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Abstract

Objectives The high levels of morbidity and mortality associated with cancer can be
attributed to two main processes; the tumour’s ability to rapidly proliferate and the process
of metastasis. These key processes are facilitated by tumour-induced angiogenesis, which
causes existing blood vessels to branch off and actively grow towards the tumour providing
it with the nutrients and oxygen required for growth and the avenue through which it can
metastasise to invade other tissues. This process involves complex interactions between
tumour and endothelial cells and is at the forefront of modern biomedical research as
anti-angiogenic therapies may hold the key to preventing tumour growth and spread. This
review looks at modern co-culture systems used in the study of the tumour—endothelial cell
relationship highlighting the applications and weaknesses of each model and analysing their
uses in various tumour—endothelial cell investigations.

Key findings The tumour—endothelial cell relationship can be studied in vitro using
co-culture systems that involve growing endothelial and tumour cells together so that the
effects of dynamic interaction (either by direct cell contact or molecular cross-talk) can be
monitored. These co-culture assays are quite accurate indicators of in-vivo growth and
therefore allow more effective trialling of therapeutic treatments.

Conclusions The application of co-culture systems are of fundamental importance to
understanding the tumour—endothelial cell relationship as they offer a method of in-vitro
testing that is highly indicative of in-vivo processes. Co-cultures allow accurate testing,
which is cost effective and therefore can be utilised in almost all laboratories, is repro-
ducible and technically simple to perform and most importantly has biological relevancy.
The importance of this form of testing is such that it warrants further investment of both
time and money to enhance the methodology such as to eliminate some of the levels of
variability.
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Introduction

Cancer represents a significant healthcare burden and is one of the leading causes of
mortality and morbidity within Australia. Despite increasing research and therapeutic alter-
natives cancer still affects one in three Australians,!" highlighting the urgent need to com-
prehensively understand the mechanisms of tumorigenesis, growth and metastasis. Cancer
growth is a dynamic process largely induced and facilitated by the tumour itself as it secretes
proangiogenic factors such as platelet-derived growth factor (PDGF), hypoxia-inducible
factors (HIFs) and vascular endothelial growth factor (VEGF).>¥ These cytokines induce
angiogenesis (the branching off of new blood vessels from established vessels), which acts
to directly support the continued growth of the primary tumour by providing it with the
oxygen and nutrients it needs for survival.”! This vascularisation also provides the avenue for
metastasis whereby tumour cells migrate through the endothelium and travel around the
body to form secondary tumours in other tissues.”! The endothelial cell-tumour cell rela-
tionship is therefore of prominent scientific importance as it is pivotal to the maintenance
and metastatic potential of the tumour.

The evolution of co-culture systems provides an extremely effective biomedical tool for
assessing this relationship and examining the interactions between different cell lines as well
as cells and their supporting substrate. Utilising direct and indirect methods of co-culturing
affords a much better understanding of pathological diseases, such as neural stem cell
migration towards glioma!® or fibroblast influence over tumour growth,”® as well as
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shedding light on normal physiological events such as the
interaction of endothelial and smooth muscle cells during
vessel formation.” The increasing accuracy of these systems
is vital because all evolving candidate therapies must first pass
a range of in-vitro tests before they are able to be applied
experimentally in vivo. Therefore the relevance of these
models is integral to trialling therapies that will have the safest
and the maximum clinical benefits.

This review represents a collective analysis of the most
common co-culture systems currently used to study the endot-
helial cell-tumour cell relationship. Each method is described
in terms of its applications and is assessed based on its
strengths and limitations in providing in-vivo relevancy.

Two-Dimensional Systems

Two-dimensional (2D) co-culture systems, often referred to as
2D monoculture systems, involve plating two different cell
types cells directly on top of one another such that direct
contact occurs between the two!'” (Figure 1). This allows
visualisation of the effect that contact has on cell growth, both
in tumour and endothelial cells respectively. Cells can be
visualised for proliferation rate, cell morphology and for the
presence of early angiogenesis, as indicated by endothelial
cell migration into primary capillary-like networks.!""!
Monoculture systems are useful in that they are inexpen-
sive and technically simple to perform with the possibility of
high-throughput assaying. Cellular growth is easily monitored
by various staining techniques and thousands of cells can be
grown together within the one setup meaning that large-scale
data sets can be obtained, as summarised in Table 1. This
makes 2D monocultures beneficial in primary investigations
such as studying tumour stromal interactions'” or cellular
cytokine and adhesion profiles.!"* These benefits are presented
in a study of endothelial and tumour cells by Blaheta e al."'
In their study, they showed that physical contact between the
cells grown in a monoculture system reduced the expression
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Figure 1 2D monoculture system. Cells are seeded on top of one

another and surrounded by growth medium. Contact-mediated effects can
then be examined.
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of the adhesion molecule CD44 in endothelial cells while
concurrently down-regulating the capacity of neutrophils to
migrate towards the endothelial cell-tumour contact point.
This suggests one mechanism by which tumour cells may
metastasise in vivo and the tumour cell contact with the endot-
helium allows it to escape from the vessel while simulta-
neously decreasing the immune response which would
otherwise inhibit it. Interestingly, only direct contact such as
that which occurs in a 2D assay could induce this response
and physical separation could not cause CD44 down-
regulation. This research is supported by the work of Fan
etal."™ who compared both contact and no-contact
co-cultures and also found that the immune response of endot-
helial cells was down-regulated when in direct contact with
tumour cells. This exemplifies the benefits of co-culture
assays in understanding the physiological relationship
between cell lineages and in particular highlights the neces-
sity for a system that allows identification of those steps in the
growth, migration and apoptosis pathways that are related to
direct cell contact and those that are mediated by soluble
factors.

Despite their beneficial applications, monoculture assays
have been largely superseded by three-dimensional (3D)
co-cultures due to the drawbacks seen in their application, all
of which revolve around the fact that 2D systems fail to mirror
a number of fundamental physiological conditions and there-
fore are not highly indicative of in-vivo growth. The most
poignant limitation of the 2D monoculture assay is that it only
allows the growth of cells within a 2D platform across the
plate. This is a fundamental flaw because, like almost all
tissue growth, the process of angiogenesis and tumour growth
involves complex 3D cellular movements and interactions.
This requires both intracellular and cell substrate contact
combined with the ability of cells to perform molecular cross-
talk with other co-cultured cells."!

The inability of the 2D monoculture system to allow 3D
growth can change the properties of cells in terms of their
proliferation rate, morphology and genetic expression, a
process documented in both endothelial cells!"” (reviewed by
Kim"®) and tumour cells.” The changes in cell behaviour can
be attributed to two facets of the monoculture system. Firstly,
the lack of a supporting 3D medium, such as stroma, collagen
or fibrin, ultimately means cells cannot migrate to form
mature structures such as blood vessels and prevents cells
from interacting with one another to form 3D connections.
This drastically changes their genetic profile, alters their
normal physiological behaviour and decreases survival, all of
which dramatically reduces in-vivo relevance!” (reviewed by
Kim'™® and Olsen et al.™). Secondly, this method is a contact
system that is based on physical interaction between different
cell lineages. This contact is highly beneficial for understand-
ing the role of adhesion molecule expression and interaction
between cells such as those in the CAM family,””” however,
can impede certain investigations and alter the applicability of
candidate therapies. Primarily this contact makes it very dif-
ficult to elucidate the specific origin of cytokines due to their
uniform diffusion around the plate and due to the aggressive
nature of tumour cells it is often difficult to elucidate whether
the effects on the endothelial cells are due to the tumour-
expressed cytokines or the proliferation and domination of the
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Table 1 Summary of spheroid cultivation techniques
Assay Brief methodology Advantages Disadvantages
3D spheroid co-culture A liquid overlay method involves Inexpensive The coating of cells with alginates

Liquid overlay

3D spheroid co-culture
‘Hanging drop’

3D spheroid co-culture
Rotating wall vessel

suspending cells in a dish and
then covering them with a thin
layer of liquid such as methocel,
which does not encourage nor
facilitate adhesion of the cells.
Therefore this encourages cellular
contact rather than outwards
migration resulting in spheroid
formation.!?*!

The cell spheroids are then
harvested and applied onto a
monocultured cell lineage.

Tumour cells are surrounded by
growth medium and grown into
spheroids in droplets along the lid
of a small container where they
are held by surface tension.

The lid is then inverted and human
microvascular endothelial cells
are introduced into the medium.

The level of vascularisation is then
monitored as the endothelial cells
grow into the tumour
spheroid-droplets.

Cells are placed within a growth
medium filled vessel that is spun
causing cells to be constantly
suspended within the medium
(never resting on the walls)
leading to spheroid formation.

Large numbers of cells can be
generated

No addition of growth factors nor
external growth medium such as
fibrin or collagen is needed™"

This method can be used on a very
wide range of cancer lines®!

High levels of angiogenesis and
tumour vascularisation are seen
often higher than the levels seen
in a Matrigel system., %3738

Mimics the in-vivo
microenvironment of a tumour.!”!

Allows for the movement and
configuration of cells to form
biological structures.!'”)

There is low shear stress placed onto
the cells.*!

The circulation promotes nutrient
delivery and waste removal.l*?!

Generation of spheroids by this
method has been achieved in
many cancer cell lines, including
melanoma, prostate, breast and
colon

or other nonadhesive media can

disrupt normal growth and

impede cellular proliferation.
Heterogeneous spheroid size.?!

High levels of lactate can
accumulate within the spheroid
when cultured for extended
periods.**!

The system does not involve any
supporting matrix so
cell-substrate interactions can not
be studied.**!

This method requires precision and
care as the droplets must not be
disturbed or burst while the
experiment is underway which
can be problematic particularly
when trying to photograph/
analyse the medium at varying
time points throughout the
process and therefore this system
only allows end point analysis®®*!

Specialised machinery is required

Cell viability will begin to reduce
between 10 to 12 days in
culture.*!

tumour cells. Similarly this contact renders it difficult to

induce experimental changes onto only one cell type.

Three-Dimensional Systems

Overall, the usefulness of monoculture plating is in the
primary assessment of the growth and interaction of endothe-
lial cells and tumour cells and as such it is still largely used in
this application and as a comparison point between contact
and non-contact co-cultures. However, the poor representa-
tion of in-vivo growth and function combined with the lack of
reproducibility means that the 2D monoculture assay simply
cannot accommodate the biological complexities of angiogen-
esis and is not the ideal assay system for more complex
endothelial cell-tumour cell investigations.

Newer 3D co-culture systems far more accurately embody
the natural in-vivo process of tumour and endothelial cell
growth and of tumour-induced angiogenesis. This is largely
due to the availability of continuously dividing endothelial
cells, such as human microvascular endothelial cell-1, that
can be cultured for extended periods?!! and the use of more
complex 3D growth platforms such as Matrigel.”” There are
several standard and niche systems that have arisen to
accommodate specific tumour types or processes within the
angiogenic cascade, as represented in Table 2.
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Table 2 Comparison of 2D and 3D co-culture systems
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Assay Classification Brief methodology Advantages Disadvantages
2D Monoculture  Contact One cell lineage is grown in Inexpensive Poor representation of the
a monoculture layer at the Technically simple complex in-vivo cell
base of a medium filled Can be adapted for high throughput interactions!!®!
well and is then covered assaying!'®) Cells have a limited confluence
by a second cell type!'! Large cell numbers can be generated period
Allows for the study of primary Direct contact can change
angiogenic potential''!! cellular function and
expression!!7:!¥!
No matrix means that there is no
cellular migration!'®!
3D Contact Cells are placed in a vessel Inexpensive method Cell-to-cell contact can alter cell
Spheroid containing specific growth ~ Can generate large numbers of cells behaviour!!®!
co-culture medium, which enhances Dynamic interaction of the cells due Potential for one cell type to out
their propensity to to the 3D conform allows compete the other creating a
naturally aggregate investigation of: rate limiting step!'”)
together. This causes them » The effect of cell—cell interactions Lack of control over the addition
to form spheroids rather (also cytokine influences)* of treatments.
than grow on or into the e The third dimension of the Many spheroids do not mature
medium. The two cells are spheroid allows the configuration and remain as large, undefined
either grown together in and orientation of cells to create aggregates rather than
the one spheroid or a complex structures such as blood growing into small
spheroid containing one vessels. 182 well-defined spheroids.*!
cell type is seeded onto a * The influence of the basal
monolayer of the other!>* membrane on cell behaviours
3D Non-contact This assay is arranged with There is no direct cell contact and Expensive
Boyden one cell type grown at the therefore the effects of molecular Time consuming to set up
chamber base of a medium-filled cross talk can be examined. Highly variable results due to

well with a small filter
basket placed on top. The
base of this filter contains
a membrane and a second
cell lineage is then grown
on the surface of this
membrane.

Cells can be monitored for:
Migration or invasion through the
filter membrane under the
influence of the cellular
cross-talk.!'!

Differentiation of cells under the

influence of cytokines can be

evaluated (this is achieved by
incorporating smaller pores into
the intervening membrane such
that no cell migration can occur
but cytokine migration is still
possible!*!

Cytokine release by the cells can be
monitored by evaluation of the
growth medium.

Treatments can be readily
introduced into the system via the
growth media or membrane.

the nature of the chamber®®”!

Does not allow evaluation of
contact mediated effects

Contact Assays

Multicellular spheroids

Spheroids were designed to enhance scientific understanding
of tumour—endothelial cell relationships while improving on
the many limitations of the monoculture system. Spheroids
are 3D cellular conglomerates that are generated by exploiting
the natural propensity of cells to form aggregates when grown
within a non-adhesive medium (Figure 2). This medium
causes cells to clump and form cellular connections rather
than to grow onto, or into, a culture substance as is the case in
2D monocultures.” Spheroid design is dependent on the
investigation being undertaken; they can be individual sphe-

roids of a single cell type plated onto a second monoculture
cell layer, such as a tumour spheroid plated onto a monocul-
tured endothelial cell layer (Figure 2),** or they may be com-
prised of two different cell types in a mixed spheroid, such as
a tumour—endothelial spheroid, which is then introduced onto
a growth medium which may be embedded with a stimulatory
or inhibitory substance. No matter how the spheroid is
designed it is always a contact assay and is similar to the 2D
monoculture in that two cell lineages are plated onto one
another; however, the fact that one is present as an aggregate
fundamentally changes the growth dynamics and makes this
assay highly indicative of in-vivo tumour growth”! (reviewed
by Kim!® and Ingthorsson et al.?). This system therefore
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Figure 2 3D spheroid co-culture system. This figure shows the Matri-
gel insert, which allows 3D conformation and migration of cells. The
endothelial cells are able to form connections and migrate into primary
tubules while the spheroids consisting of tumour cells are able to readily
proliferate and stimulate the surrounding endothelial cells.

incorporates the benefits of understanding contact-mediated
cell interactions while being representative of the complex
growth patterns in vivo by utilising a 3D conformation, a
process that can not be trialled in other 3D systems such as the
Boyden chamber.

Due to this in-vivo relevance the spheroid system is a
method of choice in modern cancer research as it is relatively
inexpensive and simple to generate, largely reproducible and
allows for the evaluation of tumour—endothelial cell and
tumour—endothelial cell-substrate interactions. Supporting
this is the fact that the spheroid system manages to satisfy a
primary physiological condition — that of direct cell contact.
This contact allows cells to communicate and interact with
one another which in turn enhances cell survival and correct
functioning (reviewed by Kim!#). This replicates the in-vivo
environment where cells naturally seek connections to cells of
the same and differing lineages to determine their location,
their function and identity, illustrating why traditional 2D
monocultures of both tumour and endothelial cells are inef-
fective as they do not allow proper contact and movement and
so do not facilitate normal growth and function.**!

Cellular contact is vital for both tumour and endothelial
cell survival as tumour cells grown in a spheroid can be
cultured for almost double the period of time compared with
those grown in a 2D monolayer™™! and there is evidence that in
cervical cancer a 3D co-culture system can produce five times
the level of both endothelial cell and tumour cell growth when
compared with a monoculture plated system.!"”

The in-vivo relevancy of this system is not confined to the
aforementioned qualities but extends to the structure of the
spheroid itself. In the endothelial spheroid the cells are able to
connect (which decreases apoptosis) and migrate into capil-
lary networks creating a vascular bed similar to that seen
during in-vivo angiogenesis.* Korff and Augustin'! have
unequivocally shown that maturation into functional and
mature blood vessels requires cell-to-cell contact, which
renders the cells responsive to growth factors, such as VEGF,
and that without this contact the cells undergo apoptosis
despite the presence of any such factors. This need for direct
contact is also shown in research by Pauduch & Kandefer-
Szersze’n®” in which direct contact between endothelial cells
and breast cancer cells changed the responsiveness of the
breast cancer to various supplements, which was also indi-
cated in separate research by Mierke er al.”!

This increased survival and growth is also mirrored in the
tumour spheroid as it progresses through multiple stages to
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reach maturity. Initially cells form loose contacts, condense
into a spheroid and finally compact into a tight group with a
functional, mature outer layer and necrotic oxygen-deprived/
hypoxic core (reviewed by Lin and Chang®). This creates a
biologically relevant model of normal tumour formation and
allows for the examination of how this central hypoxia may be
a strong stimulus to drive tumour-mediated vascularisation™”
(reviewed by Lin and Chang'®).

Another investigation made possible by the 3D spheroid
co-culture is the role of dynamic interaction of cells in the
progression of angiogenesis. Normally the endothelium is
maintained in a non-active ‘quiescent’ state in which there is
regular cellular integrity and morphology but no active pro-
liferation or migration.” However, when a tumour is plated
onto an endothelial cell monolayer it has the ability to directly
alter the properties of these endothelial cells, altering their
genotype and subsequently the phenotype via both direct
contact and molecular cross-talk."""'7*" This causes the endot-
helial cells to become molecularly active and to up-regulate
receptors, such as transforming growth factor (TGF)bRII and
fibroblast growth factor receptorll, and secrete corresponding
cytokines such as TGFB3 and cysteine-rich fibroblast growth
factor receptor-1 and VEGE.'!

The role of direct contact in mediating this process cannot
be underestimated in the functioning of cells, as research has
shown that for a range of cancers, cell growth is enhanced
by interaction with endothelial cells. Chronic lymphocytic
leukaemia is one such cancer that only enhances its growth
rate when in directly contact with the endothelium.?”
Research by Paduch eral® demonstrated that in breast
cancer the direct contact of the tumour with the endothelium
caused the tumour to begin expression of matrix metallo-
proteinase 2, a substance responsible for degrading the extra-
cellular matrix,®"" and therefore a possible mechanism of
metastasis. Not only have spheroids greatly enhanced knowl-
edge of tumour—endothelium interactions but they have also
enabled a much more in-depth study of normal development
such as how cells interact and migrate during primary vessel
formation.®” This demonstrates simultaneously the impor-
tance of biologically relevant contact co-culture systems and
the usefulness of the spheroid system in meeting this need.

Another emerging benefit of the spheroid system is that it
is an effective model for trialling new drug therapies because
the complex aggregates that form in 3D cultures react to drug
therapies in a similar way to tumours in vivo. The complex
cellular connections formed within a spheroid alter drug
effectiveness, particularly drug penetration, widely demon-
strated in tumour cells, which more readily resist treatments
when in a 3D culture.” Importantly research has shown that
tumour cells grown in 3D are significantly more resistant to
chemotherapeutic agents than 2D-cultured tumour cells;®¥ in
fact not only do tumours form more complex connections
when in a 3D system but they are able to dramatically increase
their tolerance to radiotherapy indicating the necessity of 3D
systems for assessing potential drug efficacy.*" Increasingly
this is mirrored in non-tumour cell types such as kerati-
nocytes, dermal fibroblasts and endothelial cells whereby 3D
co-culture produces far more virulent cells that more aptly
cope with external stresses and actively resist the actions of
applied agents.™ This phenomena is a manifestation of the
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cell contact and aggregate morphology, which means that the
cell connections protect the cells and ultimately means that
spheroids are far more drug-resistant than monocultured cells.
This makes them a prime test subject for assessing the level of
penetration and effectiveness of a candidate in-vivo therapy.

While these applications are wide and highly beneficial,
they do not satisfy all of the needs for endothelial cell-tumour
research and are therefore only applicable within certain
investigations. This is again where parallels can be drawn
between the spheroid and 2D monoculture systems. The same
problems encountered in the monoculture assay with applying
and removing medium from only one cell type will also occur
with this system due to the fact that cells are in direct contact.

Direct cell contact is so important in many endothelial-
cancer investigations, including that of the metastatic process
(including intravasation and extravasation), as well as how the
adhesion or receptor profile of endothelial and tumour cells
change when they are in contact does not allows the detailed
study of the cytokine exchange and molecular cross-talk. The
delicate interplay between endothelial cells and tumour cells
is largely controlled by the exchange of soluble factors. This
is particularly evident in the early stages of cancer-induced
angiogenesis where cytokines and growth factors are present
but there is not yet direct cell contact.” This means when
using the spheroid system to understand cellular responses to
an applied cytokine care must be taken to rule out that a false
positive has not been encountered whereby the differential
growth is occurring as a result of the tumour—endothelial cell
contact rather than the applied substance. Therefore there is a
fundamental need to understand solely the cytokine aspect of
cancer growth and angiogenesis and this is the basis of newer
3D non-contact assays.

Non-Contact Assays

Boyden chamber

The Boyden Chamber is comprised of a deep, growth-
medium-filled well in which a cell line is seeded. Into this
well a small filter basket is inserted, which contains a gel
membrane along its base onto which a second cell line is
grown (Figure 3). The membrane covering the base of the
filter insert is commonly made up of Matrigel, which contains
growth factors derived from the Englebreth-Holm—Swarm
tumour,? or collagen-1, which is better suited to the growth
of bone cancers such as osteosarcoma or chondrosarcoma.*®!
This setup allows for proper cell migration and interaction
within a 3D conform, which means that biologically relevant
structures are able to form and enables the examination of
how soluble cytokines and molecular cross-talk impacts the
growth and migration of cells.

This assay relies on cell interaction via chemical mediators
shared through the growth medium surrounding both groups
of cells, this is particularly significant when studying the early
stages of cancer vascularisation during the period when the
tumour is initiating angiogenesis via chemical mediators,
such as VEGF, but direct endothelial-tumour cell contact has
not yet occurred.” While research has already shown that
direct tumour—endothelial cell contact abrogates normal
endothelial functioning and direct cytotoxic stress,* what the
Boyden chamber offers is a clearer insight into the mecha-
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Figure 3 3D Boyden chamber co-culture. This figure shows the
Boyden chamber set up in which tumour cells are seeded along the base
of a well into which a smaller well is inserted. This insert is lined with
Matrigel and endothelial cells. The five sample areas are demonstrated by
the labels S1-S5.

nisms by which endothelial cells are stimulated and what
impulses draw them towards the tumour cells de novo.

Using the Boyden system is not only a better way to
understand molecular angiogenic factors but also the most
detailed way to understand early-stage angiogenesis. This is
illustrated by research showing that the endothelial migra-
tion rate is up to 80% higher""! and proliferation is at least
doubled in the no-contact Boyden system when compared
with a cell-contact/monocultured system,""'>! providing
powerful evidence of the effects of distant molecular cross-
talk in generating angiogenesis. Tsujii ef al.*” used the
Boyden system to co-culture colorectal and endothelial cells
and to stud the molecular cross-talk that was occurring
during angiogenesis. They discovered that cyclooxygenase
(COX)-2 was a direct mediator of colon cancer progression
and the means by which the tumour could stimulate the
angiogenic process. Subsequently by examining endothelial
cell expression they found that COX-1 was a proangiogenic
factor active in endothelial cells that is up-regulated by the
growing tumour, which shows the power of the Boyden
chamber in allowing understanding of the dynamic two-way
cross-talk between cells allowing each to mediate and influ-
ence the growth of the other.

The physical separation of cells enables scientists to elu-
cidate not only the effects of tumour growth on endothelial
cells but also the mechanisms by which endothelial cells are
able to stimulate tumour growth by their own stimulatory
mechanisms. Endothelial cells are usually found in a quies-
cent state within the body;*" however, once stimulated they
are able to change the microenvironment and induce or
encourage the growth of both tumour and healthy epithelium.
This was shown in recent research by Ingthorsson er al.*¥
whereby they implemented this system to determine whether
breast endothelial cells secreted soluble factors that could
directly stimulate cancer cell growth. Interestingly, they found
that both healthy and malignant breast epithelium showed
increased growth, reinforcing the hypothesis that cancer pro-
gression is via a feedback system in which the endothelium
does not play a subordinate, passive role but actively engages
in the growth process.
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Table 3 Findings from key tumour:endothelial cell co-culture studies
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Reference

Key findings of study

Bishop et al.'®

quickly quantified by image analysis.
Montesano et al.!"”!

Two-dimensional co-cultures of tumour and endothelial cells provide a reliable assay system can be easily and

In a two-dimensional co-culture system, the lack of a supporting matrix such as collagen or fibrin disallows cells

from migrating and prevents cells from interacting with one another to form three-dimensional connections to form
in vivo-resembling structures such as blood vessels.

Ades et al.?!

Albini et al.*?

Establishment of a continuously dividing (immortalised) human endothelial cell line that makes anti-angiogenesis
assaying much easier to setup and evaluate.
Incorporation of the tumour-derived matrix — Matrigel — which leads to assays that are more supportive of cell growth

and in turn allow longer-term effects of potential anti-angiogenic or anti-cancer drugs to be evaluated. However,
one drawback is the price of commercially available Matrigel.

Chopra et al."”,
Ingthorsson et al.!
Ghosha et al.”™!

24]

a monolayer.
Chopra et al."”

Spheroids comprised of two different cell types in a mixed spheroid such as a tumour—endothelial spheroid are
presented as an assay system that is highly indicative of in-vivo tumour growth.
Tumour cells grown in a spheroid can be cultured for almost double the period of time compared with those grown in

In cervical cancer, a three-dimensional co-culture system can produce five times the level of both endothelial and

tumour cell growth when compared with a monolayer.

Alajati et al.*®
seen during in-vivo angiogenesis.
Komoto et al.?¥
two-dimension-cultured tumour cells.

In the endothelial spheroid, the cells are able to migrate into capillary networks creating a vascular bed similar to that

Tumour cells grown in three-dimensional systems are significantly more resistant to chemotherapeutic agents than

The high level of control and the multiple testing sites
within this system are where the benefits and accuracies lie.
The chamber itself can be modified so as the pore sizes may
allow cellular migration or be modified such that only cytok-
ine migration is facilitated. This means that the system can
be modified to suit the specific nature of the investigation
and once completed five samples can be analysed (see
Figure 3) so that the endothelial growth medium, endothelial
cells, Matrigel, tumour growth medium and tumour cells can
all be studied for the presence of cytokines and the cells
themselves can be stained and examined to establish migra-
tion rates and also morphological or genetic changes. This
offers a level of control not seen in any of the other
co-culture systems and accounts for its popularity amongst
scientists.

Outlining these benefits does not give the complete
picture of the Boyden system as drawbacks in its application
still remain. Firstly, the system is relatively costly to pur-
chase, particularly when using Matrigel, and this often limits
the number of tests that can be performed. The other issue is
with the repeatability of the measurements and quantifica-
tion of traversed cells during migration studies. Variability in
the gel formation process can affect cell migration rates
resulting in inaccuracies in cell counting whereby many
cells may migrate during one run and yet, with no alteration
in protocol, the next run may show little cell migration.””
This is a prominent issue with the system as it fundamen-
tally undermines the results and must be the focus of
research in the future. The second issue is with the quanti-
fication of migrating cells. This involves correctly determin-
ing how many cells have migrated through the gel and is
based on tedious counting, a process that can present its own
level of assessor error and it is acknowledged that inevitably
many of the cells will have migrated through the gel and,
once penetrated, lost their adhesion and have began to float
within the culture/ growth medium and therefore are not

counted.™ These shortcomings mean that one of the most
modern areas of research is in fastidiously reducing these
areas of variability by creating size-defined and repeatable
pore sizes within the Matrigel and also improving staining
and cell counting techniques.

Ultimately this system offers a stringent method of assess-
ing cellular migrations and cytokine influence over tumour-
mediated angiogenesis. As a 3D system, it allows intracellular
contact and migration into complex structures and therefore in
terms of the two 3D systems discussed here, it is solely the
process being investigated, which will determine the most
appropriate system to use. To date, several significant findings
have been made using these various types of co-culture
systems (Table 3).

Future Directions

Co-culture systems are vitally important to our increased
understanding of the complex endothelial cell-tumour rela-
tionships that mediate the formation of tumour vascularisation.

Not only are newer 3D models enhancing this understand-
ing but also their comparison with 2D models is illuminating
the specific interactions that underlie the process in vivo. The
different reactions of cells under contact and non-contact situ-
ations suggest that angiogenesis and metastasis need to be
distinctively separated into the events that precede contact, the
point at which the tumour draws the endothelium towards
itself, seemingly by the very strong effects of cytokine com-
munication, and the events post contact in which the inter-
action causes stress elements and phenotypic changes particu-
larly within the endothelium.

The first line of co-culture research is already, and will
continue to be, directed at modification and improvement of
the current systems to eliminate many of the drawbacks and
variables that are currently present. One such avenue may
involve modifying the Boyden chamber to allow better drug or
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substance administration to cells, which would involve a
steady gradient-mediated release allowing multiple time-point
assessment and preventing the need for multiple time-
consuming and costly re-runs of the samples. The improve-
ment of the intervening gel to one that is less variable in its
results and less cumbersome to set up must be a priority and
will allow for more reproducible results.

One of the most progressive and clinically beneficial
applications of co-culture systems may very well be in ‘per-
sonalised tumour analyses’. Because co-culture systems
allow the cultivation of tumour cells and the examination of
their receptor, cytokine and cytoplasmic constituents, in the
future they may be modified and generated on a commercial
scale such that a tumour can be analysed for aggressiveness,
strength of growth, morphology, angiogenic potential and
specific receptor profile. This would result in enhanced
knowledge about the sub-categories of specific tumour types
as well as cancer treatments that could be tailored to an
individual’s tumour and would therefore be far more accu-
rate and devastating to its growth. However, for this to
occur, the Boyden chamber has to be analysed at various
strata — the invaded cells on the membrane, the Matrigel that
contains invading cells, the medium above the Matrigel in
the insert, the medium below the membrane, and finally, the
cells at the bottom of the well below the insert (Figure 3).
Sensitive methods for analysis will be required, such as the
ability to perform protein profiling of the small number of
cells extracted from the Matrigel or the small volume of
medium below the membrane.

Conclusions

The application of co-culture systems are of fundamental
importance to understanding the tumour—endothelial cell rela-
tionship as they offer a method of in-vitro testing that is highly
indicative of in-vivo processes. Co-cultures allow accurate
testing that is cost effective and therefore can be utilised in
almost all laboratories, is reproducible and technically simple
to perform and most importantly has biological relevancy. The
importance of this form of testing is such that it warrants
further investment of both time and money to enhance the
methodology such as to eliminate some of the levels of vari-
ability. The use of 3D systems takes almost full precedent over
2D methods as it is able to encompass the complexities of the
dynamic cellular relationship. The Boyden chamber and
spheroid used in concert allow the mechanisms of both cellu-
lar contact and molecular cross-talk to be examined and
enable the complex process of tumour-mediated angiogenesis
to be more thoroughly understood.
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