparation. A further incu-
bation for a few more hours is usually sufficient for completion
of CAM formation.

The cell number for tumor formation might have to be
adjusted depending on cell and tumor type. For neuroblas-
toma, glioblastoma, and breast cancer cell lines (SK-N-AS,
SK-N-BE(2)C, SH-SY-5Y, U87, D566, MDA-MB-31,
ZR-75) 2 x10° cells results in consistent and reliable tumor
formation. If the efficiency with which the cell line of interest
forms tumors is low or zero, pretreatment of the CAM with
trypsin-EDTA can improve this. Following treatment of the
CAM with lens tissue, 5 pl of trypsin-EDTA is added to the
surface of the CAM and then the cell pellet is added.
However, this step could also facilitate metastasis, which has
to be considered when studying spontaneous metastatic
dissemination.

. Pictures of anterior, posterior, and lateral views are taken in

order to allow a rough estimate of tumor volume.

For other applications, ¢4., quantitative real-time PCR, tumors
can be placed in RNA later and stored on ice until they can be
processed.

Metastatic occurrence can be triggered or enhanced by pre-
condition of cells in 1% O, for 3 days or DMOG (Enzo Life
Sciences, 0.5 mM, 24 h) as observed for neuroblastoma cells
[4].

In order to guarantee a reliable and quick identification of
even a small amount of metastasized cells it is recommended
to transduce cells with a fluorescent viral vector. Viral trans-
duction should be optimized for each cell line to
guarantee bright fluorescent intensity. It is also recom-
mended to work with a pure cell population where at least
95 % of the cells express the fluorescent protein. Fluorescence-
activated cell sorting (FACS) can be used to enrich the
population.
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Chapter 10

Transgenic Zebrafish

Xiaowen Chen, Dafne Gays, and Massimo M. Santoro

Abstract

The generation and use of transgenic animals carrying exogenous pieces of DNA stably integrated in their
genome is a quite common practice in modern laboratories. Zebrafish have been increasingly used for
transgenesis studies mainly due to easy egg accessibility and manipulation together with relatively short
generation time. The zebrafish transgenic technology becomes very useful when coupled to continuous
in vivo observation of the vertebrate embryonic vasculature. Here we describe the most common tech-
nique to generate zebrafish transgenic fish using the Tol2-based methodology and their applications to
visualize vascular tissues or endothelial cells in vivo and for functional tumor angiogenesis studies.

Key words Zebrafish embryos, Gateway cloning system, Tol2 system, Transgenesis

1 Introduction

The zebrafish (D. 7erio) is a small tropical fish, which has become very
popular in laboratories worldwide mainly for its advantages compared
to rodent models to study vertebrate development and disease [1, 2].
Among the several advantages of the zebrafish model system is the
large amount embryos that are generated at each adult mating. This
large amount of eggs (e.g., embryos) generated an extraordinary
resource for further experimental needs. Moreover, the optical clarity
of embryos easily allows live imaging of cells and dynamics tracking in
the context of a whole organism. A good example is the use of trans-
genic zebrafish animals marking endothelial cells with a genetically
encoded marker [3]. To this purpose in last decade, a considerable
number of zebrafish transgenic lines have been generated to better
characterize different components of vascular system such us arteries,
veins, and lymphatic tissues. These lines express a fluorescent protein
under control of a selected promoter, offering the chance to in vivo
identify single cells as well as the anatomical structure they take part
[4]. Thus, transgenic (Tg) tissue-specific zebrafish lines are commonly
applied in in vivo studies to characterize molecular and genetics

*Author contributed equally with all other contributors.
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pathways responsible for vascular system development and morpho-
genesis [5-7]. Most importantly, such Tg zebrafish lines have been
generated to study vascular-associated pathological conditions such as
tumor angiogenesis [8, 9].

Here we describe a method to generate Tg fish lines based on the
Tol2-mediated transgenesis protocol. Briefly, a Tol2-based construct
can be assembled by using the Tol2 Kit and three-fragment gateway
recombination cloning strategy [10, 11]. The plasmid containing the
Tol2 region is then mixed with mRNA for Tol2 transposase and
microinjected into one-cell-stage wild-type embryos. Injected
embryos were raised to adulthood and founders were screened for
fluorescence in the entire vascular system. Recent improvement of the
Tol2-based Tg system in zebrafish has also allowed the control of
enzyme expression in time and space by coupling the insertion of the
gene with regulatory elements such as GAIL4,/UAS or Cre/LoxP
[12, 13]. For all these reasons, the zebrafish transgenesis is one of the
most used technologies established within the scientific community.

2 Materials

2.1 Reagents

2.2 Equipments

1. Wild-type (WT) AB zebrafish strain or others (http://zfin.
org/action/feature /wildtype-list).

2. Egg water: Instant Ocean Sea Salts dissolved in distilled water
to 60 pg/ml [14].

Agarose (A9539, Sigma Aldrich).

Plasmid DNA containing the transgene of interest.

High Pure Plasmid Isolation Kit (11754777001, Roche).
pCS-TP plasmid carrying Tol2 transposase [15].

Restriction enzyme Notl (10 U/ul, ER0591, ThermoFisher
Scientific).

E.Z.N.A.® Gel Extraction Kit (D2500, Omega Bio-tek).

9. mMESSAGE mMACHINE® SP6 Transcription Kit (AM1340,
ThermoFisher Scientific).

10. Phenol red stock: Dissolve 2 g of phenol red in 10 ml of H,O,
P5530, Sigma-Aldrich, final concentration is 0.2% (w/v).

11. Tricaine (3-aminobenzoic acid ethyl ester, A-5040, Sigma-
Aldrich): Stock solution is 0.16% in H,O. Store at 4 °C.

12. Mineral oil (M5904, Sigma-Aldrich).

13. RNaseZap® RNase Decontamination Solution (AM9780,
ThermokFisher Scientific).

N oo

i

1. Air incubator set at 28 °C (Thermostatic cabinet, Lovibond®).
2. Stereo microscope (M80, Leica).

3. Epifluorescence stereomicroscope (SMZ18, Nikon).


http://zfin.org/action/feature/wildtype-list
http://zfin.org/action/feature/wildtype-list

N oo oo

10.
11.
12.
13.
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. NanoDrop2000 spectrophotometer (ThermoFisher Scientific).

Plastic mold (4.0 x 6.5 cm, TU-1, Adaptive Science Tools).
Horizontal puller (P-97 Flaming/Brown).

Borosilicate glass capillaries (3.5 nl, 4878, World Precision
Instruments).

Microinjection apparatus (Picospritzer III, Parker Hannifin
Corporation).

Micromanipulator (World Precision Instruments).
Micrometric slide (PYSER-SGI).

Microloader tips (0.5-10 ml, Eppendorf).

Glass or plastic pipettes for embryo transfer.
Parafilm® (P7793, Sigma).

3 Methods

3.1 The Following
Step Can Be
Performed Any Time
Before the Injection

. Preparation of microinjection needles: A good needle is key to

this technique. Needles with a long shank tend to break more
easily and can bend on, rather than penetrate, the chorion.
They can also easily get plugged. Needles with a short shank
do not break easily, but they can damage the embryos as they
tend to thicken quite quickly. Good needles could be obtained
from borosilicate glass capillaries pulled using P-97 Flaming/
Brown puller using the following parameters: heat=788;
pull=100; Vel=250; time = 150; and pressure =500.

. Preparation of agarose microinjection plates: Different methods

could be used as previously described [16, 17] (see Note 1).
Agarose plates can be reused. After use, remove all fluid and seal
the dish with Parafilm® and keep at +4 °C. Warm up plates
before injection by adding room-temperature fish water to the
plate, or putting them in the incubator at 28 °C.

. Preparation of the plasmid DNA containing the transgene of

interest: Plasmid should be designed and prepared following
the Tol2 system guidelines [10, 11]. Plasmid should be puri-
fied using high-purity plasmid preparation kit. Measure DNA
concentration by NanoDrop2000. Samples can be stored at
-20 °C until required.

. Preparation of transposase capped-mRNA: pCS2-TP plasmid

should be purified using high-purity plasmid preparation kit and
eluted in nuclease-free water. The plasmid is linearized by Notl
and purified using a commercial gel extraction kit. For mRNA
synthesis we use the Ambion mMACHINE® SP6 Transcription
Kit following the manufacturer’s instructions. mRNA concen-
tration is determined by NanoDrop2000. mRNA quality could
be evaluated by agarose gel electrophoresis if necessary. Aliquot
the RNA in small quantities (3-5 pl) and store at —-80 °C.
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3.2 The Day

Before Injection, Day 0

3.3 The Day
of Injection, Day 1

Set up 10-15 pairs of WT fish in the late afternoon, keeping the male
and female separated from one another (se¢ Note 2 for more tips).

1. Prepare the injection solution. Mix plasmid DNA containing

the transgene of interest (15 ng/pl), transposase mRNA
(25 ng/pl), and phenol red (1x) (see Note 3). Usually a vol-
ume of 5 pl is sufficient to inject more than 500 eggs. Heat the
solution at 65 °C for 10 min to denature the mRNA and chill
on ice. Centrifuge and keep on ice until use. The injection
solution should be freshly made and not reused.

. Prepare the needle and assemble the injection apparatus.

Needles can be cut open either in the air or in the egg water.
Using the highest magnification on your stereomicroscope,
cut a very small amount of the tip of the needle using clean
forceps. The inner diameter should be around 10 pm. Backfill
the needle, loading 2-3 pl using Eppendorf microloader tips.
Instead of loading bigger volumes, it is better to reload repeat-
edly the needle with few pl of fresh solution. Insert the needle
in the holder of the micromanipulator. To calibrate the needle
adjust the microinjector pressure and time setting. The time
setting differs between needles and usually ranges from 25 to
300 ms. Under the stereomicroscope inject a small amount of
solution into a drop of mineral oil on a micrometric slide.
Measure the size of the injected droplet to determine its vol-
ume. Set the microinjector time in the way that the droplet
volume is around 2—4 pl. The volume must not exceed 1,/10
of the cell’s volume (see Note 4). More details can also be
found in a video protocol [18].

. Collect the eggs. Remove the separator from the breeding

tanks and wait until fish lay eggs. About 20 min later eggs can
be collected using an egg strainer. Do not wait for more time;
injection should be done in the one-cell eggs.

. Inject embryos. Align eggs in the agarose microinjection

plate with the help of a plastic pipette. Inject in the cytoplasm
of the first cell and avoid injection in the yolk. This will ensure
the integration of the transgene in the genome of the first cell
and then the inheritance of the same modification in all the
other cells. Inject a large amount of eggs. Typically 20—-40 %
of the injected embryos express the transgene and the mortal-
ity rate is about 60%. To have 20-30 positive embryos,
around 200 should be injected. Leave 15-30 eggs uninjected
to check their viability (see Note 5). After injecting the eggs,
use a gentle stream of egg water to move the injected eggs
into a clean Petri dish.

. (Optional) Few hours after the injection, select the eggs accord-

ing to the presence or not of phenol red in the cells. Remove
eggs that do not have red cells or that are not fertilized.
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After Injection

3.5 Day 5-12 Weeks

3.6 Obtain Stable
Transgenic Lines

How to Make Stable Transgenic Zebrafish Lines 111

This step can be avoided if the transgenic construct contains a
fluorescent marker that can be used later on to select the eggs.
Conversely, it genotyping is made by PCR, red phenol selec-
tion will decrease the number of negative embryos.

Check the survival of the injected embryos (see Note 6) and remove
the unfertilized or abnormal eggs. Check the expression of the
transgene of interest. Very often, the transgenic construct contains
a fluorescent marker which can be used for embryos selection
(Fig. 1). Otherwise, you can co-inject the transgene of interest with
a fluorescent reporter construct [19] or you can put all these ele-
ments into one construct (to exclude the possibility that fusion pro-
tein may affect function of the transgene) or use 2A peptide [20].
In the case using an epifluorescence stereomicroscope to check the
expression of fluorescent marker in the tissue and developmental
stage where it is expected to be expressed. In this step, embryos will
show a mosaic expression of the transgene [21]. If embryos move,
tricaine could be added to the medium. If the transgenic construct
does not contain a fluorescent marker, PCR could be done to verify
the presence of the transgene. To do so, sacrifice 5-10 injected
embryos, and extract genomic DNA (see Notes 7 and 8).

Raise the positive embryos to sexual maturity. This step will take at
least 9-12 weeks. These fish are potential FO founder fish. Each of
them contains the transgene, integrated in a different position and
copy number in the genome. Some of them will have the transgene
integrated in the germline and will be able to transmit it to the next
generation.

Outcross FO fish to wild-type and screen the resulting FI1 embryos for
the expression of the transgene. The percentage of F1 embryos
expressing the transgene may vary from 1 to 50 %. Raise the posi-
tive F1 embryos to sexual maturity. Establish the transgenic line
from at least three different FO embryos (see Note 9).

Fig. 1 Representative image of a mosaic transgenic embryo. (a) GFP expression in some blood vessels driven
by the kar/ promoter using the Tol2-based method described in the manuscript. (b) Bright-field image of the

same embryo
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4 Notes

. In our lab we use plastic mold to make injection plate. We

pour 1.5% hot agarose into petri dish (about 25 ml) and place
the mold carefully onto the agarose using forceps so that no
bubbles are trapped and remove the mold after the agarose
solidifies. You can put the plate in the fridge to speed up the
solidification.

To increase the release of eggs many tricks can be applied dur-
ing the setup of the cross.

(a) Provide plastic “grass” as a hiding place for the fish.
(b) Set up fish with a male:female ratio of 1:2.

(c) Before removing the separator, transfer the fish into a tank
with freshwater.

(d) Ifthe fish do not lay eggs, combine more pairs in the same
one tank.

(e) Keep adult males and females separated for few days
(around 1 week) before mating.

. Be careful to handle with RNA and always clean surfaces and

pipettes with RNase Zap and use RNase-free tips. In respect to
the concentration of the plasmid for injection, we indicate
here the dose we always try at first; otherwise, you need to
determine the dose by yourselves.

. Here we use the air injection system. Besides, there is fre-

quently used another system that is driven by mineral oil. In
detail, you can inject the mineral oil directly into the needle,
and assemble the needle into microinjection base. The advan-
tage of the latter system is that you can easily set up the injec-
tion dose manually and suck the injection solution by “PULL”
button in the system. But if mineral oil interferes with what
you inject, it is better to use the air-driven system.

. In some cases, the needle gets plugged. Here are some

troubleshootings.

(a) Try to remove visible debris at the tip by scratching care-
fully the needle over Parafilm®.

(b) Re-break the tip and recalibrate the needle.

(c) Phenol red is one of the causes why needles get plugged.
Check the quality of phenol red and filter in the case you
see debris. It is also possible to use it at lower concentra-
tion. However, in this case egg selection will be more dif-
ficult. For proficient persons, phenol red could be removed
from the injection solution.

Sometimes, high mortality of injected eggs could be observed;
there are many different reasons.
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(a) The needle is too big. Optimize the puller with different
time and pressure settings.

(b) Bad eggs: If fish are laying bad eggs, the mortality rate will
be high also in uninjected controls. If the problem per-
sists, use a different batch of fish.

(c) Poor injection technique: Avoid multiple injection in the
same egg. Avoid injecting air bubbles or stretching the
yolk.

(d) Toxicity of the transgene: The transgene itself is toxic to
embryos or overdose injection.

. Here we provide an easy and efficient way to extract PCR-
grade crude genomic DNA. Put the embryos in a 1.5 ml
Eppendorf tube, remove the fish water, and add 20-50 pl of
50 mM NaOH. Boil at 95 °C for 10-20 min. Cool down the
samples at 12 °C and add 1/10 volume of 1 M Tris—HCl
(pH=38.0). Use 1-5 pl of the supernatant for PCR.

. Based on our experiences, several factors can cause low num-
bers of positive injected embryos.

(a) Injection in the yolk decreases the integration rate in the
genome [19]. Inject in the cytoplasm of the first cell and
avoid injection in the yolk.

(b) Transgene size: An optimal integration rate is obtained
when the transgene size is <2-3 kb. The efficiency of
transgene integration and transmission decreases with size.

If the size could not be reduced, inject more eggs to
increase the probability of get positive embryos.

(c) Transgene toxicity.

(d) Low quality of tramsposase mRNA: mRNA is easily
degraded; thus immediately after synthesis check the qual-
ity of mRNA on an agarose gel and prepare small aliquots
(2-3 pl) to be stored at -80 °C until use. Frequent freeze /
thaw can result in mRNA degradation and loss of
activity.

(e) Change the transgene:transposase molar ratio.

. In some cases, it happens that there is no positive F1 embryo
after screening. You need to check the following possibilities.

(a) Screen a higher number of FO adult fish.

(b) Before considering as negative an FO0 fish, be sure to have
analyzed at least 80-150 F1 embryos. Since the transgene
transmission rate could vary between 1 and 50%, some-
times you will have 1 positive embryo every 100!

(c) Transgene toxicity: Due to the toxicity of the transgene,
the positive embryos may die during development and
cannot survive until adulthood.
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Chapter 11

High-Resolution Intravital Microscopy of Tumor
Angiogenesis

Ann L.B. Seynhaeve and Timo L.M. ten Hagen

Abstract

Real-time evaluation of vascular effects in an animal skinfold window model by intravital microscopy (IVM)
provides a powerful tool to improve insight into vascular development and vascular therapy. The potential
of IVM to examine processes in tissues (e.g., tumors, inflammatory sites), in a noninvasive way, enables
determination of the kinetics of processes under study at any given time point. The introduction of sensitive
digital cameras, confocal and multiphoton microscopy, and powerful imaging software greatly improved the
quality of the images acquired. Together with the introduction of better fluorescent probes, with a shift
towards red and near-infrared fluorescence, confocal and multiphoton microscopy enables deeper imaging
with less (photo)toxicity. IVM is particularly useful for examination of processes in time, which span seconds
up to days or even weeks, such as tumor vascular development. Here we describe an advanced dorsal skin-
fold window chamber for high-resolution intravital microscopy of tumor angiogenesis.

Key words Intravital microscopy, Angiogenesis, Cancer, Fluorescence, Confocal, Multiphoton

1 Introduction

Angiogenesis is the development of blood vessels necessary to sus-
tain growth and development. Cells need nutrients and oxygen to
survive and grow, while waste needs to be removed. As the diffu-
sion distance of oxygen and nutrients is limited a dense and well-
organized vasculature is present. During development, at adult
stage for instance during placental establishment, but also in a
number of diseases such as retinopathy, inflammation, and cancer,
angiogenesis occurs. In cancer angiogenesis is an integral and cru-
cial step during progression of the disease from dormant to malig-
nant; it provides the possibility to grow beyond the diffusion limits
and enables hematologic spread [1]. Therefore it is not surprising
that in the treatment of cancer not only the tumor cells but also the
vasculature are recognized as a potential target.

Since the establishment of the tumor vasculature, and therefore
also angiogenesis, as a target for therapy this area became a rapidly
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progressing field of research which focused on manipulation, inhi-
bition, and destruction of the tumor-associated vasculature (TAV)
[2, 3]. Especially in combination treatment settings, in which an
antivascular strategy is combined with for instance chemotherapy,
promising results are obtained. For obvious reasons a growing pref-
erence developed for in vivo models to study these aspects in high
detail. Special interest exists for those models that enable real-time
and longitudinal observation of tumor vascular effects. An elegant
approach is the skinfold window model, which allows noninvasive
and serial examinations [4, 5]. In this model a flap of skin on the
back of rodents is sandwiched between two frames, which hold
glass windows. Through the windows processes like tumor growth,
angiogenesis, vascular function (flow, permeability), and drug deliv-
ery or tumor response can be followed in real time by IVM. Using
the skinfold window model in combination with multiphoton laser
scanning microscopy (MPLSM) the group of Dr. R.K. Jain demon-
strated in vivo gene expression, angiogenesis, cell adhesion and
migration, and drug delivery [6].

Another major technological development in the spatiotempo-
ral analysis of processes in living material is the introduction of
fluorescent protein tags like green fluorescent protein (GFP) [7,
8]. 4D image analysis with GFP fusion proteins (either alone or
combined with spectral variants of GFP) is an intensely pursued
research avenue, since it can provide novel insight into the behav-
ior of proteins and other molecules and in the organization of bio-
chemical processes. Labeling of tumor cells with GFP enabled
in vivo visualization at single-cell level in a mouse skinfold window
and intravital imaging using two-photon microscopy [9, 10].
Moreover, the strong fluorescence of GFP-labeled cells in combi-
nation with sensitive digital imaging enabled noninvasive visualiza-
tion of tumors present in liver, bone, or lung [11]. In this
noninvasive whole-body imaging-setting vessels can be identified
by the absence of fluorescence. These models are particularly use-
ful to examine the development of metastases. Combination of the
skinfold window model with fluorescently labeled tumor cells has
been used for the examination of the early processes of tumor for-
mation [9]. The success of GFP has generated a plethora of fluo-
rescent proteins enabling dual- or multicolor imaging. Importantly,
fluorescent proteins and compounds which are compatible with
the life setting have been developed with fluorescence at the red or
near-infrared range. As red light penetrates deeper and with higher
efficiency in tissues deeper and more detailed examination of pro-
cesses is possible.

Detailed examination of angiogenesis and vascular effects, espe-
cially early processes involving microcapillaries, by noninvasive whole-
body imaging of GFP-labeled tumors, is difficult due to the relatively
low resolution of these techniques. Moreover, using bright-field
microscopy or whole-body imaging positive identification of blood
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vessels is difficult. In the skinfold window model blood vessels can be
identified as columns of red blood cells in bright-field view, or can be
highlighted by injection of a fluorescent blood marker, whereas in
the models in which GFP-expressing tumors are used, the vessels are
recognized by the absence of fluorescence. Therefore, early, yet non-
conducting sprouts, or very small capillaries, nonfunctional or disin-
tegrated vessels, or vessels in very dark tumors (i.e., melanoma) are
difficult to identify. Here we describe the use of an eNOS-GFP-
expressing transgenic mouse with bright fluorescent endothelial cells.
In combination with fluorescent blood markers discrimination between
functional or nonfunctional vessels, single endothelial cells, thin
sprouts, and endothelial tip cells can be easily detected and in detail
imaged. Combination of IVM with proper transgenic mice and fluo-
rescent markers provides an unprecedented tool for detailed and high-
resolution imaging of for instance angiogenesis as is described here.

2 Materials

2.1 Mice

Intravital microcopy (IVM) is performed on a number of animals
such as mice, rats, rabbits, hamsters, or guinea pigs. Here we focus
on IVM using a dorsal skinfold window chamber on mice. The prin-
cipal is however not different from for instance rats. Sterility and
working clean are important factors determining success, as well as
experience and proper tools and instruments. It is therefore manda-
tory to sterilize or thoroughly clean with alcohol all instruments,
materials, and surfaces, also of the mouse as described below. It is
advised to perform placement of the window chambers in an opera-
tion room, with preferably a dual-head operation microscope.

Mice of 12 weeks or older are used which are from a clean facility.
Mice should be of reasonable weight preferably above 20 g as
younger and lighter mice tend to have lesser skin on the back. If
rats are used young rats are preferred, as the skin tends to be thin-
ner and therefore more easy to handle. After installment of the
window animals are housed in a climate chamber (32 °C and a
humidity of at least 50 %), ensure that there is enough clearance to
move freely in the cage. Although the animals are able to move
freely and without any impairment with the window chamber
developed by us and described here, it is important to check it ani-
mals can reach their food and water (see Note 1).

Forced expression of fluorescent cell markers, such as green
fluorescent protein (GFP), enables detection and visualization of
cells in vitro and in vivo. An increasing selection of mice are avail-
able with specific fluorescent markers (see Note 2). With IVM we
show that GFP-expressing cells can be monitored at high magnifi-
cation at subcellular level; that is, we are able to image inside cells
of living mice. Here we use a transgenic mouse model expressing
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2.2 Anesthesia
Procedure

2.3 Equipment
and Solutions

GFP under the control of an eNOS promotor and localization
sequence. As a result endothelial cells express substantial amount
of GFP while eNOS levels are not affected. The localization
sequence locates expressed GEP to cell membrane and Golgi allow-
ing to distinguish not only individual cells but also membrane
extension such as filopodia.

Anesthesia: Air/isoflurane inhalation anesthetics in which flow and
isoflurane concentration should be set such that mouse breathing
is light and even.

1.
2.

QN U1 W W

Heating mattress set at 37 °C.

Electric shaver, typically high-end commercial with a small
(1 cm width) head.

. Hair removal gel with no extra additives such as perfumes.
. Chlorhexidine (2 %) in alcohol (70%).
. Saline (0.9 % sterile NaCl solution).

. Dual-head operation microscope: Although excellent results

can be obtained without the use of an operation microscope if
one is present use is preferred.

. Tumor material (see Subheading 3) from donor mice or sus-

pension of tumor cells (see Note 3).

. Skinfold window chamber parts as depicted in Fig. 1. Per

assembly two window frames (made from PEEK), two pairs of
bolds and nuts (aluminum), two thin retaining rings, two cir-
cular cover glasses (number 1, 0.016 mm thick and 12 or
18 mm in diameter), and a 10 mm diameter filler glass. All
materials are autoclaved at 105 °C for 90 min.

. Surgical instruments including silk suture 4 /0, syringe (1 ml),

two 23G needles, a 25G needle, scalpel holder +scalpel blade
size 15, surgical forceps, surgical microscissors, small needle
holder, clamping needle holder (or hemostatic forceps), micro
screwdriver, and ear punch (used for marking mice) (Fig. 2).
All materials are purchased sterile or sterilized by autoclaving
for 90 min at 121 °C.

3 Methods

3.1 Preparation
of Mice

Perform all procedures under aseptic or sterile conditions.

1.

Mice are sedated by inhalation anesthetics (air/isoflurane) while
on a 37 °C heating mattress and thoroughly cleaned with
chlorhexidine in alcohol and the skin removed from hair. At all
stages put eye ointment on the animal’s eye and keep the animal
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Fig. 1 Doral skinfold window chamber parts. Visible are the two frames (white),
cover glasses, and filler glass. The retaining rings are thin and do not obscure the
view area

Fig. 2 Instrumentation used for establishment of the dorsal skinfold window
chamber. Parts are mentioned in the text
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properly heated. For this we use a small-sized electric razor
followed by application of an ointment to remove the hair, fol-
lowed by another cleaning step. Mark the center line alone the
spine to ensure symmetrical positioning of the window chamber.

. The skin on the back is examined and pulled into a flap. On one

side of the flap the chamber is positioned in middle between
front and hind legs, and the window part circled using a marker.
Also mark the position on the skin for the bolts. With a light
behind the skin flap an area can be selected such that the tumor
can be implanted between major vascular branches. Following
procedures are preferably done under an operation microscope,
but also a stereomicroscope and special operation glasses or if
well trained by naked eye. With a scalpel the skin is cut along the
circular marker line and the upper skin is removed. Be careful
not to damage the underlying layers and vasculature as in the
fascia later a tumor will be implanted. Also be sure that the skin-
fold extends about 2—3 mm above the window frame.

We use lightweight synthetic window frames (PEEK) which
are compatible with MRI and hyperthermia [12, 13]. The
frames have spacers included and are fixed together using
lightweight bolts and nuts, which can be replaced by sutures
when for instance used in an MRI.

. Pull the skinfold up and punch two holes (1 mm in diameters)

for the bolts. Position the window frames, place the bolts and
nuts, and tighten lightly. Pull the skin 2-3 mm above the top
of the window frames and manipulate the skinfold such that
the circular exposed area matches the window and secure the
skin with 23G needles through the little holes at the top.
Secure the nuts and replace the 23G needles with sutures. At
this moment a cover glass can be positioned at the back and
secure with a retaining ring (see Note 4). The window cham-
ber is now ready for tumor implantation.

Important! Steps below should be performed before operation on
the mouse is started.

1. Tumor cell suspension (see Note 6): Use freshly isolated cells,

mild trypsin incubation, suspended in PBS at a concentration
of approximately 1x10E4 per 20 pl (see Note 5). If desired the
cells can be embedded in collagen gel or Matrigel. Store on ice
only for a short period (time to prepare the window). When
using a tumor cell suspension spread of cells through the
chamber easily occurs. To prevent cells spreading can be sus-
pended in a gel (collagen) or if tumor growth needs to be
promoted in Matrigel. It is advised to gently create a pocket
using forceps in the fascia without causing a bleeding before
injection of cells.
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2. Tumor fragment (see Note 6): In this setting a donor tumor-
bearing mouse is used. The tumor should be big enough to
provide sufficient material but not too large to prevent pres-
ence of necrosis. Remove the tumor from the donor mouse,
locate viable tissue, and cut fragments of approximately 1 mm?.

Secondly, tumor donor material can be used for implantation.
Create a small pocket large enough to hold the 1 cm?® tumor frag-
ment. This pocket can be prefilled and stretched with a 1 mml
syringe fitted with a 25G needle. The tip of the needle is slightly
bent to allow easy approach of the pocket. The tumor fragment can
be either implanted using a needle holder or forceps. Alternatively,
the tumor fragment can be placed in the tip of a bent 19G needle
and injected carefully, without adding air, in the pocket.

Mice are placed in a climate-controlled space set to 32 °C and
above 50 % humidity and pain relief are administered (see Note 7).
Perform daily inspection of the mice. Using bright-field micros-
copy early tumor onset is monitored until the mice are ready for
IVM, which depends on tumor type. Generally syngeneic tumors
grow faster (or experience is within 14 days) compared to xeno-
grafts which may take up to several weeks.

Essentially a number of microscopes or imaging methods may be
used. As shown below impression of global tumor growth and
concomitant vascular changes are possibly observed with a stan-
dard digital camera (Fig. 3) or (fluorescence) microscope. Here we
show results of IVM with confocal and multiphoton microscopy.

Mouse stage: When ready mice are placed on a preheated
temperature-controlled platform which is mounted on the micro-
scope stage. As breathing of the mouse introduces movement arti-
facts we use a frame to immobilize the window chamber. The frame
is bolted to the window chamber, which in turn is bolted to the
platform. While the mouse can still move slightly this is not trans-
lated to the window chamber.

This chapter does not describe the use of microscopes as this is
beyond the scope. However, we shortly list a number of advantages
of different imaging technologies. With bright-field microscopy
blood flow, perfusion, vascular organization, and cells or regions
rich in contrast can be imaged quite good. When equipped with a
3CCD digital camera movies can be made. At low magnification
(e.g., 2x or 5x objective lens) this option is sufficient to check the
quality of the window. As the window is a relatively thick tissue,
compared to a section commonly used for histology, use of a confo-
cal or multiphoton microscope is preferred. We experience good
penetration up to 100 pm with confocal and beyond that with mul-
tiphoton. Much improved imaging is achieved when using objec-
tive lenses with higher magnification and numeric aperture (NA). If
possible, water immersion lenses should be used at higher



122 Ann L.B. Seynhaeve and Timo L.M. ten Hagen

3.4 Intravital
Imaging of Tumor
Angiogenesis

Fig. 3 Image of an 18 mm intravital dorsal skinfold window chamber on a nude
mouse. Visible is a human melanoma xenograft producing melanin, with above it
an a-vascular region. The tumor is surrounded by a bleeding caused by hyper-
permeabilization of the vessels. Image was made with a digital camera

magnification as these lenses have a better NA (higher resolution or
resolving power) and better working distance than oil immersion
lenses (sec Note 8). Readers are advised to test which method works
best and what study needs to be performed. We refer the reader to
the following publications for further information.

IVM based on lightweight synthetic window chambers results in a
compatible system. Mice exhibit normal behavior and weight gain.
Mice can be maintained for a time frame of at least 1 month
depending on tumor growth.

Irrespective of the imaging method, bright-field or confocal
microscopy, proper control over the condition of the mouse allows
up to 8 h of imaging in one stretch and daily imaging for weeks.
Heating of the mouse during imaging to maintain body tempera-
ture is crucial; low temperature not only affects perfusion in cooled
areas but also negatively influences inhalation anesthetics. Under
anesthesia body temperature drops rapidly to room temperature
and in our experience mice are more difficult to sedate and may die
when body temperature is not maintained at 37 °C.

Several skinfold window systems are used in the literature.
Here we use a synthetic window frame with a field of view of 12 of
18 mm in diameter. The ratio between window frame size and field
of view is favorable as many other window frames are larger with a
field of view of 10 mm. Smaller titanium frames are available with
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Fig. 4 Longitudinal imaging of a B16BI6 melanoma in a dorsal skinfold window chamber on a C57BI6 mouse.
The color bright-field images are possible as the melanoma cells are visible because of the abundant produc-
tion of melanin. While the tumor doubles over a time frame of days vascular growth is not that apparent.
Images were made with a fluorescence microscope

3.5 Fluorescence
Intravital Imaging
of Tumor Angiogenesis

12 mm windows. The advantage of the synthetic frame is further
reduced weight and compatibility with MRI. Previously we showed
dual-modality imaging using confocal IVM and MRI.

Bright-field imaging is especially useful in contrast-rich areas.
As vessels generally conduct red blood cells, which are rich in con-
trast, these are easily detected. Already with a standard digital cam-
era tumor growth, changes in vascular structure, and in this case
with a malignant xenograft melanoma, hyperpermeability resulting
in hemorrhage is observed. Using bright-field microscopy more
detailed imaging of early vascular makeup, changes in vessel den-
sity or vessel diameter, and progression of vascular networks during
tumor development are demonstrated. Here we show sequential
images of a growing melanoma, which stands out clearly because
of a high melanin content rendering tumor cells dark (Fig. 4).
While the tumor doubles in size growth of this particular syngeneic
melanoma growing in the skin seems to attract hardly any vessels.
Vascularization inside the tumor is obscured because of accumu-
lated melanin. This phenomenon allowed us however to identify
groups of melanoma cells around preexisting vessels; in that setting
tumor growth is not depended on angiogenesis but uses the already
present vasculature for delivery of oxygen and nutrients, desig-
nated cooption. In contrast, growth of Lewis lung carcinoma
(LLC) in the skinfold induced massive angiogenesis and recruit-
ment of new vessels towards the tumor (Fig. 5). The bright-field
images give the impression that the growing tumor mass is vascu-
larized only at the rim (Fig. 5, left panel). Fluorescence microscopy
is invaluable to provide detailed information on tumor vasculariza-
tion and perfusion of vessels as discussed below.

Clearly, tumors grow in different patterns depending on their
capacity to attract new vessels, abuse existing vascular networks,
and ability to survive anoxia or progress irrespective of tumor
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Fig. 5 Lewis lung carcinoma (LLC) in a dorsal skinfold window chamber. Left, bright-field image showing
ingrowth of new vessels into the tumor leaving a a-vascular center. Right, fluorescence image showing per-
fused vessels after the injection of 100 nm red fluorescent particles confirming the existence of an a-vascular
center. Images were made with a fluorescence microscope

Fig. 6 Dorsal skinfold window chamber imaging of a melanoma rich in melanin. Left, any structure obscured
by the dark is light-absorbing melanin. It seems that some vascular development does take place at the rim
just outside of the tumor. Right, increased light power visualizes major vessels inside of the melanoma. These
vessels are new and generated by the tumor (angiogenesis). Small vessels however are difficult to detect.
Images were made with a fluorescence microscope

necrosis because of poor perfused areas. Bright-field imaging shows
that melanoma grows differently from LLC. Figure 5 shows LLC-
induced angiogenesis in bright-field and functional vessels in fluo-
rescence mode. After injection of a red fluorescent blood marker
vessels growing and extending in the rim of the tumor are visible
(Fig. 5, right panel). However, the center of the tumor is not vas-
cularized, which is a typical phenomenon of fast-growing tumors
resulting in central necrosis and collapse.

Bright-field imaging of melanoma growth shows marginal vas-
cular changes outside of the tumor (Fig. 6, left panel). At high
lamp power, which should not be applied but is done here to show
structures obscured by melanin, intratumoral vessels become visi-
ble (Fig. 6, right panel). To visualize endothelial cells an eNOS-
GFP transgenic mouse was used as described above. Using
fluorescence microscopy in combination with bright field on a
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Fig. 7 Scanning confocal microscopy image of a melanoma growing in a dorsal skinfold window chamber. Left,
bright-field image of the tumor showing melanin-rich cells. Middle, image of tumor-induced vessel growth.
Vessel penetrates into the tumor mass. These vessels are visible as the endothelial cells produce green fluo-
rescent protein. Right, overlay. Bar 200 pm

confocal we observed initial a-vascular growth followed by initia-
tion of vascular budding (Fig. 7). Existing vessels produce sprouts
which penetrate into the formed tumor mass (Fig. 8). Over time
further ingrowth of vessels into the existing tumor mass occurs.
Different from LLC here vascular growth is not restricted to the
tumor rim.

At high magnification, using a 20x or 40x water immersion
objective lens individual endothelial cells can be identified with
clear demarcation of the cell membrane and accumulation of GFP
in Golgi (Fig. 9). Endothelial cells are more chaotically organized
in tumor vessels compared to healthy blood vessels.

4 Notes

1. House animals with a dorsal skinfold window chamber sepa-
rately to prevent problems to the chamber.

2. Mice expressing fluorescent proteins expressed in specific cells
are available. Combination of markers provides unique insight
into localization of cells with respect to each other. It is advised
when breeding and crossing these mice to check that fluores-
cent proteins expressed are compatible with each other and
with the compounds used.

3. It is advised to use tumors which grow well in skin of the used
animal and will provide a descend tumor within 2—4 weeks. If
tumors take too long to grow skin regrowth may interfere with
the experiment.

4. If the skin is relatively thick a filler glass (10 mm diameter) can
be positioned at the back between cover glass and skin. Be care-
tul not to overdo this as blood flow may be compromised.
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Fig. 8 Laser scanning confocal microscopy image of angiogenesis at the rim of
a tumor in a dorsal skinfold window chamber. Vessels are visible because of
endothelial cell-specific green fluorescence protein expression. Perfusion is
visualized with a red fluorescent blood marker

Fig. 9 Laser scanning confocal microscopy image of an angiogenic tumor vessel in
a tumor in a dorsal skinfold window chamber. Endothelial cells are visible because
of specific green fluorescence protein expression. Expression is mainly in Golgi
(next to the nucleus) and cell membrane. In contrast to healthy vessels a relative
chaotic pattern of endothelial cells populate the wall of angiogenic tumor vessels
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5. Number of injected tumor cells depends on experimental setup,
tumor cell growth characteristics, and scientific question.

6. The tumor cell deposit or tumor fragment should be placed in
the center of the window chamber.

7. For pain reliet 0.01 mg/kg Temgesic or alike is administered
before the animals recover from anesthetics.

8. Use of objective lenses with a long working distance is pre-
ferred. Generally oil immersion lenses at a magnification of for
instance 40x have short working distances around or below
0.2 mm which limit the focus range. Low-magnification lenses
on the other hand have a better working distance but 40x
long-working-distance (around 2 mm) objective lenses are
available, but with poor NA. Water immersion lenses combine
high magnification and reasonable NA with compatible work-
ing distance, e.g., a 40x with a NA of 0.7-1.0 and a working
distance of about 2 mm. Heating of the objective lens to body
temperature is advised when immersion lenses are used.
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Chapter 12

Subcutaneous Murine Xenograft Models: A Critical Tool
for Studying Human Tumor Growth and Angiogenesis
In Vivo

Katharina M. Schmidt, Edward K. Geissler, and Sven A. Lang

Abstract

Subcutaneous tumor models are widely used in angiogenesis research. Due to the relative simplicity, these
mouse models are ideal for the evaluation of molecular hypotheses. In addition, these models are fre-
quently used to assess anti-angiogenic efficacy during drug development. Finally, subcutaneous models can
be performed with either xenogeneic or syngeneic tumors, both harboring advantages and drawbacks.
Herein, we describe the use of subcutaneous xenograft models in anticancer research.

Key words Tumor models, Xenografts, Mice, Cancer research, Preclinical anticancer therapy, Tumor
angiogenesis

1 Introduction

Animal models are a crucial tool for studying molecular mecha-
nisms of cancer and for the development of new anticancer agents
[1]. The laboratory mouse (M. musculus) is one of the most appro-
priate model systems owing to the ease of keeping, to the specific
breeding possibilities, and to the widespread physiological and
molecular analogies to humans [2]. Since the beginnings in the
1950s, murine cancer models have advanced. Particularly, the
development of immunocompromised mice enabled the establish-
ment of diverse xenograft models, and so enabled the in vivo
assessment of human cells or human tissue in murine organisms
[3]. Although xenograft models lack a fully functional immune
system, these models are widely used to assess tumor growth inde-
pendent of immune system influence.

Besides xenografts, models with functional immune system are
available. For example, syngeneic injection models with murine can-
cer cells derived from certain mouse strains being injected into immu-
nocompetent mice (e.g., B16 melanoma cell used in C57BL,/6 mice)
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are available. Handling of these models is similar to xenografts,
although tumors tend to be more aggressive. Furthermore, genetic
engineered mice (GEM) with a high incidence of spontaneous cancer
development have gained popularity in cancer research during the
last years [3, 4]. Although GEM allow the study of specific gene
mutations in an immunocompetent organism, they fail to represent
the complex heterogeneity of human tumor cells [4].

The subcutaneous tumor model is the most common xeno-
graft model in anticancer drug research [1, 5]. It stands out due to
a convenient and less invasive process, causing minimal burden to
animals during longitudinal monitoring. The main drawbacks with
subcutaneous versus orthotopic xenograft models are the lack of
organ-specific microenvironment and the negligible capacity to
metastasize (in most models). Nonetheless, subcutaneous xeno-
grafts are a proper instrument for testing molecular hypotheses
before starting an intricate orthotopic experiment.

Tumors in the subcutaneous model can be established by the
use of either cultured tumor cells or tumor tissue fragments. For
the xenograft model, immunocompromised mice, e.g., athymic
nude mice (nu/nu) [6] or severe combined immune-deficient
mice (scid/scid) [7], are typically used. Tumor growth and the
efficacy of various treatments (anticancer agents, gene modifica-
tions of tumor cells, etc.) are obvious during the whole period of
the experiment. With regard to angiogenesis, tumors can be
assessed for the development of necrosis or be analyzed for vessel
growth immunohistochemically (e.g., staining of CD31-positive
vessel area). Factors affecting angiogenesis can be easily deter-
mined also by immunohistochemistry, Western blotting or PCR
(e.g., HIF-1a, VEGEF-A).

The following protocol describes the basic steps of producing
subcutaneous xenografts by injection of cultured tumor cells (+/-
basement membrane-like matrix/Matrigel) or transplantation of
tumor tissue fragments.

2 Materials

2.1 For Injection of
Cultured Tumor Cells
and Transplantation of
Tumor Tissue

1. Immunocompromised mice (e.g., athymic nude mice (nu/
nu), severe combined immune-deficient mice (scid/scid)) at
an age of 6—8 weeks, maintained under barrier conditions.

. Depilatory cream (if not using nude mice).

. Skin disinfection.

. Syringes (1 ml).

. Injection needles (27 gauge, 1.5-2.0 cm).

. Sterile instruments (scalpel, scissors, forceps, needle holder).

. Vernier caliper.
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. Cultured human cancer cells (10°-107 cells per animal; deter-

mination of needed cell number see Note 1).

. Phosphate-buffered saline (PBS).

. Trypsin (1x/10x; depending on cells used).
. Cell culture medium with at least 10% FCS.
. Centrifuge.

. Trypan blue.

. Hemocytometer.

. Hanks’ Balanced Salt Solution (HBSS).

. Basement membrane-like matrix/Matrigel (optional).
. Isoflurane.

. Animal induction chamber.

. Crushed ice.

. Vortexer.

. Fresh human tumor tissue (from a patient in the operating

room or from a donor animal (see Subheading 3.4)).

. Cell culture medium (e.g., Minimum Essential Medium Eagle,

Medium 199).

. Penicillin /streptomycin.

. Gauze squares.

. Sodium chloride (NaCl) 0.9 %, sterile.
. Ketamine 10 %.

. Xylazine 2 %.

. Eye ointment.

. Suture material (monofilament, non-absorbable, USP 4-0).

3 Methods

3.1 Preparation
of Tumor Cells
or Tissue

3.1.1 Preparation
of Cultured Tumor Cells

. Sterile cell preparation should be conducted under laminar

flow hood.

2. Remove cell culture medium.

. Wash cultured cells with PBS.

4. Add trypsin (2—4 ml /100 cm?) and incubate at 37 °C until all

cells are detached.

. Quench trypsin by adding two volumes of cell culture medium

(with at least 10% FCS).

. Suspend cells thoroughly by pipetting up and down.
. Separate 20 pl of cell suspension, add 20 pl of trypan blue, and

quantity the cell number using a hemocytometer.
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3.1.2  Preparation

of Tissue from Patients’
Tumors or from Xenograft
Tumors

3.2 Injection/
Transplantation

3.2.1 Injection
of Cultured Tumor Cells

8. Centrifuge cells at 100-150 x g and at room temperature for 5 min.

9. Discard supernatant.

10.

11.

12.

Resuspend the cell pellet in HBSS at a concentration of 0.2—
20 x 108 cells/ml (equivalent to 105107 cells per animal finally;
determination of needed cell number see Note 1).

Optional: Mix cell suspension and Matrigel in equal parts with
a pipette after thawing Matrigel following the manufacturer’s
instructions.

Basement membrane-like matrix/Matrigel is a mouse sarcoma-
derived basement membrane-like extract containing basement
membrane proteins (laminin, entactin, collagen, heparan sulfate
proteoglycans) and growth factors (e.g., FGF, EGF, TGF beta)
[8]. In vivo Matrigel increases the tumor growth rate [9]; so its
use is recommended for tumor cells that grow poorly in vivo.

Keep cell suspension on ice.

. Keep tumor tissue in cold cell culture medium with penicillin /

streptomycin (1% v/v). Process tissue in less than 30 min.

. Transfer the tumor tissue into a sterile Petri dish containing

cell culture medium with penicillin/streptomycin (1% v/v)
and divide the tissue into equally sized cubes of approximately
2x2x2 mm. Avoid necrosis in these transplants (se¢ Note 2).

. For maintaining cell viability tumor tissue should be covered

by medium at all times.

Remove hair from the mouse flanks (if not using nude mice) using
depilatory cream.

1.

Gently vortex the cell suspension, and aspirate 50 pl of cells
(100 pl of cell/Matrigel mixture) per animal into a syringe
(1 ml) with a 27-gauge needle. If you treat more animals con-
secutively, agitate the syringe and change the needle before
each injection.

. For inhalation anesthesia, put the mouse into an animal induc-

tionchamberaccordingtothe manufacturer’srecommendations,
taking care for investigator’s safety (see Note 3). Alternatives
to inhalation anesthesia are shown in Notes 4 and 5.

. As soon as anesthesia is deep enough (approximately after

1-2 min, see Note 6), place the mouse onto your operation
table in a prone position.

4. Disinfect the dorsal skin.

. Lift the dorsal skin with your left (right for sinistrals) index

finger and thumb, so that the skin is separated from the under-
lying muscles (see Fig. 1a).
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Fig. 1 Tumor cell injection. (a) Keep the mouse in prone position and lift a dorsal skin fold. (b) Injection of cell
suspension into the subcutaneous space. (c) At the injection site, a bump remains for a few days

3.2.2 Transplantation 1.

of Tumor Tissue Fragments

. Inject 50 pl of the well-vortexed cell suspension (100 pl of the

cell /Matrigel mixture) into the lifted skin fold (see Fig. 1b, and
Notes 7 and 8). If there is a resistance during injection, reset
the needle because that means you might be in a false
compartment.

Aspirate 100 pl of xylazine, 400 pl of ketamine, and 500 pl of
NaCl into a syringe (1 ml). Mix very well.

. Inject 50-75 pl of the mixture intraperitoneally (equivalent to

4-6 mg xylazine /kg body weight and 80-120 mg ketamine/
kg body weight) and put the animal back into the cage. Apply
eye ointment to prevent conjunctivitis, keratitis, and blindness.

. As soon as anesthesia is deep enough (approximately 5-10 min

after injection, see Note 6), place the animal onto your opera-
tion table in a prone position.

4. Disinfect the dorsal skin.

. Transfer the prepared tumor particles onto a wet gauze square.

6. Make a small transverse incision (5 mm) at the right or left

10.

3.3 Monitoring/ 1.

Treatment

lumbar area (see Fig. 2a).

. Stretch the subcutaneous tissue and form a small subcutaneous

pocket by carefully and repeatedly opening the scissors (see Fig. 2b).

. Insert a certain number of tumor particles (determination of the

optimal number se¢ Note 1) into the opened pocket (see Fig. 2¢).

. Close the subcutaneous pocket with 2—3 single-button sutures

(see Fig. 2d).

Place the treated mouse in a clean cage and observe it until
complete recovery from anesthesia. Especially after intraperito-
neal injection anesthesia, it is important to keep the sleeping
animals warm.

During the first days after tumor cell injection or tumor tissue
transplantation there is a small bump at the site of operation (see
Fig. 1¢), which usually diminishes before the tumor starts to grow.
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Fig. 2 Tumor tissue transplantation. (a) Small incision at the right/left lumbar area. (b) Stretching the subcutane-
ous tissue to form a small pocket. (c) Insertion of tumor fragments. (d) Wound closure with single-button sutures

Fig. 3 Tumor measurement by external caliper. (a) Early status. (b) Advanced status

2. For the next weeks, tumor growth is monitored by regular
measurement of the greatest longitudinal diameter (length)
and the greatest transverse diameter (width) using a Vernier
caliper (see Fig. 3a, b).

3. Tumor volume is calculated by the most commonly used mod-
ified ellipsoid formula: 0.5xlength x width* [10, 11]. There
are many other formulas that have various pros and cons, as
discussed by Tomayko and Reynolds [11].

Of course, measurement by external caliper is sometimes
affected by errors including variable tumor shapes, skin thick-
ness, or interpersonal differences in measuring. New methods
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using microCT or microPET imaging reduce these uncertain-
ties, but they are expensive and not available everywhere [12].
Note 9 addresses how to reduce measurement errors.

. Treatment, e.g., systemic application of chemotherapy or of

targeted agents, should be started when tumors reach a size of
approximately 100 mm?3.

. If the regrown fur disturbs tumor measurement, remove hair

from the mouse flanks again.

. Considering animal welfare it is often recommended that the

mean diameter of a single subcutaneous tumor should not exceed
12-15 mm [13]. Termination of the experiment is also indicated
when there are skin ulcerations or when the general state of
health of the mouse is significantly impaired (se¢ Note 10).

Prepare containers and media for preserving or processing
explanted tumor tissue.

. Sacrifice the animal by cervical dislocation, or other method

recommended by the ethics commission.

. If the regrown fur disturbs tumor excision, remove hair from

the mouse flanks again.

. Make a semicircular skin incision at the tumor edge using scis-

sors (see Fig. 4a) and expose the tumor-containing skin (see
Fig. 4b). If the tumor cells and fragments were properly
implanted into the subcutaneous space, there should not be any
infiltration of the dorsal musculature (with noninvasive tumors).

. Enucleate the xenograft by carefully cutting the peritumoral

connecting tissue fibers (see Fig. 4c and Note 11) and making
sure that the overlying skin is dissected away.

. Weigh and measure the enucleated tumor (see Fig. 5 and Note 9).

. Preserve or process the tumor tissue according to your further
experiments or go on with Subheading 3.1.2.

Fig. 4 Tumor excision. (@) Semicircular skin incision at the tumor edge. (b) Exposition of the tumor-containing

skin flap. (¢) Tumor enucleation
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Fig. 5 Differing shapes of excised tumors

4 Notes

. Before starting the main experiment, determine the optimal

number of injected tumor cells or transplanted tumor tissue
fragments. Optimal number means that a subcutaneous tumor
is visible after an acceptable time interval (2—4 weeks), but that
tumor does not reach the criteria of termination (see
Subheading 3.3, step 6) too early. If injected tumor cells (even
at high concentrations) do not form a subcutaneous tumor,
consider using basement membrane-like matrix/Matrigel (see
Subheading 3.1.1, step 10).

. The appearance of necrotic tissue can differ in diverse tumor

types. In general, necrosis is characterized by dark brownish
color and liquid consistency, mostly localized at the center of a
large tumor.

. Avoid inhalation of isoflurane. Conduct anesthesia in an animal

induction chamber placed under an appropriate fume hood.

. For subcutaneous tumor cell injection, anesthesia is not neces-

sary, if the animals are compliant and if an assistant holds the
mouse in a prone position.

. For subcutaneous tumor cell injection, you can also use intraperi-

toneal injection anesthesia (see Subheading 3.2.2, steps 1-3).

. Anesthesia is deep enough, as soon as breathing is calm and

pinching of toes or ears does not evoke a withdrawal reflex [14]
(http://vetmed.duhs.duke.edu/GuidelinesforAnesthesia.html).

. It is important not to inject the tumor cells against resistance

because that is a sign of injecting into the wrong compartment
(probably into the intracutaneous space). If there is a resis-
tance, reset the needle and try to inject again.


http://vetmed.duhs.duke.edu/GuidelinesforAnesthesia.html

10.

11.
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. Some investigators prefer to bend the needle before subcuta-

neous injection, so that the direction of the needle is parallel to
the body surface.

. Measurement variations can be diminished by ensuring that

the same person is involved for the duration of the study.
Furthermore, weighing the excised tumors represents an
objective endpoint which mostly overcomes errors due to vari-
ations in measurement or in tumor shapes [13].

To guarantee animal welfare and to identify serious impairments
you should assess the body weight, inspect the habitus, and
observe the behavior at certain time intervals (e.g., twice a week).

Excising the subcutaneous tumor is much more convenient if
the skin patch covering the tumor is left attached to the mouse
(see Fig. 4b). Then you can span the skin patch over your left
(right for sinistrals) thumb to stretch the connective tissue

fibers to be cut (see Fig. 4c¢).
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Orthotopic Model of Ovarian Gancer

Alessandra Decio and Raffaella Giavazzi

Abstract

Epithelial ovarian cancer (EOC) is the fifth commonest cancer-related cause of female death in the devel-
oped world. In spite of current surgical and chemotherapeutic options the vast majority of patients have
widely metastatic disease and the survival rate has not much changed over the last years. The anti-angiogenic
drugs are driving the field of agents targeting the tumor microenvironment in ovarian cancer. Preclinical
models that accurately reproduce the molecular and biological features of ovarian cancer patients are a
valuable means of producing reliable data on personalized medicine and predicting the therapeutic
response in clinical trials.

In this methodological chapter we describe the orthotopic model of ovarian cancer implanted under
the ovarian bursa of mice. In spite of anatomical differences between the rodent and human bursa-fallopian
tube, the appropriate primary tumor microenvironment at the site of the implant allows investigation of
tumor-stroma interactions (e.g., angiogenesis), and is well suited for studying the tumor dissemination
and metastasis typical of this disease.

This model—although fairly labor intensive—may be useful for assessing novel, more selective thera-
peutic interventions and for biomarker discovery, reflecting the behavior of this disease.

Key words Ovarian cancer, Orthotopic transplant, Intrabursal transplant, Angiogenesis, Metastasis,
Patient-derived xenografts, Ovarian cancer cell lines, Optical imaging

1 Introduction

Epithelial ovarian cancer (EOC) is the fifth commonest cancer-
related cause of female death in the developed world [1]. The rec-
ommended treatment for advanced disease is debulking surgery
followed by cytotoxic chemotherapy with carboplatin/paclitaxel
(PTX) [2]. While platinum-based chemotherapy gives a high
response rate, subsequent maintenance or consolidation therapies
have not yet improved overall survival, though our knowledge of
the clinical and molecular characteristics of ovarian cancer has
improved over the last few decades [3]. Agents targeting the
VEGF/VEGEFR signaling axis with ligand-binding drugs (i.e., with
the antibody bevacizumab) or with low-molecular-weight VEGF

Domenico Ribatti (ed.), Tumor Angiogenesis Assays: Methods and Protocols, Methods in Molecular Biology, vol. 1464,
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receptor tyrosine kinase inhibitors (i.e., cediranib) have shown
efficacy in ovarian cancer clinical trials [4].

Preclinical models that accurately reproduce the molecular,
biological, and pharmacological features of ovarian cancer patients
are valuable to produce reliable preclinical data for personalized
medicine and to predict the therapeutic response of new treatment
interventions.

The most widely used preclinical models for the investigation of
ovarian cancer include syngeneic murine cancer raised in immuno-
competent mice, xenografts from patient tumor specimens (patient-
derived xenografts, PDX), or well-established human tumor cell
lines cultured in vitro, transplanted in immunodeficient mice, and
genetically engineered models (GEMs) [5-71].

Each has advantages and disadvantages. In brief, PDX are
nowadays the most used models, because they maintain the origi-
nal tumor architecture and histological characteristics, the molecu-
lar and genetic heterogeneity of the patient tumor of origin [8-11].
A fundamental drawback of PDX models, however, is that the
human stroma is replaced by murine stroma with sequential pas-
sage [12]. Syngeneic murine models allow examination of how the
immune system is involved in cancer development and progres-
sion, but a drawback is that they grow so fast that their applications
are limited [ 13]; more important, they do not translate the molec-
ular complexity and heterogeneity of human cancer.

GEMs reproduce well the interactions between tumor and
stroma, as well as the impact of the immune system. However,
these are only one model of the tumor-specific target, not depict-
ing the genetic complexity of the human disease [14].

Human tumor cell lines are widely used to explore new aspects
of cancer biology, from the role of individual molecules to cellular
processes involved in invasion and metastasis. However, the differ-
ent environment to which human tumor cell lines are exposed
causes genetic changes that are distinct from the genetic stress
imposed on tumors in patients [15].

An extensive analysis of the different models is beyond the
scope of this methodology chapter, but several recent reviews
describing ovarian cancer experimental models are recommended
for further reading [5-7, 16, 17].

Most human solid tumors growing subcutaneously in mice
show limited invasiveness, and very often have a fibrous capsule
around them. In contrast, orthotopic transplant at the site of the
original patient tumor reproduces the appropriate tumor microen-
vironment, and the tumor-stroma interaction typical of the target
organ. Thus orthotopically growing tumors allow the emergence of
biological features of cancer progression and metastasis, therapeutic
response, or resistance to therapies similar to those in patients. This
is the case of the implant of ovarian cancer under the bursa of the
mouse ovary, described in detail in this chapter. The transplant of
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tumor cell suspensions or fragments directly in the mouse peritoneal
cavity (i.p. injection) is also considered an “orthotopic” model of
ovarian cancer [8, 18]. Here, however, the artificial dispersion of
cancer cells in the peritoneal cavity gives no information on early
metastatic events from the ovary, but it is useful for studying ovar-
ian cancer that disseminates in the organs of the peritoneal cavity
and the production of ascites. Current studies indicate that ovarian
tumors originate in other pelvic organs and involve the ovary only
secondarily. Thus, it has been suggested that serous carcinoma
arises from the implantation of epithelium from the fallopian tube
[19]. This observation warrants for considering the origin of the
primary tumors from the ovary.

A downside of orthotopic rather than subcutaneous or i.p. trans-
plant is that the injection technique requires surgery, hence manual
skills and practice. Furthermore, monitoring tumor growth in the
ovary is not easy, e.g., with PDX, though tumor imaging is possible.

Several approaches are utilized for the orthotopic implantation
of ovarian cancer, such as injection of cancer cells under the ovarian
bursa [20] or implantation of tumor fragments under the capsule of
the ovary [21]. Orthotopic models have been described derived
from ovarian cancer PDX [8], or from human ovarian cancer cell
lines [22-24 | transplanted in immunodeficient mice, or from mouse
ovarian cancer cell lines transplanted in syngeneic mice [25].

Here we describe implantation of an ovarian cancer cell sus-
pension under the ovarian bursa (i.b.). The use of this model to
test the antitumor activity and mechanism of action of antiangio-
genic drugs (i.e., bevacizumab and cediranib) has been recently
described [24, 26, 27].

2 Materials

2.1 Mice

2.2 Tumor Lines
(See Note 2)

1. Pathogen-free C57BL/6 or NCr-nu/nu 6-8-week-old female
mice for murine syngeneic or human xenogenic tumors,
respectively (see Note 1).

Other immunodeficient strains, including SCID or NOD/
scid/gamma mice, could be used to increase the engrattment [28]
and reduce the host-mediated background for immunohistochemical
(IHC) analysis.

Approx. ten mice per group are recommended to permit statisti-
cal analysis and take account of the inherent variability of the assays.

1. Murine model: ID8 cell line obtained from MOSEC (mouse
ovarian surface epithelial cells) isolated from the ovaries of vir-
gin wild-type mice and cultured repeatedly before transplanta-
tion into recipient mice [25].

2. Human model: Human ovarian carcinoma cell lines (A2780 or
IGROV1) established in vitro from patients [24, 27].
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2.3 Patient-Derived
Tumors (PDX)

2.4 Media
and Solutions

2.5 Orthotopic
Intrabursa Transplant

Clinical specimens from ovarian cancer patients were engrafted as
tumor fragments subcutaneously (s.c.) or as a cell suspension (i.e.,
ascites) i.p. as described by Ricci et al. [8]. PDX are maintained as
ascites for serial passages in nude mice by transplantation of 10 x 10¢
tumor cells i.p., or as solid tumors by transplantation of tumor
fragments (se¢ Note 3). Cell suspensions for i.p. or i.b. transplant
were obtained from ascites harvested from the peritoneal cavity or
from subcutaneously growing tumors or peritoneal tumor masses,
enzymatically digested.

1.

Culture medium for ID8 cell line: Dulbecco’s modified Eagle
medium (DMEM), 10% v/v fetal calf serum (FCS), and
1% v/v l-glutamine.

. Standard cell culture medium appropriate for A2780 and

IGROVI cell lines: Roswell Park Memorial Institute (RPMI)
1640 medium, 10% v/v fetal calf serum (FCS), and 1% v/v
l-glutamine.

. Washing mediums: Phosphate-buftered saline (PBS) and Ca**/

Mg?**-free Hanks’ balanced salt solution (HBSS).

. Trypsin—EDTA solution: 0.25% w/v Trypsin and 0.02% w/v

EDTA in Ca*/Mg?**-free PBS.

. Trypan blue solution (0.4% w/v).

. A 25 pL. Hamilton syringe with a 26G needle.
. Surgery table at 37 °C.
. Sterile surgical instruments: Scalpel, scissors, and forceps.

. Surgical thread (nylon, 70 cm, RB-1 needle) and metal wound

clips (9 mm).

. Inhalational anesthetic isoflurane (induction of anesthesia:

3—4 %; maintenance: 2-3%).

. Betadine antiseptic solution.

3 Methods

3.1 Preparation
of the Tumor Cell
Suspension

from Culture

. Cultured tumor cell lines are prepared using standard proto-

cols (see Note 4) standardized for ID8, A2780, or IGROV1
cell culture, as detailed below; other cell lines might require
modifications.

. Four or five days before the experiment, split the cells (1:10—

1:20) and plate them in 75 ¢cm? flasks ensuring that they do not
grow over semi-confluence. Calculate the time required to
obtain approx. 6-8 x 10 cells in each flask (see Note 5).

. Change the culture medium 24 h before harvesting cells for

injection in the mice.
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. Control the condition of the cells before detaching, empty the

medium, and wash the monolayer once with PBS.

. Empty PBS from the flask, overlay with trypsin—-EDTA solu-

tion, and pour oft (leave a thin layer).

. A minute later, tap the flask until the cells come away from the

surface.

. Add 10 mL of complete medium containing FCS (to neutral-

ize the trypsin), pipette up and down in order to obtain a
single-cell suspension, and then transfer into a 50 mL polypro-
pylene conical tube (see Note 6).

. Pellet the cells by centrifugation (290x4 for 10 min), wash

twice again with HBSS, and pellet each time.

. Count cells using trypan blue exclusion dye and adjust the cells

to a concentration of 2 x 103 /mL.

. Kill mice bearing tumors, harvest ascites, as described by Oliva

et al. [18], or collect subcutaneously growing tumor or tumor
masses from the peritoneal cavity as described by Ricci et al. [8].

. Centrifuge ascites or cells obtained after enzymatic digestion

(see Note 7) of solid tumor masses (290 x g for 10 min), wash
twice again with HBSS, and pellet each time.

. Count cells using trypan blue exclusion dye (or any other stan-

dard procedure) and adjust the cells to a concentration of
1x108/mL (see Note 8).

Cell suspension is obtained from cell lines, or from ascites, or from
enzymatic digestion of solid tumor masses, as described above.

1.

Anesthetize mice with isoflurane and place on the surgery table
warmed at 37 °C. If necessary, shave mice on one side to allow
rapid, clean surgery. Work in aseptic/sterile conditions.

2. Disinfect the skin with Betadine.

. Make a 1-2 c¢m lateral midline skin incision to access the left

ovary (see Note 9) and exteriorize the ovary and the oviduct.

. Inject 1 x10° ovarian cancer cells in 5-10 pL HBSS under the

bursa of the ovary of the mice, using a Hamilton syringe with
a 26-gauge needle (Fig. 1a).

. Replace the ovary in the peritoneal cavity and close the incision

with surgical thread and the skin with metal wound clips. Disinfect
the skin with Betadine.

. Follow tumor formation in the ovary and check abdominal dis-

tention twice a week. To monitor tumor formation over time
(once a week) non-invasive bioluminescence or fluorescence
optical imaging techniques can be used for cell lines carrying the
luciferase or a fluorescent gene (e.g., A2780-luc, IGROV1-luc,
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Fig. 1 Orthotopic transplant procedure. (a) Picture representing tumor cell injection into the left ovary, as
detailed in the text. (b) Representative photo of the reproductive tract of a mouse bearing a PDX orthotopically
in the ovary and removed at autopsy. (c) Representative histological image of ovarian structures (follicles with
oocytes, white arrows) recognizable in some neoplastic masses, indicating the accuracy of injection. Scale

bar=50 pm

or ID8-luc cell lines [18, 24]) (see Note 10). Otherwise, for
tumors that cannot be labeled with the dyes (e.g., PDX), tumor
formation over time can be followed by non-invasive ultrasound
(US) or magnetic resonance imaging (MRI) (see Note 11).

. Kill mice at the first sign of discomfort and record the time as

survival. For ethical reasons, 3-5 mL of ascites (corresponding
to 20% of increased body weight) and 1.5-2.0 g of estimated
tumor weight (considering 1 cm®=1 g) are considered the
endpoints of the study.

8. At autopsy, harvest ascites, record the volume, and collect the

peritoneal organs to establish tumor burden and dissemina-
tion. Images and measure of tumor in the ovary and peritoneal
cavity organs can be acquired with a macrodigital imaging sys-
tem (Fig. 1b). Two independent scientists should do a com-
plete autopsy on each mouse, using a dissemination/invasion
score to rate the representative organs of the peritoneal cavity
(liver, diaphragm, omentum, pancreas, uterus/ovary, and
lymph nodes [18, 26]).

. Fix tissues in formalin and embed in paraftin (FFPE) or snap-

freeze for turther histological (Fig. 1¢), immunohistochemical,
or molecular analyses [27] (se¢e Note 12).

4 Notes

. To ensure reproducible results, we recommend standardization

of the animal source and characteristics and carefully monitoring
husbandry conditions and animal health. For guidelines for lab-
oratory animal care and use we refer the reader to ref. 29.

. All cell lines growing in vitro (murine and human) can be

manipulated to express luciferase or fluorescent proteins such as
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green fluorescent protein (GEP) [30], red fluorescent protein
(RFP) [31], near-infrared proteins (mCherry [32], Katushka
[33]), or infrared fluorescent proteins [ 34 ], in order to facilitate
the imaging and monitoring of tumor development and pro-
gression in the mouse ovary, and metastasis formation in vivo, in
a rapid and sensitive manner within days or weeks. We suggest
the lentivirus infection based on the Gateway® Technology [35],
which provides stable expression of the gene of interest [24].

. PDX should be used at the earliest passage possible after estab-
lishment from patients and should not be maintained in mice
for too many passages (approx. 3-5). PDX of different pas-
sages should be stocked frozen in liquid nitrogen; a new batch
from the stock should be recovered to guarantee the pheno-
typic stability of PDX.

. Cell lines should be grown and stocks stored frozen in liquid
nitrogen. Stocks should be checked and should be free of
mycoplasma. Cell lines should not be maintained in culture for
long periods in order to avoid changes in their growth and
metastatic behavior. Once every 1-2 months (approx. 10-15)
of continuous in vitro culture, a new batch from the stock
should be recovered to guarantee the phenotypic stability of
the cell line and reproducibility of the results.

. Culture confluence affects tumor growth and metastatic behav-
ior. It is important that the cell culture is in growth phase.
Cells maintained in culture for too long without passage are
hard to detach from the plastic (see use of trypsin in Note 6),
and will be difficult to dissociate and produce in a cell suspen-
sion, ultimately, losing their viability.

. The length of trypsinization affects tumor growth and the meta-
static potential of cells; therefore make sure that you do not
over-trypsinize. Cells need to be evenly dispersed. Use only sus-
pensions containing single cells with >90% viability. Dead cells
do not form tumors; but they influence the behavior of the via-
ble cells. The single-cell suspension is influenced by how the
cells are prepared. Most small clumps can be eliminated by gen-
tle pipetting. Try to avoid using small-bore pipettes or syringes,
as too small a diameter can result in cell death.

. Enzymatic digestion: Cut tumors into small pieces (1-3 mm)
keeping them in chilled medium. Transfer pieces to a clean tube,
add digestion medium (collagenase I, 200 U/mL+DNAse,
270 U/mL), and leave on ice for 20 min to allow the enzymes
to soak in. Agitate at 37 °C for 30 min to allow enzymes to act
on fragments. Allow aggregates to settle for 5 min and slowly
decant the single-cell suspension through 100 pm cutotf Falcon
strainers. Centrifuge the suspension at 200 x4 for 10 min at
4 °C and wash twice with medium without serum.
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8.

9.

10.

11.

An accurate count is not always possible because of cell clumps.
To avoid errors try to standardize the counting method.

Injection into the left ovary is preferable, as the spleen and
pancreas can help locate the ovary in order to permit a smaller
skin incision.

A cell line expressing luciferase (e.g., ID8-luc, A2780-luc,
IGROV1-luc) can be used to monitor tumor development and
progression in the ovary of mice, and metastasis formation
in vivo, in a rapid and sensitive manner within days or weeks,
using non-invasive bioluminescence imaging (BLI). “Luc” cells
are obtained by transfecting or infecting cells with the luciferase
gene (e.g., /uc2) and are inoculated in mice as described above.
Luciferase generates bioluminescence on conversion of its sub-
strate, luciferin, into oxyluciferin. Luciferin is injected i.p. to the
mice (150 mg/kg body weight), and the resulting biolumines-
cence is imaged after 10 minutes with the use of an optical imag-
ing system. Alternatively, cells can be labeled with fluorescent
proteins and tumor growth under the bursa of the mouse ovary
is monitored by fluorescence imaging (FLI) techniques.
To quantity tumor burden, light emission from a single mouse
is quantified as total photon counts. Photon emission is
recorded as pseudo-color images representing the spatial dis-
tribution of photons emerging from active luciferase of fluo-
rescent cells in the animal. Overlaying the grayscale (body of
reference photograph) and pseudo-color images enables one
to locate tumors in the animal (Fig. 2a). For each group and
each time point, the mean BLI or FLI signal in the selected
ROI is calculated and plotted against days after tumor trans-
plantation in a histogram (Fig. 2b) [18, 24].

We suggest shaving C57BL/6 black-haired mice and in
general mice with fur or using depilatory cream to expose the
skin and allow a higher BLI or FLI signal.

Tumor development and progression in the ovary of mice, and
metastasis formation in vivo, can be followed in days or weeks
with US or MRI. These techniques are useful for fresh tumors,
such as PDX or GEMs, which cannot be labeled with biolumi-
nescent or fluorescent dyes. For US, tumor growth is imaged
using a transducer with the appropriate frequency for the
desired resolution; US images are recorded digitally and tumor
areas measured by manually tracing the outline of the tumor
using the dedicated software. The software then calculates the
area within the outline [36, 37], representative of tumor bur-
den. For MRI, gadolinium-based contrast agent should be
injected to permit high-resolution serial imaging with mini-
mum scanning duration, allowing quantification of the tumor
volume over time. MRI data are comparable to caliper-based
measurements taken at autopsy [ 38].
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12. To analyze tumor vasculature and angiogenesis in the ortho-
topic tumor or study its function (permeability and perfusion),
US and photoacoustic images are taken in vivo, using air
microbubbles as contrast agents [39, 40]. We suggest shaving
C57BL/6 black-haired mice and in general mice with fur or
using depilatory cream to improve the application of the aque-
ous ultrasonic gel on the skin and avoid background signals.

At the end of the imaging analysis, mice are killed, and
tumor in the ovary or disseminating in the peritoneal cavity
can be harvested, fixed in formalin, or frozen for immune-
histological analysis with selected antibodies against vascular
and lymphatic structures, tumor and host cells, or elements of
tumor microenvironment [24, 27].
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Fig. 2 Orthotopic tumor growth. Nude mice transplanted with IGROV1-luc under
the bursa of the ovary were monitored by BLI for tumor formation and progres-
sion in the ovary. (a) A representative mouse imaged on days 6, 20, and 27 after
tumor cells injection. (b) Tumor burden in the ovary expressed as photon counts
at different time points. Grey dots represent single mice, white columns are
mean photon counts of mice imaged on days 6, 20, and 27 (8 mice)
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Chapter 14

The Rip1Tag2 Transgenic Mouse Model
Ruben Bill and Gerhard Christofori

Abstract

The Rip1Tag2 transgenic mouse model of B-cell carcinogenesis has been instrumental in studying various
aspects of tumor angiogenesis and in investigating the response to anti-angiogenic therapeutics. Thereby,
the in-depth assessment of blood and lymphatic vessel phenotypes and functionality represents key experi-
mental analyses. In this chapter, we describe basic protocols to assess tumor blood vessel morphology
(pericyte coverage), functionality (perfusion, leakiness, and hypoxia), lymphatic tumor coverage, and
tumor cell proliferation and apoptosis based on immunofluorescence microscopy analysis.

Key words RiplTag2, PNET, Insulinoma, Tumor angiogenesis, Anti-angiogenic therapy, Endothelial
cells, Immunofluorescence

1 Introduction

Generated in 1985, the Rip1Tag2 transgenic mouse model of pan-
creatic neuroendocrine tumors (PNETs) has ever since served as a
versatile tool to study various aspects of tumor angiogenesis. In
this model, the simian virus 40 large T-antigen (12g) oncogene is
expressed under the control of the rat insulin gene promoter (Rép)
leading to multifocal development of insulin-producing p-cell car-
cinoma (insulinoma) of the islets of Langerhans in the pancreas
[1]. Whereas all p-cells present in the approximately 400 islets of
Langerhans contain the property to express the 7ag oncogene at
birth, stochastically occurring additional genetic and epigenetic
events are required for successful stepwise carcinogenesis. Such an
event is for example the acquired capability to express insulin-like
growth factor 2 (IGF2). Only about 1-2% of all islets eventually
progress into highly vascularized solid tumors [2]. Finally,
Rip1Tag2 mice start to die between weeks 12 and 14 of age due to
the tumors’ excessive production of insulin resulting in fatal hypo-
glycemia (see Notes 1 and 2, [3]).

Primary tumor growth in the RiplTag2 mouse model is highly
dependent on active tumor angiogenesis. The acquisition of new
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blood vessels (i.c., the angiogenic switch) has been shown to be a
critical event in order to progress from hyperplastic lesions to ade-
noma, which is a prerequisite for further development into invasive
tumors (carcinoma) [4]. Furthermore, tumor growth is prevented
in Rip1Tag2 mice with a p-cell-specific deletion of the major pro-
angiogenic molecule VEGF-A [5]. In the following years, the
Rip1Tag2 model has revealed important insights into the functions
of key angiogenesis mediators by their f-cell-specific deletion or
transgenic expression [6-12]. In addition, this PNET mouse
model has proven highly instrumental for preclinical validation of
eligible biological or pharmacological anti-angiogenic compounds,
some of which have been subsequently successfully implemented
into clinical practice [13].

Tumor angiogenesis is generally considered to be overshoot-
ing, producing abnormal vessels with poor pericyte coverage and a
highly fenestrated endothelial layer, thus promoting leakiness and
increased interstitial fluid pressure. Intriguingly, despite an abun-
dance of pro-angiogenic factors, regional differences in blood ves-
sel perfusion can result in hypoxic areas with low pH [14]. The
delivery of chemotherapeutic agents to tumors is hampered because
of hypo-perfused areas and increased interstitial fluid pressure
caused by the abnormal vasculature. Vessel-normalizing interven-
tions have been shown to increase chemotherapy availability in
tumors [ 15, 16]. Key to the identification of quantitative and qual-
itative tumor blood vessel characteristics, i.e., vessel functionality,
are methods based on immunofluorescence (IF) analysis.

In this chapter, we provide a simple workflow for routine
assessment of the most important parameters of tumor blood ves-
sel characteristics in RiplTag2 mice. Analysis of blood vessel
microvessel density (MVD; i.e., the number of CD31-positive
blood vessels per tumor area) provides quantitative insights into
the extent of angiogenesis. This can be further complemented by
injecting fluorescently labeled lectin (typically fluorescein/FITC
or Texas Red) into the mice prior to euthanization to label the ves-
sel lumen and to assess the percentage of actually patent (i.e., per-
fused) tumor blood vessels. Similarly, leaky vessels are identified by
extravasation of FITC-labeled dextran. Pericytes are perivascular
cells localized on the abluminal site of endothelial cells, sharing a
common basement membrane and stabilizing the vessel tube. To
date, a marker exclusively expressed by pericytes has not been iden-
tified [17]. However, the marker neuron-glia antigen 2 (NG2)
known to be expressed by pericytes is commonly used to assess
pericyte coverage of tumor blood vessels in the RiplTag2 model
when combined with a staining for CD31 [3]. In the RiplTag2
model, staining for a-smooth muscle actin, a marker often used to
visualize perivascular cells, only results in a strong staining around
large blood vessels, but not around capillaries. To estimate the
consequences of an experimentally altered MVD on tumor
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oxygenation, the aforementioned characterization of the tumor
vasculature can be complemented with the assessment of tumor
hypoxia. Intraperitoneally (i.p.) injected pimonidazole hydrochlo-
ride (HCI) is chemically reduced in hypoxic areas, and the resulting
pimonidazole adducts can be visualized by IF staining.

Lymphatic vessels represent an alternative route for metastatic
spread in addition to tumor blood vessels. Indeed, the transgenic
expression of VEGF-C or D in p-tumor cells of RiplTag2 mice,
VEGEF family members known to induce lymphangiogenesis, mas-
sively increased peritumoral lymphatic coverage and promoted
lymph node metastasis [10, 18]. Assessing the peritumoral lym-
phatic coverage of tumors of RiplTag2 mice therefore provides
insights into lymphangiogenesis-promoting or -inhibiting mecha-
nisms (see Note 3).

The ultimate readout of most experimental manipulations in
the RiplTag2 mouse model is the impact on tumor volumes
(see Note 4). To assess the basis of changes in tumor growth, anal-
ysis of tumor cell proliferation by staining for phospho-histone H3
(pH3) and of tumor cell apoptosis by staining for cleaved caspase
3 (cCasp3) can give first insights into the mechanisms underlying a
potentially altered tumor burden. In addition, performing a com-
bination staining for CD31 with pH3 or cCasp3 reveals the amount
of proliferating and dying endothelial cells, respectively.

The methods presented in this chapter are meant to allow a
routine workflow as a basis for further morphological, biochemi-
cal, and molecular biology experiments. While the protocols pre-
sented here have been specifically described for the use with the
RiplTag2 transgenic mouse model, they have proven to be func-
tional in a variety of other mouse models of cancer, including
xenograft and syngeneic tumor transplantation models and other
transgenic mouse models of cancer.

2 Materials

Ripllng2 mice

Depending on the source and genetic background, Rip1Tag2
mice start to die approximately at the age of 12—-14 weeks. Due to
this short survival, the mouse colony has to be constantly bred to
prevent loss of the line. In addition, due to the complications caused
by the tumor insulin production during pregnancy and nursing,
Rip1Tag2 females are not being used for breeding. RiplTag2 mice
should be strictly kept in a C57BL/6 background, since the genetic
background of the mice significantly affects tumorigenesis [19].
Hence, heterozygous transgenic males are bred with wild-type
C57BL/6 females. Both heterozygous females and males are used
for experiments. Although no apparent gender-dependent pheno-
typic differences in terms of tumor development have been
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2.1 Lectin or Dextran
Injection and Mouse
Perfusion

2.2 Tissue Fixation
and Gryopreservation

2.3 Cryosectioning
and Immunofiuo-
rescence Staining

observed, it is recommended to stratify experimental groups based
on sex. Genotyping of the mice is performed by employing the
primers Tagl 5’ GGACAAACCACAACTAGAATGCAG and Tag2
5’ CAGAGCAGAATTGTGGAGTGG. The resulting PCR product
has a size of 449 kb.

1.

10.
11.

12.

L s

ul

® N e

N

Fluorescein Lycopersicon Esculentum (Tomato) Lectin
(FITC-Lectin; Vector Laboratories/Reactolab), diluted in
sterile PBS to 1 mg/ml.

. Dextran Fluorescein (FITC-Dextran; Life Technologies),

anionic, lysine fixable, 70,000 MW, dilute in sterile PBS to
1.25 mg/ml.

Pimonidazole Hypoxyprobe (TM-1 Omni Kit Hydroxyprobe
Inc.), pimonidazole HCI plus rabbit antisera, dilute in sterile
PBS to 6 mg/ml.

Ethanol 70 % spray.

Surgical scissors.

Forceps.

Insulin syringe, BD Micro-Fine, 29G.

Anesthetic, according to the locally licensed compounds for
terminal anesthesia (e.g., Pentobarbital).

“Butterfly,” BD Valu-Set, 25G.
Syringe, 10 ml.

PBS (sterile for diluting lectin, dextran, and pimonidazole;
non-sterile for mouse perfusion and tissue processing).

PBS/4 % PFA.

PBS /4% PFA.
PBS/20% sucrose.

. Optimal cutting temperature (OCT) compound (Tissue-Tek).

Embedding mold for frozen tissues.
Dry ice pellets.
Ethanol 100 %.

Cryotome.
Microscope slides.
Cover slips.

Liquid blocker, Super Pap Pen (Daido Sangyo Co., Ltd.
Tokyo, Japan).
PBS (non-sterile).

6. PBS/0.2% Triton X-100.

PBS /5% or 20 % normal goat serum (ngs).
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DAPT 1:10,000.
Fluorescent Mounting Medium (Dako) (see Note 5).

Primary antibodies, dilutions:

CD31, rat (BD Pharmingen, 550274), 1:50.

Cleaved Caspase-3 (cCasp3; Cell Signaling, 9664), 1:50.
Insulin, guinea pig (Dako, A0564), 1:200.

LYVE-1, rabbit (RELIATech, 103-PA50S /0412P02-2), 1:200.
NG2, rabbit (Chemicon, AB5320), 1:100.

Phospho-Histone H3 (pH3), rabbit (Millipore, 06-570),
1:200.

Pimonidazole, rabbit (Hypoxyprobe Inc.), antibody included
in “Pimonidazole Hypoxyprobe TM-1 Omni Kit”, 1:25.

SV40 Large T antigen, rabbit (Santa Cruz, sc-20800), 1:50.

Secondary antibodies, Alexa labeled (Molecular Probes/Life
Technologies).

3 Methods

3.1 Injections,
Systemic Perfusion,
and Excision

of Pancreas

(See Also Note 6)

. Inject all animals with pimonidazole 60 mg/kg (inject 100 pl

per 10 g mouse body weight of a 6 mg,/ml solution) intraperi-
toneally 1-2 h prior to euthanization (se¢ Note 7).

. If the anesthetic licensed for terminal anesthesia provides fast

narcosis, the intravenous (i.v.) injection of FITC-lectin or FITC-
dextran can be performed in non-anesthetized animals, fol-
lowed by anesthesia (methods adapted from refs. 16, 20, 21).

. For the injection of FITC-lectin, inject 100 pl of FITC-lectin

i.v. into the tail vein (0.1 mg/mouse, perfuse after 10 min).

. For the injection of FITC-dextran, inject 200 pl of FITC-dextran

i.v. into the tail vein (0.25 mg/mouse, perfuse after 5 min).

. For the perfusion, anesthetize the mouse with an ultra-deep

(terminal) and fast-acting anesthesia as licensed by the local
veterinary office (see Note 8).

. Pin the extremities of the animal on a dissection pad, spray it

with ETOH 70%, and incise the skin and the underlying peri-
toneum with a horizontal cut immediately candal of the costal

arch using scissors. Now, the candal surface of the diaphragm
should be visible.

. Grab the processus xiphoidens with forceps and induce a pneu-

mothorax by incision of the diaphragm. The resulting collapse
of the lungs prevents them from damage potentially caused
during the dissection procedure. Introduce the scissors carefully
along the interior surface of the ribs in direction of the axilla
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3.2 Cryosectioning
and IF Staining

10.

11.

12.

13.

and cut the ribs. Repeat this on the other side. Free the result-
ing flap containing the cut ribs and the sternum from remaining
candnl attachments to the diaphragm, fold it, and pin it over
one of the shoulders on the surface. Now, a free look on the
collapsed lungs and the heart should be possible.

. Introduce the needle of the butterfly into the left ventricle of

the heart (due to the oxygenated arterial blood it shows a
lighter red color than the right ventricle) and cut into the right
atrinm to open the circulation and provide an opening for the
perfused solution.

For the perfusion of FITC-lectin-injected animals, perfuse the
FITC-lectin-injected animal slowly with 10 ml ice-cold
PBS /4 % PFA for immediate fixation, immediately followed by
10 ml ice-cold PBS (see Note 9).

For the perfusion of FITC-dextran, perfuse the FITC-dextran-
injected animals slowly first with 10 ml ice-cold PBS to wash
out the intravascular dextran, immediately followed by the
perfusion with 10 ml ice-cold PBS/4% PFA for fixation
(see Note 10).

In order to dissect the pancreas (and other abdominal organs
such as the liver), widen the existing abdominal incision to
have free access to the abdominal organs. Move the intestine
to the right side of the animal and identify the spleen. Pull the
spleen carefully. This helps to identify the pancreas, which is
the yellowish tissue containing red, vascularized tumors and is
connected via the ligamentum pancreato-lienale to the spleen.

Dissect the pancreas, rinse it briefly in PBS to get rid of blood,
measure the diameter of the macroscopic tumors using a ruler,
and fix the tissue as soon as possible in cold PBS/4%
PFA. Incubate the tissue in PBS /4 % PFA for 2 h while rotat-
ing at 4 °C, followed by overnight incubation at 4 °C in
PBS/20% sucrose.

On the next day, prepare a bath with dry ice pellets covering
the floor of a Styrofoam container and add ethanol 100 % (see
Notes 11 and 12). Snap-freeze the tissues in optimal cutting
temperature (OCT) freezing solution in the ethanol /dry ice
bath. Store samples at -80 °C.

. Put frozen OCT blocks at —20 °C (into cryotome or freezer)

>30 min before starting sectioning (see Notes 13-15).

2. Cut 7-10 pm thick sections (see Note 16).

Let it dry for at least 30 min.

. Encircle the sections with a liquid blocker and let it dry for

some additional minutes.

. Rehydrate in PBS 3 x5 min (se¢e Note 17).
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Permeabilize in PBS /0.2 % Triton X-100 for 20 min.
Wash in PBS 3 x5 min.

. Block with blocking buffer (PBS/5 % ngs) for 1 h in a humid

chamber. For staining with the anti-cCasp3 antibody perform
the blocking with PBS /20 % ngs.

Replace the blocking buffer with the desired antibodies diluted
in blocking buffer. Incubate in a humid chamber overnight at
4 °C (see Note 18).

On the next morning, wash the specimen 3 x5 min in PBS at
room temperature.

Incubate for 1 h at room temperature with secondary antibod-
ies directed against the species of the corresponding primary
antibodies and labeled with Alexa fluorochromes suitable for
the filters of the fluorescence microscope available.

Wash in PBS 3 x5 min.

Incubate with DAPI diluted 1:10,000 in PBS at room tem-
perature for 10 min in a humid chamber.

Wash in PBS 3 x5 min.

Mount slides with cover slips using DAKO mounting medium
(see Note 19). Avoid air bubbles.

Let slides dry (in the dark) for some hours at room tempera-
ture. Then transfer them to 4 °C and analyze the slides within
few days.

We recommend acquiring the images using a 20x magnifica-
tion for the assessment of MVD, pericyte coverage, vessel per-
fusion, and leakiness. For the analysis of the hypoxic area
fraction, a 10x magnification is recommended.

For image analysis we routinely employ Image] image process-
ing and analysis software.

4 Notes

. Although the RiplTag2 mice used in different laboratories

around the globe originate from the same founder line, breed-
ing in isolation over years has led to interesting phenotypic
differences even when kept in a pure C57BL /6 background.
Notable differences in survival, lymph node, and liver metasta-
sis at baseline and upon anti-angiogenic therapy, and the
extent of intra- and peritumoral lymphangiogenesis, can be
detected when screening the literature [3, 11, 21-26].

Rip1Tag2 mouse survival can be extended by the administra-
tion of food pellets consisting of 60% glucose starting from
the age of around 9 weeks.
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3. Insulinoma in the RiplTag2 model only rarely displays intra-

tumoral lymphatic vessels. Instead, they can be found at peri-
tumoral location. Whereas peritumoral lymphatic vessels in
RiplTag2 single transgenic mice only cover less than 10% of
the tumor circumference, almost complete lymphatic coverage
can be achieved by intercrossing RiplTag2 mice with Ripl-
VEGEF-C or D transgenic mice [3, 10].

. Tumor volumes of macroscopic tumors (>1 mm diameter) are

assessed by measuring the diameter of each tumor, calculating
the volume assuming a spherical shape (volume=(4/3)*n*
(diameter/2)?), and summing up the resulting volumes per
mouse.

. DAKO mounting medium can be replaced with Mowiol.

6. Blood vessel perfusion and leakiness can in principle be analyzed

in the same mouse by co-injecting FITC-dextran and Texas-
Red-labeled lectin. However, this reduces the possibilities of
future IF co-staining, since the “green” and the “red” channels
are occupied in this setting. Additionally, please note that DAPI
is always accompanying the IF stainings. Therefore, we usually
split the mouse cohorts into three groups. All the animals
receive an injection of pimonidazole, one-third of the animals
FITC-lectin or FITC-dextran, respectively, and one-third pimo-
nidazole only. Furthermore, tissues from the latter group can be
conveniently used for RNA or protein isolation, since the pimo-
nidazole injection alone does only require a (immediate) post-
dissection fixation in PBS /4 % PFA, but not a systemic PBS /4 %
PFA perfusion prior to organ dissection, as it is the case for
FITC-lectin- and FITC-dextran-injected animals.

. Pimonidazole HCI displays a half-life of about 0.25 h in mice.

To avoid artifacts introduced by hypoxia/anoxia during the
euthanasia and dissection procedure, pimonidazole levels in
the systemic circulation should therefore be sufficiently low at
the time of euthanasia. Therefore, the manufacturer recom-
mends to dissect the mice 1-2 h (the chosen time point should
be strictly kept for all the animals in the same experiment) after
injection, using a fast euthanasia technique (cervical disloca-
tion rather than CO, suffocation) [27].

. In principle, mice could also be perfused shortly after death by

CO, suffocation. If mice are co-injected with pimonidazole,
however, CO, suffocation should be avoided (se¢ Note 7). In
this case, any terminal anesthesia method licensed by the rel-
evant veterinary office can be employed to obtain a humane
peri-mortal perfusion.

. Changing from the syringe containing 10 ml PBS to the 10 ml

syringe containing PBS /4 % PFA should ideally be performed
by a second assisting person. Like this, the needle can remain
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in the exact same position in the left ventricle preventing the
creation of holes in the myocardium of the left ventricle that
could reduce the perfusion quality.

If the perfusion with PBS is incomplete, remaining intravascu-
lar FITC-dextran can be distinguished from extravascular (i.e.,
leaking) FITC-dextran by visualizing the blood vessels with a
staining for the endothelial cell marker CD31.

Styrofoam containers, which are often used to ship laboratory
materials, can easily be recycled for the purpose of freezing
tissues. Please make sure that you take a container that does
not leak.

To prevent vanishing of markings made on the embedding
molds, use an alcohol-resistant lab marker and fill the ethanol
only to a level below the markings.

Prevent prolonged handling of OCT blocks at room tempera-
ture because the OCT solution should not thaw. If rapid trans-
fer from the -80 °C freezer to the cryotome or -20 °C freezer
is not possible, transport the OCT blocks cooled.

Short-term storage of OCT blocks at —20 °C for a few days is
possible, although not recommended. In addition, avoid leav-
ing the OCT blocks in the cryotome overnight, since some
machines display temperature fluctuations.

Protect sections from light throughout the whole experiment,
especially if FITC-lectin or FITC-dextran is present in the
respective tissue.

Since cutting sections of larger experiments containing numer-
ous OCT blocks often take some hours, the time the different
sections are drying may vary. To account for potential “batch
eftects,” the order of the OCT blocks processed should not be
according to the experimental groups, but random instead.

All washing and the permeabilization step (if not otherwise
indicated) can be performed by putting the sections as a batch
in one container gently shaking on a tumbling table at room
temperature.

Alternatively to overnight incubation with the primary anti-
bodies, the incubation can also be shortened to 1 h at room
temperature in a humid chamber (do not forget to protect the
specimen from light).

Insulinoma can be easily distinguished from the surrounding
exocrine pancreas based on the more dense distribution pat-
tern of the DAPI-stained nuclei. Pancreatic lymph nodes dis-
play a densely packed nuclei distribution pattern as well, but
nuclei are more densely distributed and smaller than observed
in insulinoma. If required, tumor cells can be specifically visu-
alized by staining for insulin or SV40 large T antigen.
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Importantly, it has been described that a subpopulation of
insulinoma in the Rip1Tag2 mouse model loses insulin expres-
sion but remains positive for SV40 large T antigen expression
[28]. Therefore, SV40 large T antigen appears to be a more
sensitive marker to detect tumors (and metastases) in this
model. On the other hand, the quality of the IF staining on
cryosections for insulin is significantly better than that for
SV40 large T antigen.
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Chapter 15

Tumor Blood Vessel Visualization

Clarissa Gillmann and Tobias Bauerle

Abstract

Noninvasive multimodal imaging of tumor blood vessels allows the qualitative and quantitative assessment
of morphological, functional, and molecular features of tumor angiogenesis longitudinally in a living
organism. In this chapter we focus on the application of magnetic resonance imaging (MRI), computed
tomography (CT), ultrasound (US), and positron emission tomography (PET) in tumor blood vessel
visualization on the example of breast cancer bone metastasis in a nude rat model. Thereby, materials and
methods are described that are needed to obtain complementary data on tumor vascularization from these
imaging techniques.

Key words Magnetic resonance imaging, Computed tomography, Ultrasound, Positron emission
tomography, Angiogenesis, Tumor vessels, Angiography, Dynamic-contrast-enhanced imaging

1 Introduction

Angiogenesis is an essential feature of cancer growth and metastasis
formation. Experimental imaging techniques from radiology and
nuclear medicine allow the investigation of various aspects of
tumor blood vessels longitudinally in a living organism. Thus,
angiogenesis might be characterized on the morphological, func-
tional, and molecular level using noninvasive in vivo imaging with-
out the need of repetitive histological evaluations.

For tumor blood vessel visualization in small animals, various
imaging modalities are employed that differ significantly concern-
ing methodology and acquired information. Here, the focus is on
complementary techniques from radiology and nuclear medicine
such as computed tomography (CT), magnetic resonance imaging
(MRI), ultrasound (US), and positron emission tomography (PET).
CT and MRI are utilized to visualize blood vessel morphology and
architecture, but also functional data like regional blood volume,
perfusion, and vessel permeability can be acquired by dynamic
image acquisition after contrast media application (dynamic con-
trast-enhanced CT or MRI; DCE-CT, DCE-MRI) [ 1-3]. Particular
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strengths of US and PET are on the molecular level regarding vessel
function that might be determined in real time by US and PET
imaging of molecular epitopes of endothelial cells assessed with
molecular probes [4, 5]. Related to the different methodology of
these imaging modalities, the available contrast agents and radio-
tracers differ accordingly. For MRI and CT, gadolinium- and
iodine-containing agents may be used, respectively, while ultra-
sound requires the intravenous application of gas-filled microbub-
bles. For PET, positron emitters are administered (e.g., '*F or ®Ga),
e.g., attached to a specific ligand and the respective epitope for
molecular imaging.

Here, we focus on CT, MRI, US, and PET presenting materi-
als and methods for tumor blood vessel imaging in vivo. The fol-
lowing protocols were optimized for visualizing angiogenic
processes in experimental breast cancer bone metastases growing
in the hind leg of nude rats and may be adapted for other purposes
and species (see ref. 6 for details on the animal model).

2 Materials

2.1 Imaging
Modalities

For noninvasive imaging of tumor blood vessels, appropriate imag-
ing modalities and contrast agents or radiotracers are needed along
with consumables for animal preparation. Analysis of imaging data
is performed with image processing software (see Note 1).

Dedicated preclinical scanners are available from various compa-
nies, e.g., small animal MRI systems from Bruker (Ettlingen,
Germany), hybrid scanners for PET/SPECT /CT like the Inveon
system from Siemens (Erlangen, Germany), or the ultrasound
devices from FujifilmVisual Sonics (Toronto, Canada). As an alter-
native, scanners for human use might be used, often at the cost of
decreased temporal and spatial resolution. Nevertheless, optimiza-
tion of clinical scanners with suitable hard- and software may result
in appropriate imaging properties for small animal imaging.

For the protocol described here, we used a human MR system
(1.5T Symphony, Siemens, Germany) in combination with a
home-built radiofrequency excitation and detection coil dedicated
for rat imaging. The coil was designed as a cylindrical volume reso-
nator with an inner diameter of 83 mm and a usable length of
120 mm. CT scans were performed on a prototype of a flat panel
equipped volumetric computed tomograph (Volume CT, Siemens,
Germany). The clinical system Acuson Sequoia 512 with a 1518
linear transducer was used for US investigations (Siemens-Acuson,
Mountain View, USA) and PET studies were performed on an
ECAT EXACT HR+ scanner (Siemens, Germany).



2.2 Intravenous
Administration

2.3 Contrast Agents
and PET Tracers

2.4 Image
Postprocessing
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Contrast agents and PET tracers (compare Subheading 2.3) are
administered intravenously in the tail vein via a catheter (se¢ Note 2).
For rats we use Introcan Safety W (24 Gx3/4”, 0.7x19 mm,
B. Braun, Germany) catheters in combination with a 1 ml Soft-Jet
syringe (Henke Sass Wolf, Germany). For mice, a needle (Sterican
30 Gx1/2",0.3x12 mm) inserted in a flexible tube (Smiths Fine
Bore Polyethylene Tubing, 0.28 mm inner diameter, 0.61 mm outer
diameter, Smiths Medical, USA) might be used. How to insert a
catheter into the tail vein as well as how to prepare a catheter for
mice are explained in Subheading 4.

Various contrast agents and PET tracers are available. For our stud-
ies, we administered the following concentrations of the given
products:

1. MRI: 0.1 mmol/kg Gd-DTPA (Magnevist, Bayer-Schering,
Germany).

2. CT: 1 g lodine per kg (Imeron 400, Bracco, Germany).
3. US: 1.6 ml/kg (SonoVue, Bracco, Italy).

4. PET: 5-10 MBq 8F-deoxyglucose (*¥F-FDG, from any local
vendor).

As alternative to the abovementioned radiotracer for PET (8F-
FDQG), specific radiopharmaceuticals for specific imaging of molecular
structures of angiogenic vessels may be synthesized, e.g., for integrins
alpha (v) beta 3 and 5 (for more specific information, see ref. 5).

Weigh each animal and calculate the individually needed amount
of contrast agent (weight adapted administration). Dilute contrast
agent/tracer with sodium chloride (NaCl) (concentration: 9 g
154 mmol/1 Na* and 154 mmol/1 CI- in 1000 ml) to obtain the
appropriate concentration/activity. The total injection volume (con-
trast agent/tracer diluted in NaCl) should be approximately 0.5 ml
for each animal (rat; approx. 0.1 ml for mice) (see Note 3).

Dedicated software tools (e.g., Osirix Imaging Software, Image])
canvisualize image datasaved in Digital Imagingand Communications
in Medicine (DICOM) format (see Note 4). Morphologic parame-
ters of blood vessel formation (e.g., from angiography) can be deter-
mined with (semi-)automatic or manual segmentation tools (e.g.,
Chimaera GmbH, Germany). The quantification of functional
parameters such as amplitude A (associated with blood volume) and
exchange rate constant %, (associated with perfusion and vessel per-
meability) obtained from dynamic contrast-enhanced studies
requires specific analysis tools (e.g., Dyna Lab (Mevis Research,
Bremen, Germany) or Osirix’ DCE plug-in (Osirix Imaging
Software) for DCE-MRI and DCE-CT and Qontrast (Bracco, Italy)
for DCE-US).
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3 Methods

3.1 Animal
Preparation

3.2 Magnetic
Resonance Imaging

Following animal preparation (Subheading 3.1), multimodal data
acquisition (Subheading 3.2-3.5), postprocessing, and analysis
(Subheading 3.6) are the most important methods for tumor
blood vessel visualization. The respective procedures are described
below.

1.

Anesthetize the animal with inhalation of oxygen (0.5 1/min)
and isoflurane (1.5 vol.%). As an alternative, intraperitoneal
injection anesthesia might by administered.

. Apply moist cream to the animal’s eyes to prevent drying dur-

ing anesthesia due to incomplete closure of the eyelids.

. For US, animals should be shaved in the respective imaging

region, or as alternative, a depilatory cream might be used.

. Insert a catheter into the tail vein for contrast agent/tracer

application and connect a syringe to the catheter that contains
the respective contrast agent/tracer.

. Maintaining the inhalation anesthesia, place the rat in the MR

system with the volume of interest (tumor) being close to the
most homogeneous part of the coil.

. Tune the volume coil according to the animal’s weight (see

Note 5).

. Start imaging with a localizer-sequence.
. Manually adjust frequency, transmitter, and 3D shim (se¢ Note 5).

. Use a short, low-resolution morphologic sequence to locate

the tumor and to determine the volume of interest (e.g., a
T2-weighted turbo spin echo sequence with the following scan
parameters: repetition time (TR): 3240 ms, echo time (TE):
81 ms, resolution: 0.6x0.2 mm?, slice thickness: 1.5 mm,
averages: 3, acquisition time (TA): 3:40 min).

. Apply a Tl-weighted pre-contrast sequence to obtain mor-

phology before contrast agent injection (e.g., a 3D Fast low
angle shot (FLASH) sequence with TR: 1430 ms, TE: 58 ms,
flip angle: 35°, slice thickness: 1.5 mm, TA: 5:30 min).

. Determine an appropriate region of interest (either a single

slice or a volume) and start the sequence for DCE-MRI (e.g.,
a saturation recovery turbo flash sequence, TR: 373 ms, TE:
1.86 ms, nominal resolution: 1.5x1.5 mm?, slice thickness:
5 mm, measurements: 512, averages: 1, TA: 6:55 min). After
approximately 30 s, begin to inject the contrast agent over a
time period of 10 s.

. Copy the T1-pre-contrast sequence and apply it again to obtain

post-contrast images.
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Amplitude A Exchange rate
constant kep

Fig. 1 Axial MR sections. Left panel, T2w MRI; middle panel, amplitude A (DCE-MRI, associated with blood
volume); right panel, exchange rate constant k., (DCE-MRI, associated with perfusion and vessel permeability)
according to the pharmacokinetic model of Brix. Arrows point at bone metastases. The color map for DCE-MRI
data ranges from red (high values) to blue (low values). Arrows point at bone metastasis. Figure reprinted with
permission from [14]

9. The total time for the abovementioned procedures to perform
a magnetic resonance imaging (MRI) examination is approxi-
mately 20-25 min per animal.

10. Using the protocol described above, examples from morpho-
logical and functional MR imaging of a breast cancer bone
metastasis in a rat’s hind leg are shown in Fig. 1.

3.3 Computed 1. Place the rat on the scanner under inhalation anesthesia.
Tomography (CT)

[\

. Use the following scan parameters: tube voltage: 80 kV, tube
current: 50 mA, rotation speed: 10 s, frames per second: 120,
matrix: 512 x 512, slice thickness 0.2 mm, and scan time: 51 s.

3. Inject the contrast agent during the second rotation of the flat
panel system (acquire at least one rotation before administra-
tion of the contrast agent to obtain the baseline level of unen-
hanced images).

4. The total time for the abovementioned procedures to perform
a CT examination is approximately 5-10 min per animal.

5. Reconstruct images with a modified Feldkamp Davis Kress
(FDK) cone-beam reconstruction algorithm (kernel H80a,
Afra, Germany).

6. Using the protocol described above, examples from morpho-
logical and functional CT imaging of a breast cancer bone
metastasis in a rat’s hind leg are shown in Fig. 2.
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VCT
Native Angiography DCE-VCT (PE)

Fig. 2 3D CT reconstructions of the osteolytic bone metastasis (/eft panel) and an angiography (middle panel)
as well as a DCE-CT section in axial orientation from the parameter peak enhancement (associated with blood
volume, right panel). The color map for DCE-CT data ranges from red (high values) to blue (low values). Arrows
point at bone metastasis. Figure reprinted with permission from [14]

3.4 Ultrasound (US) 1. Maintaining anesthesia, place the rat under the transducer and
fix the US transducer on the respective volume of interest
using a tripod.

2. Apply US gel between the transducer and the skin of the ani-
mal (rub the gel mildly onto the skin to avoid air bubbles).

3. Perform B-mode imaging (transmission frequency: 17 MHz;
mechanical index: 0.51) to determine the region of interest
within the tumor (e.g., largest diameter) and fix the transducer
in this position. Add Doppler signal on B-mode images for
information on tissue perfusion.

4. For dynamic contrast-enhanced US (DCE-US) set the US
device in cadence-contrast pulse sequencing (CPS) mode
(transmission frequency: 7 MHz; mechanical index: 0.18).
Inject the microbubbles and record a cine loop of 90 s length.

5. Performing a US examination with the abovementioned pro-
cedures takes approximately 10-15 min per animal.

6. Using the protocol described above, examples from morpho-
logical and functional US imaging of a breast cancer bone
metastasis in a rat’s hind leg are shown in Fig. 3.

3.5 Positron As the animal’s diet usually contains glucose, animals should fast at
Emission Tomography  least for 4 h before positron emission tomography (PET) imaging
(see Notes 6 and 7).

1. Position the animal in the axial plane of the PET scanner to
maintain best resolution in the center of the system.

2. Perform a transmission scan (10 min) to account for attenua-
tion correction of dynamic emission data.
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Doppler

Fig. 3 US images from B-mode (morphology, /eft panel), Doppler (perfusion, middle panel), and contrast-
enhanced US (CEUS; right panel, peak enhancement after injection of microbubbles from real-time imaging of
vascularization) of a bone metastasis. Figure reprinted with permission from [14]

3.6 Postprocessing
and Analysis
of Imaging Data

. Inject radioactivity (here: ¥F-FDG).

4. Start PET protocol. Dynamic acquisition over 60 min includ-

ing 28 frames: ten frames of 30 s, five frames of 120 s, eight
frames of 300 s, nominal resolution: 2.3x2.3x2.4 mm?3. For
static acquisition, the time of imaging is reduced, accordingly.

. When using a hybrid scanner (e.g., PET/CT), a subsequent

CT scan might be combined with the PET examination with-
out moving the animal that facilitates easy co-registration (see
Note 8).

. Using the protocol described above, examples from PET imag-

ing of a breast cancer bone metastasis in a rat’s hind leg are
shown in Fig. 4(see Note 9).

. Morphological information from MRI, CT, and US can be used

to determine location, size, and volume of the soft-tissue tumor
(MRI, US) and the skeletal destruction (CT) (se¢ Note 10).

. Branching pattern of vessels and the altered macrovessel archi-

tecture in tumors (angiography) can be visualized by both CT
and MRI data. Reconstruct 2D or 3D images using the infor-
mation of the arterial phase. For MRI, subtract pre-contrast
from post-contrast T1-weighted images (Sequences 6 and 8 in
Subheading 3.2) to obtain a subtraction image for determina-
tion of strongly vascularized regions.

. The vascular parameters amplitude A (associated with blood

volume) and exchange rate constant k., (associated with perfu-
sion and vessel permeability) can be obtained by analyzing
DCE-MRI data with Dyna Lab software (Mevis Research,
Bremen, Germany) based on pharmacokinetic models (e.g.,
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Fig. 4 '®F-FDG PET images in coronal (left panel), axial (right upper panel), and
sagittal orientation (lower panel) of a bone metastasis. Besides FDG uptake in the
bone metastasis, there is physiological accumulation in the heart and urinary
bladder by blood and urine, respectively. Arrows point at bone metastasis

the two-compartment model of Brix [7] or Tofts [8]). As
alternative quantification method of vascular parameters from
DCE data, parameters derived from the signal-intensity-ver-
sus-time curve can be associated with vascularization and per-
fusion (e.g., area under the curve, peak enhancement, time to
peak; see ref. 2).

. DCE-US can be quantified by analyzing cine-loops according

to the implemented bolus injection model (e.g., with Qontrast
post-processing software, Bracco, Italy). Place the region of
interest (ROI) over the tumor and determine either descriptive
factors (e.g., area under the curve) or (semi-) quantitative
parameters from color-coded maps, e.g., regional blood vol-
ume, regional blood flow, and filling time.

. Time-activity curves from volumes of interest (VOIs) can be

retrieved by analysis of PET data. Place one VOI over the aorta
to obtain the blood concentration of the tracer. Position other
VOlIs over the tumor and normal tissue. Apply partial volume
correction according to the size of the VOIs. The recovery is
0.85 for a diameter of 8§ mm and 0.32 for a diameter of 3 mm.
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The standard model for FDG is a two-tissue compartment
model, providing the following parameters: the transport
parameters for ¥F-FDG into and out of the cell (k1 and k2),
the parameters for phosphorylation and dephosphorylation of
the intracellular F-FDG (k3 and k4 ), and the fractional blood
volume (VB, also called vessel density) that reflects the amount
of blood in the volume of interest [9-11].

4 Notes

. All procedures and methods used in small animals require the

approval of the respective local animal committee.

. For inserting a catheter into the tail vein: Anesthetize the rat.

Moderately warm the tail, i.e., with warm water or an infrared
lamp, until veins are clearly visible (please be careful with the
heat). Insert the needle into the tail vein. Then fix the catheter
on the tail using tape and replace the syringe containing NaCl
with a syringe containing contrast agent.

. In the calculation of the contrast agent injection volume, bear in

mind possible dead volumina and boli (syringe, etc.). Do not
allow any air bubbles in the catheter. Rinse the catheter and all
possible dead volumes with NaCl before injecting contrast agent.

. Monitoring systems are useful to monitor the animal during imag-

ing (especially breathing and temperature). MR-compatible sys-
tems are available, e.g., from SA Instruments, New York, USA.

. Tuning the MRI volume coil becomes the more important the

smaller the coil is as small coils are more sensible to loading
than big volume coils are. Furthermore, perform manual
adjustments of frequency, transmitter, and 3D shim for each
MRI examination (for each animal): Manual adjustments are
usually done after the localizer and before start of the imaging
protocol. In addition, make sure that the subsequent sequences
of the protocol adopt the manual adjustments.

. For multimodal comparison of the respective data between the

techniques, all four imaging modalities can be performed
sequentially in the same animal. Co-registration of images
from the different modalities is facilitated when the same posi-
tioning device is used, at least for MRI, CT, and PET.

. The noninvasive character of imaging furthermore allows the

investigation of therapeutic effects upon anti-angiogenic or
standard therapies for vascularized tumors in longitudinal stud-
ies. Choose the most suited modality and imaging technique
according to the drug’s mechanism of action. As an example,
for assessing treatment response to vascular endothelial growth
factor (VEGF) inhibitors or multityrosine kinase inhibitors
(e.g., including VEGF/VEGFR), DCE-MRI, DCE-CT, and



172

Clarissa Gillmann and Tobias Bauerle

DCE-US are feasible. Thereby, DCE-MRI and DCE-US
revealed response to therapy within 2 days after onset of the
multityrosine kinase inhibitor sunitinib malate (Bayer Healthcare,
Germany) [4].

. Furthermore, molecular and metabolic aspects of targeted

treatments might be acquired with PET by specific radiotracers
and kinetic modeling of imaging data. As an example, the
small-molecule inhibitor of integrins alpha (v) beta 3 and 5
cilengitide (Merck, Germany) could be monitored calculating
the vascular fraction VB from dynamic "F-FDG PET acquisi-
tion [9]. Furthermore, specific radiotracers like ®*Ga-DOTA-
E[c(RGDfK)] [2] might directly visualize alpha (v) beta 3 and
5 expression in tumors [5].

. For the validation of noninvasively acquired imaging parameters,

the correlation of these surrogate parameters with histologic
results is pivotal. Quantitative data from kinetic modeling such as
blood volume and vessel permeability depend largely on vessel
maturation and diameter that can be determined by immunos-
tainings for smooth muscle actin (SMA) and collagen IV [12].

10. When using different species like mice or rabbits, the given

materials and methods have to be adjusted regarding animal
preparation (e.g., contrast agent dosage), scanner and hardware
proportions (e.g., scanner gantry, MR coils), imaging protocols
(e.g., acquisition time, sequence parameters), and postprocess-
ing (e.g., presettings for kinetic modeling). Most experimental
scanners for CT, MRI, and PET are suitable for mice and rats,
while rabbits are often examined in human systems. Experimental
US devices are usually suited for mice, rats, and rabbits.

Further information and examples of applying these imaging
techniques in a nude rat model with bone metastases growing
in the hind leg can be found, e.g., in the following references:
MRI:[3,12,13];CT:[1,2]; US:[4]; PET: [5, 9]; Correlation
of imaging data with histology: [12].
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Chapter 16

Uncovering Metaholic Effects of Anti-angiogenic Therapy
in Tumors by Induced Metabolic Bioluminescence Imaging

Stefano Indraccolo, Stefan Walenta, and Wolfgang Mueller-Klieser

Abstract

Induced metabolic bioluminescence imaging (imBI) is an imaging technique which enables detection of
various metabolites associated with glycolysis in tumor sections. Signals captured by imBI can be used to
chart the topographic distribution of lactate, glucose, pyruvate, and ATP and quantify their absolute
amount. ImBi can enable us to perform metabolic classification of tumors as well as to detect metabolic
changes in the glycolytic pathway associated with certain therapies, such as anti-angiogenic drugs.

Key words Tumor xenografts, Bioluminescence, Glycolysis, Angiogenesis, Imaging

1 Introduction

Angiogenesis plays an essential role in tumor growth and metasta-
sis and tumor angiogenesis pathways have been identified as impor-
tant therapeutic targets in many types of cancer. Vascular endothelial
growth factor (VEGF) is one of the key cytokines driving tumor
angiogenesis. By targeting the tumor-associated microvasculature,
VEGEF signaling inhibitors cause vessel pruning, which is followed
by hypoxia and reduced supply of other nutrients [1—4]. Since
anti-angiogenic drugs do not have, in general, direct effects of
tumor cells, the therapeutic activity of these drugs is almost entirely
dependent on its modulation of the supportive functions of the
tumor microenvironment. Albeit still hypothetical, it is quite pos-
sible that the metabolic status of tumor cells can enable them to
either succumb or adapt to the starving effects on anti-angiogenic
therapy. Tumor metabolism could eventually represent a factor
that influences tumor response to VEGF inhibitors.

Imaging techniques are extremely valuable both to perform
metabolic profiling of tumors and to uncover metabolic fluctua-
tions caused by drugs. With regard to anti-angiogenic therapy,
some of these techniques have been used to measure the uptake of
selected metabolites in tumors, such as PET [5], whereas others,
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including hyperpolarized *C spectroscopy [6] and proton NMR
[7], enabled quantitative assessment of certain metabolites in
experimental tumors.

We were the first to exploit a technique termed induced meta-
bolic bioluminescence imaging (imBI) to investigate metabolic
perturbations associated with anti-VEGF therapy [5, 8]. Notably,
although somewhat limited by the small number of metabolites
which can be analyzed, imBI provides an accurate representation
of the steady-state levels of the metabolites, matching them to the
histology of the tumor section.

The imBI technique has been developed in the laboratory at the
University of Mainz to detect metabolites in cryo-sections from
snap-frozen tissue in situ [9-11] (see Note 1). The data obtained
therefore reflect a “snapshot” of the momentary metabolic status of
biological tissues. Self-made kits containing definite exogenous
enzymes and cofactors are used as “metabolic sensors” to achieve
high specificity and sensitivity. Heat inactivation of endogenous
enzyme activities in the tissue sections of interest immediately before
imBI measurement avoids interference with exogenous enzymes
within the kit. Substrate saturation is prevented by providing all
components of the kit in excess. The enzymatic activity induced by
the metabolite of interest in the target tissue is biochemically cou-
pled via the NAD(P)H + H* redox system to luciferases leading to
light emission, i.e., to bioluminescence. The intensity of this low-
level light emission is proportional to the tissue content of the
respective metabolite. The biochemistry for the detection of ATP,
glucose, pyruvate, and lactate via imBI is illustrated diagrammati-
cally in Fig. 1. Since a specific enzyme mixture has to be prepared for
each metabolite of interest, the imBI technique allows for the detec-
tion of only one metabolite per section. On the other hand, section
thickness is adjusted in most cases to values in the range of 10-20 pm,
and thus different metabolites can be determined in serial sections at
a quasi-identical location within a tissue. Furthermore, a specific
computerized overlay technique using metabolic and structural
imaging allows for the determination of metabolite concentrations
within selected histological tissue areas.

The rest of this chapter is devoted to the methodologic descrip-
tion of this valuable imaging technique and its applications in the
field of tumor angiogenesis. It is important to remark that both
experimental and clinical tumor samples can be analyzed by imBI,
as reviewed elsewhere [9] (see Note 2).

2 Materials

2.1 CGells

The ovarian cancer cell line OC316 was a kind gift of Dr. Silvano
Ferrini (IST, Genova, Italy) and can be purchased from the IRCCS
AOU San Martino core facility ICLC (http: //www.iclc.it).
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Fig. 1 Schematic of the biochemistry of induced metabolic bioluminescence imaging (imBlI): Detection of (a)
ATP and (b) glucose, lactate, pyruvate. (a) ATP immediately takes part in the bioluminescence reaction of fire-
flies (Photinus pyralis). (b) Glucose, lactate, and pyruvate are enzymatically converted to a common intermedi-
ate metabolite, NADH + H* or NADPH + H*. Subsequently, the coenzyme enters the bioluminescence reactions
of Photobacterium fischeriyielding light emission proportional to the initial metabolite concentration (modified
according to [9]). Abbreviations: Enzymes: hexokinase (HK), glucose-6-phosphate-dehydrogenase (G6PDH),
lactate dehydrogenase (LDH), glucose-pyruvate-transaminase (GPT), pyruvate-dehydrogenase (PDH), NAD(P)
H:FMN-oxidoreductase (NFO), bacterial luciferase (b-luciferase), firefly luciferase (f-luciferase). Metabolites:
glucose-6-phosphate (G6P), 6-phospho-gluconolactone (6-PGL)

2.2 Mice Eight-week-old SCID mice were purchased from Charles River
(Calco, Italy).

3 Methods

3.1 Generation Procedures involving animals and their care conformed with insti-

of Subcutaneous tutional guidelines that comply with national and international

Tumor Xenografts laws and policies (EEC Council Directive 86,/609, OJ L 358, 12

December, 1987). For tumor establishment, 8-week-old SCID
mice (Charles River) were subcutaneously injected into both flanks
with 0.3-0.5x 10 tumor cells mixed at 4°C with liquid Matrigel
(Becton Dickinson). Tumor volume (mm?) was calculated as previ-
ously reported [8].

Starting from the day of inoculum, the animals were inspected
twice weekly and tumors measured by caliper; tumor volume was
calculated as (length x width?)x 0.5. At the end of the experiment,
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Fig. 2 Schematic of the protocol used to generate subcutaneous tumor xenografts and treatment with the
anti-angiogenic drug bevacizumab

3.2 Anti-angiogenic
Treatment

3.3 ImBI Analysis

3.3.1 Specific Detection
of Tissue Metabolites

3.3.2 Localization
of Tissue Metabolites

the mice were killed by cervical dislocation. The tumors were har-
vested by dissection, weighted, and snap-frozen in LN2 for imBI
analyses (see Note 3).

In a set of experiments, when the average tumor volume had
reached 15050 mm?, the anti-human VEGF monoclonal anti-
body (mAb; bevacizumab) was administered intraperitoneally at
100 mg/dose every other day three times, and mice were sacrificed
48 h after the last treatment. Control mice received intraperitoneal
injections of PBS (Fig. 2) [8].

1. For processing of the tissue specimens the frozen biopsy is
embedded in Tissue Tek® (O.C.T.™ Compound; Sakura
Finetek Europe B.V.,; Alphen aan den Rijn, The Netherlands)
on a sample holder of a cryomicrotome (SLEE cryostat, Type
MEV; SLEE, Mainz, Germany).

2. Serial sectioning is then performed precisely at a temperature
between —20 and -12 °C depending on the tissue composition of
the specimen. As indicated in the upper panel of Fig. 3, two paral-
lel channels are driven into each biopsy by a specially designed
“micro-fork.” Sectioning perpendicular to these channels leads to
two holes in each section. These holes make it possible to precisely
overlay sequential sections and, thus, to co-localize different
parameter values in different adjacent sections.

1. The spatial resolution of imBI is generated by a sandwich tech-
nique providing a homogeneous contact between enzyme
cocktail and tissue section (Fig. 3).

2. An excess volume of enzyme solution is pipetted into a casting
mold within a metal slide.

3. A cover glass with a tissue section adhered is laid upside-down
onto the enzyme solution within the casting mold. This pro-



Uncovering Metabolic Effects of Anti-angiogenic Therapy in Tumors by Induced... 179

(I) sample preparation

=" glucose

* lactate . {

@ @ ‘pyruvate}

= microscope
® e © €D
‘ ‘ lactate H&E
raw images ATPf glucose

Fig. 3 Schematic of the procedure of induced metabolic bioluminescence imaging (imBl). () Sample prepara-
tion: The frozen tissue sample is precisely punctured by a small fork (a). Subsequently, serial cryo-sections are
prepared (b). Each section is adhered on a cover glass (c) and heat-inactivated (not shown). (/) A casting mold
(d) is filled with an appropriate enzyme solution (e). Inmediately before measurement, a section on a cover
glass is immersed into the enzyme solution (f). This “sandwich” is inserted into a thermostated chamber
mounted on the stage of a microscope (g). The light emission is registered by an EM-CCD camera connected
to a computer. (//h Using an image analysis software (h), the raw images are processed, analyzed, calibrated,
and finally expressed as color-coded images (i). Pinpricks (a) within the biopsy provide landmarks for a correct
overlay of corresponding images

vides complete contact between tissue and enzyme solution,
which has been kept in a liquid state at the measuring tempera-
ture. The contact between substrate and enzyme mixture then
initiates the bioluminescence reaction.

4. The sandwich is put on the thermostated stage of a microscope
(Axiophot, Zeiss, Oberkochen, Germany) within a light-
impervious chamber.

5. An ultrasensitive back-illuminated EM-CCD camera (iXo-
nEM+ DU-888; Andor Technology PLC, Belfast, UK) con-
nected to the microscope enables the registration of the
low-light bioluminescence intensity with the optics focused on
the tissue section plane.

6. The image signal is transferred to a computer for image analysis.
By integrating the light emission intensities over a selected time
interval, a two-dimensional density profile is obtained represent-
ing the two-dimensional metabolite distribution across the tissue
section.
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3.3.3 Quantification 1. Using appropriate standards, which are handled in exactly the
of Tissue Metabolites same way as the tissue of interest, bioluminescence intensities can
be transformed into absolute tissue concentrations of the respec-
tive metabolite, e.g., in micromoles per gram of tissue (pmol/g)

which corresponds approximately to mM in solution.

2. Routine standards are obtained by mixing cryo-embedding
medium (Tissue-Tek®) with defined amounts of substrate.

3. The frozen medium is then cryo-sectioned and processed in

the same way as the tissue of interest.

4. The calibration allows for the illustration of the two-
dimensional substrate distribution in a color-coded manner, as

indicated in Fig. 4.
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Fig. 4 Induced metabolic bioluminescence imaging (imBI) of lactate and pyruvate in a human head and neck
squamous cell carcinoma (HNSCC) xenografted in a nude mouse. Sequential cryo-sections (each showing two
punched holes for overlay) were used for hematoxylin and eosin (H&E) staining and imaging of lactate and
pyruvate concentrations. For structure-associated evaluation, defined histological areas were delineated:

tumor tissue (TU), skeletal muscle (MU), and skin (SK) (modified according to [9])
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3.3.4 Combined
Quantification
and Localization
of Metabolites

3.3.5 Structure-
Associated Metabolite
Detection

and Co-localization

. This procedure is applicable to all metabolites specified above.

6. Light intensity is also influenced by the microscopic magnifica-

tion, since pixel density per unit image area and, hence, light
intensity are much lower at a high magnification and vice versa.
Other factors with impact on light intensity are the viscosity of
the enzyme solution, the measuring temperature, the light
integration interval, or the quantum efficiency of the biolumi-
nescence reaction itself. And all these factors are mutually
related and not at all independent of each other. In essence,
the concert of these factors determines the sensitivity of the
technique being on the micromolar level.

. High sensitivity and high spatial resolution are contradicting

demands, but the advantage of imBI is its versatility in adjusting
the measuring conditions towards either resolution or sensitivity
depending on the requirements of an actual experiment.

. Spatial resolution is restricted at a low viscosity and high tem-

perature of the enzyme solution and at long light integration
interval. Such conditions favor lateral diffusion of metabolites
and enzymes resulting in a “smearing out” the gradients in the
metabolic profiles.

. For most measurements in tumor biopsies, experimental set-

tings are chosen in a way that the minimum detectable sub-
strate concentration is around 100 pmol /g with a spatial linear
resolution of around 100 pm (see Note 4).

. Keeping the former sensitivity of detection, the spatial resolu-

tion can be adjusted to 20 pm in imaging metabolic gradients
in multicellular spheroids adjusting an appropriate registration
temperature and viscosity of the enzyme solution.

. Using serial sections, a section can be stained for the histologi-

cal structure, e.g., with hematoxylin and eosin (H&E), fol-
lowed by sections stained for the various metabolites.

. The “two-hole technique” allows for an exact, computer-

assisted overlay between the sections. Such an overlay makes it
possible to detect the bioluminescence signals in a structure-
associated way, i.e., within selected histological areas, such as
viable tumor regions, stromal areas, or necrosis. The strategy is
exemplified in Fig. 4.

. Co-localization studies can be extended to virtually all param-

eters which can be visualized in cryo-sections, e.g., mRNAs
detected by in situ hybridization, proteins assessed by immu-
nostaining, or functional parameters, such as blood perfusion
imaged by fluorescent stains or hypoxic cells identified by
pimonidazole [12].
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3.4 Conclusions:
Applications of ImBI
in the Field of Tumor
Angiogenesis

ImBI proved to be an extremely useful technique to investigate
modulations in the concentration of metabolites in tumors treated
with anti-angiogenic drugs. In tumor xenografts, we observed a
dramatic reduction in glucose and ATP levels in the tumor micro-
environment following anti-VEGF therapy (Fig. 5) [8]. Such
changes, nicely visualized and quantified by imBI, led us to specu-
late that glucose-addicted tumors could be particularly vulnerable
to the effects of VEGF blockade. In line with this prediction, the
amount of necrotic area in the highly glycolytic tumors was much
larger compared with values found in poorly glycolytic tumors [8],
thus connecting a metabolic trait of tumor cells to a histologic pat-
tern of response to VEGF neutralization. Importantly, the hypoth-
esis that highly glycolytic tumors could be highly responsive to
antiangiogenic drugs has been recently validated in a clinical trial
with the antiangiogenic drug cediranib [13].

4 Notes

1. It is highly recommended that metabolic tissue banks (in lig-
uid nitrogen) should be set up by big clinical centers. We have
shown [9] that metabolites can be cryo-preserved for more
than 10 years.

2. The speed of cryo-fixation is indeed critical, but it can be done
and organized in an appropriate way even in the clinical setting
in the operation hall.

3. To prevent loss of ATD, it is critical to remove tumors from the
subcutaneous tissue and freeze them in liquid nitrogen within 20 s.

4. In our routine technology, the minimum detectable substrate
concentration is around 100 pmol /g of viable tissue. Taking a
given thickness of the cryosection used of 10 pm and a section
area of 1 cm?, this corresponds to a minimum detectable abso-
lute amount of substrate (i.c., the substrate content of one
cryosection) of around 10 pg. By reducing the section thick-
ness, increasing the enzyme components in the detection cock-
tails, and optimizing the photon registration technique it is
possible to detect minimum substrate concentrations in the
nmol /g range.
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Fig. 5 Metabolic effects of anti-VEGF therapy in tumors measured by bioluminescence imaging. a: H&E staining as
well as color-coded distributions of ATP and glucose in sequential cryo-sections from representative 0C316 tumors
treated or not with the anti-VEGF mAb A4.6.1 (100 pg/dose, three doses given every other day). The concentration
values were color-coded, with each color corresponding to a defined concentration range in umol/g. b: Metabolite
concentrations in 0C316 tumors treated or not with A4.6.1. Values were derived exclusively from vital tumor regions.
ATP and glucose values were calculated from n=12—32 sections from 4 to 10 different tumors (reproduced from [8])
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Chapter 17

Quantitation of Tumor Angiogenesis In Vitro: An All-In-One
Angiogenesis Assay

Mahtab Bahramsoltani and Ward De Spiegelaere

Abstract

In vitro angiogenesis systems enable the analysis of pro- or anti-angiogenic compounds. Most in vitro
models do not reproduce the entire angiogenic cascade, from cell migration and proliferation to tube
formation. Here, we describe an all-in-one angiogenesis assay that mimics the entire angiogenic cascade
in vitro, rendering this model an ideal tool for the in vitro testing.

Key words In vitro angiogenesis, Quantitation, All-in-one assay, Tumor-induced angiogenesis,
Pro-angiogenic factors, Angiogenic cascade

1 Introduction

In vitro models of angiogenesis represent a cost-efficient tool for
quantitation as well as investigation of the cellular and molecular
mechanisms of tumor-induced angiogenesis [1—4]. They allow
identification of direct effects on endothelial cell function and the
analysis of isolated processes that contribute to angiogenesis [2].
Most of these models are based on static systems using monocul-
tures of microvascular endothelial cells [5, 6]. According to the
phases of sprouting angiogenesis in vivo, most of the in vitro assays
are designed to quantify migration, proliferation, or tube forma-
tion of endothelial cells [1, 2,4, 7-10]. Therefore, quantitation of
angiogenesis in vitro is carried out most frequently using three dit-
ferent angiogenesis assays to consider all phases of the angiogenic
cascade [1-4, 11].

The all-in-one in vitro angiogenesis assay presented here is
based on long-term cultivation of microvascular endothelial cells.
Observation of endothelial morphology during long-term cultiva-
tion reveals a similar cascade of events and morphological changes
of endothelial cells to angiogenesis in vivo also angiogenesis.
Although these morphological changes are not equal to the
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morphology of angiogenesis in vivo, they form a close mimic to
the in vivo changes of angiogenesis [ 12—-15]. By long-term cultiva-
tion of microvascular endothelial cells and staging the morphologi-
cal changes during the process of angiogenesis in vitro, quantitation
of all phases of the angiogenic cascade can be carried out in one
single assay [12].

2 Materials

. Human microvascular endothelial cells of different origin

(Lonza Biosciences, Verviers, Belgium) (see Note 1).

2. EGM-2 MV BulletKit (Lonza Biosciences, Verviers, Belgium).

w

N O\ U

. ReagentPack Subculture Reagents (Lonza Biosciences, Verviers,

Belgium).

. Factors /substances/tumor-conditioned media to be tested.
. 1.5% Gelatine in 0.01 M PBS, pH 7 4.
. Culture well plates, 6- and 24-well.

. Medium for negative controls by supplementing the basal

medium only with 2% FBS (see Note 2).

. Medium for positive controls by mixing the growth medium as

suggested by the distributors (sec Note 3).

. Medium for the samples by adding the substances or growth

factors to be investigated (also tumor-conditioned media can
be used) to the basal medium supplemented with 2% FBS.

3 Methods

3.1 Thawing
and Expansion
of Microvascular
Endothelial Gells

Carry out all procedures that require the opening of the well plates
in a laminar flow hood.

1.

2.

Prepare the endothelial cell growth medium containing all
supplements according to the distributor’s instructions. Warm
up the medium at 37 °C in a water bath.

Add 1 ml 1.5% gelatine in each well of 6-well plates and put
the well plates for 30 min in an incubator at 37 °C. Remove
the remaining gelatine and cover the wells with culture medium
in order to prevent the gelatine from drying out. Put the 6-well
plates back to the incubator.

. Thaw the microvascular endothelial cells as suggested by the

distributors. Seed the cells in a concentration of 2.1-2.3x 105
cells per well into the gelatine-coated 6-well plates.

. Subculture the cells before reaching confluence until attain-

ment of a sufficient cell yield for the experiments (see Note 4).
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3.2 Seeding
and Gultivation
of Microvascular
Endothelial Gells

3.3 Documentation,
Staging,

and Quantitation

of Angiogenesis

In Vitro

1.

Prepare four gelatine-coated wells (as described in Subheading 3.1,
step 2) of 24-well plates for each case: negative controls, positive
controls, and each sample (se¢ Notes 5 and 6).

. Seed the microvascular endothelial cells in a concentration of

4.1-4.5x10* cells per well.

. Cultivate the microvascular endothelial cells over a period of

30 days by refreshing the media every 3 or 4 days.

. After seeding of the cells, randomly choose four visual fields in

each well (two visual fields from the border area and two visual
fields from the center of the well) using phase-contrast micros-
copy (see Note 7). Save the coordinates of the visual fields
automatically if possible; otherwise list them manually.

. Beginning with day 2, when the vast majority of the cells become

adherent, take photographs of the defined visual fields every sec-
ond day using phase-contrast microscopy (sec Note 8).

. Assign to each photograph one of the defined stages of angio-

genesis in vitro (see Note 9) based on subjective assessment (see
Note 10) as follows:

Stage 1: Confluent monolayer (see Note 11). More than 50%
of the cells are polygonal shaped (Fig. 1).

Stage 2: Endothelial sprouting. More than 50 % of the cells are
elongated shaped (Fig. 1).

Stage 3: Linear side-by-side arrangement. More than 50% of
the cells are linearly arranged (Fig. 2).

Fig. 1 Human microvascular endothelial cells derived from the skin. Polygonal (red
arrow) and elongated (blue arrow) shaped cells. Phase-contrast microscopy, 100x
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Fig. 2 Human microvascular endothelial cells derived from the skin. Linearly
arranged cells (arrow). Phase-contrast microscopy, 100x

Fig. 3 Human microvascular endothelial cells derived from the heart. Network of
linearly arranged cells. Phase-contrast microscopy, 100x

Stage 4: Networking. The linearly arranged cells detach from
the monolayer and form an overlying network (Fig. 3). The
cell layer on the bottom of the well starts to dissolve and loses
confluence (see Note 12).

Stage 5: Three-dimensional organization, early phase.

Appearance of the first capillary-like structures within the net-
work (Fig. 4). Capillary-like structures are defined as linear
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Fig. 4 Human microvascular endothelial cells derived from the heart. Capillary-
like structure (arrow) within a network of linearly arranged cells. Phase-contrast
microscopy, 100x

structures of endothelial cells with a diameter of more than
28 pm (see Note 13). Dissolution of the cell layer proceeds on
the bottom of the well (see Note 14).

Stage 6: Three-dimensional organization, late phase. Linear
structures of endothelial cells represent capillary-like structures
predominately.

. For quantitation of angiogenesis calculate first the sum of the

assigned stages for each visual field and second the arithmetic
mean of the sums for the 16 visual fields of each case
(87%;j=1,...,16),1.c., negative controls, positive controls, and
each sample.

. For determination of the proangiogenic effect of the substances

to be tested within the samples, calculate the ratio of the arith-
metic mean of the visual fields of each sample and the arithme-
tic mean of the visual fields derived from the cells for positive

control incubated in the growth medium ($*™* /

Spositive control )

4 Notes

. This model can also be performed with human umbilical vein

endothelial cells (HUVEC).

. This medium composition serves for the negative controls as it

turned out to retain cell survival but did not result in any
angiogenic response of the endothelial cells.
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3.

10.

11.

12.

This medium composition serves for positive controls as it
stimulates angiogenic endothelial cells to run through all stages
of angiogenesis in vitro within 30—40 days.

. Preliminary studies showed that the results for each batch of

microvascular endothelial cells do not differ using the cells
until passage 5.

. It is recommended not to use the wells on the margins of the

well plate as the morphology of the cells in these wells turned
out to be very different from the other wells.

. Internal validation studies revealed that representative quanti-

tation can be carried out in four wells of 24-well plates [16].

. Internal validation studies revealed that representative quanti-

tation can be carried out in four visual fields per well [16].

. Even using a motorized stage the visual fields adjusted ditfer

slightly at the different investigation days. However, this fact
does not have any influence on the results, as the morphology
of the cell layer does not alter abruptly.

. Applying the growth medium, batches of microvascular endo-

thelial cells are defined as angiogenic, which run through the
stages of angiogenesis in vitro reaching at least stage 4. Batches
of microvascular endothelial cells reaching not more than stage
3 are defined to be non-angiogenic [14, 15]. As the last men-
tioned are not useful for angiogenesis assays, it is reccommended
to test the angiogenic potential of each batch of microvascular
endothelial cells by cultivating the cells in the provided growth
medium prior to their application in the study.

Internal validation studies include staging of angiogenesis
in vitro by different investigators [ 16]. The results showed that
staging carried out by equally experienced investigators only
lead to slight differences in stage assignment of at most one
stage in the early stages 1-3 of angiogenesis in vitro. As the
same visual field was assessed repeatedly in the same way by the
same investigator, it is recommended to carry out staging by
one individual.

There are some batches of microvascular endothelial cells
which do not form a confluent monolayer. The cells of these
batches exhibit predominantly an elongated shape over the
whole cultivation time. In these batches dissolution of the
monolayer cannot serve for staging.

There are some batches of microvascular endothelial cells
which exhibit a confluent monolayer on the bottom of the well
during the whole cultivation time. Also in these batches dis-
solution of the monolayer cannot serve for staging.
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13. Transmission electron microscopically investigations revealed
an internal lumen within linear endothelial structures with a
diameter of more than 28 pm [16].

14.

In batches of microvascular endothelial cells, which form a

confluent monolayer initially followed by the dissolution of the
monolayer, the dissolution of the monolayer can be considered
for staging if no capillary-like structures are present in the

respective visual field.
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