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Abstract

Tumor cell metastasis through blood circu-
lation is a complex process and is one of
the great challenges in cancer research as
metastatic spread is responsible for ∼90%
of cancer-related mortality. Tumor cell in-
travasation into, arrest and adhesion at, and
extravasation from the microvessel walls are
critical steps in metastatic spread. Understand-
ing these steps may lead to new therapeutic
concepts for tumor metastasis. Vascular en-
dothelium forming the microvessel wall and
the glycocalyx layer at its surface are the prin-
cipal barriers to and regulators of the material
exchange between circulating blood and body
tissues. The cleft between adjacent endothelial
cells is the principal pathway for water and
solute transport through the microvessel wall
in health. Recently, this cleft has been found to
be the location for tumor cell adhesion and ex-
travasation. The blood-flow-induced hydrody-
namic factors such as shear rates and stresses,
shear rate and stress gradients, as well as vor-
ticities, especially at the branches and turns of
microvasculatures, also play important roles
in tumor cell arrest and adhesion. This chapter
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therefore reports the current advances from in
vivo animal studies and in vitro culture cell
studies to demonstrate how the endothelial
integrity or microvascular permeability, hy-
drodynamic factors, microvascular geometry,
cell adhesion molecules, and surrounding ex-
tracellular matrix affect critical steps of tumor
metastasis in the microcirculation.

1 Introduction

Cancer is the second killer next to the heart dis-
ease worldwide (CDC 2015). The cause of death
is usually organ failure caused by metastatic
tumors that are derived from the primary tumor.
Although the metastasis process is low efficiency,
only 0.01% disseminated tumor cells would suc-
cessfully survive and proliferate at new physi-
ology environment (Weber 2007), this process
responsible for >90% of cancer-related deaths
(Gupta and Massague 2006). Recognized as the
detachment and dissemination of the malignant
tumor cells from the primary tumor and the de-
velopment of secondary tumors at distant organs,
tumor metastasis is a very complex multistep
process; sequentially, it includes local invasion of
tissue where tumor first starts, detachment from
the primary tumor, intravasation, survival in the
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circulation and dissemination, arrest and adhe-
sion, extravagation, proliferation, and angiogene-
sis (Chambers et al. 2002; Fidler 2011; Talmadge
and Fidler 2010; Bacac and Stamenkovic 2008).
Tumor metastasis can be through blood circula-
tory system or lymphatic system. The detached
tumor cells can directly enter into the circulating
blood and go to distant organs (Wyckoff et al.
2000), or they can enter the blood circulatory sys-
tem indirectly via the lymphatic system (Cham-
bers et al. 2002). The circulating tumor cells
could spread from lymph nodes to distant organs
via blood vessels associated with the nodes or
by entering the venous system via the major
lymphatic ducts (e.g., the thoracic duct) (Achen
and Stacker 2008; Tobler and Detmar 2006). The
preferential metastatic organs for breast cancers
are the lungs, liver, brain, and bone (Kang et al.
2003; Minn et al. 2005; Berman et al. 2013).
Tumor cells that initiate a metastatic colony must
go through the following steps: (1) detach from
the primary tumor colony, (2) invade the local
host tissue, (3) penetrate into blood vessels or

lymphatic vessels, (4) survive within the circu-
lation, (5) arrest or adhere in the microvessels
of distant organs, (6) extravasate from the blood
stream, (7) adapt to the newly colonized milieu in
new foreign environment, and (8) divide to form
the new tumor (Bacac and Stamenkovic 2008;
Nguyen et al. 2009).

At the microscopic levels, angiogenesis from
the primary tumor, tumor cell intravasation
through leaky angiogenic microvessels, arrest
and adhesion in the microcirculation, inter-
action with the microvessel walls to increase
microvascular permeability, extravasation to the
secondary organ, and survival and proliferation
in foreign organs are critical steps for tumor
growth and metastasis (Fig. 1). Although various
anti-angiogenic therapies have been postulated
to inhibit tumor growth and intravasation since
1971, strategies targeting at tumor cell arrest and
adhesion and targeting at microvessel integrity
have not been well developed (Folkman 1971).
In addition, while considerable progress has
been made in understanding the mechanism

Fig. 1 Major steps for tumor metastasis in microvascu-
lature. Tumor cells first get into the microcirculation near
the primary tumor by intravasation across the microvessel
wall. Then they arrest and adhere to the microvessel walls
in a distant organ, where they degrade the microvessel

wall integrity such as endothelial surface glycocalyx and
junctions between adjacent endothelial cells forming the
microvessel wall. Finally, they extravasate into the distant
organ through the leaky microvessel wall (courtesy of Dr.
Jie Fan)
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of microvascular integrity compromise induced
by tumor angiogenic factors, such as vascular
endothelial growth factor (VEGF), our under-
standing of the microvascular integrity and its
role in tumor metastasis is poor. Furthermore,
previous studies suggested that mechanical fac-
tors might interact with the biochemical factors
for tumor metastasis (Chambers et al. 2002),
but how the localized hydrodynamic factors
induced by the microcirculation affect tumor cell
arrest, adhesion and accumulation have not been
systematically studied. This chapter therefore
reports the current advances from in vivo
animal studies and in vitro culture cell studies
to demonstrate how the endothelial integrity
or microvascular permeability, hydrodynamic
factors, microvascular geometry, cell adhesion
molecules, and surrounding extracellular matrix
affect critical steps of tumor metastasis in the
microcirculation.

2 Microvascular Integrity
and TumorMetastasis

Microvascular bed is the primary location where
water and nutrients are exchanged between circu-
lating blood and body tissues. Microvessel walls
consist mainly of endothelial cells. Under normal
conditions, the cleft between endothelial cells
(inter-endothelial cleft) is widely believed to be
the principal pathway for water and hydrophilic
solute (such as glucose, amino acids, vitamins,
hormones) transport across the capillary wall
(Michel and Curry 1999; Michel and Neal 1999).
Electron, confocal, and multiphoton microscopy
studies indicate that there are junctional strands
with discontinuous leakages (Roberts and Palade
1995; Bundgaard 1984) and fiber matrix com-
ponents, so-called endothelial surface glycocalyx
(ESG) (Luft 1966; Adamson and Clough 1992;
Salmon and Satchell 2012; Arkill et al. 2011; van
den Berg et al. 2003; Reitsma et al. 2007; Ebong
et al. 2011; Yen et al. 2012; Betteridge et al.
2017) at the endothelial surface. The transport of
proteins or other macromolecules was thought to
be through vesicle shuttle mechanisms (Michel
and Curry 1999). Microvascular permeability is

a quantitative measure of how permeable the
microvessel wall is to all kinds of substances
including water and solutes with a variety of
sizes. Under healthy conditions, the microvessel
wall maintains a normal permeability to water
and small solutes for the material exchange dur-
ing our body’s metabolic processes. While in
disease, the integrity of the vessel wall struc-
ture can be destroyed, and much larger particles
such as proteins, leukocytes, and tumor cells can
transfer through the wall. It is the transvascular
pathways at the vessel wall and their structural
barriers that determine and regulate the microvas-
cular permeability. Therefore, one can quantify
the microvascular permeability to determine the
microvessel integrity.

2.1 Microvascular Permeability
and Permeability Coefficients

The endothelial cells lining microvessel walls
provide the rate-limiting barrier to extravasation
of plasma components of all sizes from elec-
trolytes to proteins. So far, there are three primary
pathways observed in the wall of a continuous
microvessel by using electron microscopy: inter-
cellular clefts, transcellular pores, and vesicles.
Microvessels of different types and in different
tissues may have different primary transvascu-
lar pathways. Under different physiological and
pathological conditions, the primary pathway can
be changed for the same microvessel (Michel and
Curry 1999). The cleft between adjacent endothe-
lial cells is widely believed to be the principal
pathway for water and hydrophilic solute trans-
port through the microvessel wall under normal
physiological conditions. The junction strands
with discontinuous leakages in the cleft and ESG
maintain the normal microvessel permeability to
water and solutes. Changes in permeability are
caused by the changes in these structural com-
ponents. The molecular basis for the passage of
molecules at the level of the breaks in tight junc-
tions is more likely to be the localized absence
of cell-cell contacts with corresponding loss of
a closely regulated molecular sieve as suggested
by Fu et al. (1994) and Michel and Curry (1999).
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Thus the junction break-surface matrix model
suggests independent mechanisms to regulate the
permeability properties of the microvessel wall.
The junction break size and frequency are likely
to involve regulation of cell-cell attachment via
occludins and other junction proteins including
the cadherin-associated junctions (Fu et al. 1994,
2003, 2006; Fu and Shen 2004). On the other
hand, the regulation of glycocalyx density and
organization is likely to involve interaction of
the molecules forming the cell surface with the
cytoskeleton and with circulating plasma pro-
teins. Some of the cellular mechanisms under-
lying these interactions are reviewed in Squire
et al. (2001), Tarbell and Pahakis (2006), and
Fu and Tarbell (2013). Under physiological and
pathological conditions, microvessel permeabil-
ity can be regulated acutely and chronically by
mechanisms that are underway to be understood.

Serial section electron microscopy study on
frog and rat mesenteric capillaries by Adamson
et al. (2004) demonstrated that the junction strand
was interrupted by infrequent breaks that, on
average, were 150 nm long, spaced 2–4 μm
apart along the strand, and accounted for up to
10% of the length of the strand under control
conditions. At these breaks, the space between
adjacent endothelial cells (average ∼20 nm) was
as wide as that in regions of the cleft between
adjacent cells with no strands. The luminal sur-
faces of endothelial cells (ECs) lining vasculature
are coated with a glycocalyx of membrane-bound
macromolecules comprised of sulfated proteo-
glycans, hyaluronic acid, sialic acids, glycopro-
teins, and plasma proteins that adhere to this
surface matrix (Tarbell and Pahakis 2006; Fu and
Tarbell 2013). The thickness of this endothelial
surface glycocalyx (ESG) was observed from less
than 100 nm to ∼1 μm on the microvessels in
different tissues and species by using different
preparations and observing methods (Luft 1966;
Reitsma et al. 2007; Salmon et al. 2009; Salmon
and Satchell 2012; Squire et al. 2001; van den
Berg et al. 2003; van Hinsbergh and Nieuw
Amerongen 2002; Vink and Duling 1996; Yen
et al. 2012). Although the ESG thickness varies,
its density and organization were hypothesized to
be the same among different tissues and species

because of its function as a molecular sieve to
macromolecules such as serum albumin. The gly-
cocalyx fiber radius is thus proposed to ∼6 nm,
and gap spacing between fibers is proposed to be
∼8 nm (Squire et al. 2001). More details about
the ESG are presented in Chaps. 1, 2, and 3.

Aforementioned ultrastructural study using
electron microscopy and other methods shows
that the microvessel wall behaves as a passive
membrane for water and hydrophilic solute
transport (Michel and Curry 1999). The mem-
brane transport properties are often described by
Kedem-Katchalsky equations derived from the
theory of irreversible thermodynamics:

Js = PRT �C + (
1 − σf

)
CJv (1)

Jv = Lp (�p − σdRT �C) (2)

where Js and Jv are the solute and total volumetric
fluxes; �C and �p are the concentration and
pressure difference across the membrane. Lp, the
hydraulic conductivity, describes the membrane
permeability to water. P, the diffusive perme-
ability, describes the permeability to solutes. σf

is the solvent drag or ultrafiltration coefficient
that describes the retardation of solutes due to
membrane restriction, and σd, the reflection coef-
ficient, describes the selectivity of membrane to
solutes. In many transport processes, σf is equal
to σd, and thus we often use σ, the reflection
coefficient, to represent both of them. R is the
universal gas constant and T is the absolute
temperature.

2.2 Permeability Measurement

All of the permeability measurements have been
interpreted in terms of Lp, P, and σ, which are
measured experimentally on intact whole organ-
isms (including human subjects), on perfused tis-
sues and organs, on single perfused microvessels,
and on monolayers of cultured microvascular
endothelial cells. Different experimental prepa-
rations have their advantages and disadvantages.
Although measurements made on the intact re-
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gional circulation of an animal subject (usually
using radioactive isotope-labeled tracers) suffer
from uncertainties surrounding the exchange sur-
face area of the microvessel wall and the val-
ues of the transvascular differences in pressure
and concentration, they usually involve minimal
interference with the microvessels themselves.
These studies can provide valuable information
concerning microvascular exchange under basal
conditions. At the other end are measurements on
single perfused vessels. The Landis technique has
been used to measure the hydraulic conductivity
Lp and reflection coefficient σ. Quantitative flu-
orescence microscope photometry and imaging
microscopy are used to measure solute diffusive
permeability P. Both of these techniques are de-
scribed in detail in Michel and Curry (1999),
Fu et al. (2003), and Cai et al. (2012). The
surface area of the microvessel can be measured
directly, as also can the difference in pressure and
concentration across the vessel walls. The disad-
vantages of the single vessel preparation are (1)
that they have direct interference with the vessels
involved and (2) that they are usually restricted
to a small number of convenient vessel types
(e.g., mesenteric vessels on a two-dimensional
translucent tissue). However, recent development
of multiphoton microscopy enables the noninva-
sive determination of the cerebral microvascular
solute permeability in rat brain (Shi et al. 2014).

Although the rapid growth of endothelial cell
biology is largely a result of experiments on
cultured endothelial cells in vitro (in dishes),
there are limitations to the use of monolayers of
cultured endothelial cells for gaining direct infor-
mation about vascular permeability. In general,
the in vitro permeability to albumin is 2–10 times
larger than that from the in vivo (in live animals)
measurement. Although the monolayers of cul-
tured endothelial cells do not completely reflect
the permeability characteristics of microvascular
endothelium in vivo, they are the most acces-
sible and convenient models for studying the
molecular mechanisms by which the microvascu-
lar permeability is regulated. The techniques for
measuring endothelial monolayer permeability to
water and solutes were described in Lee et al.

(2003), Cancel et al. (2007), Li et al. (2010), and
Fan and Fu (2016).

2.3 Microvascular
Hyperpermeability Increases
Tumor Cell Adhesion

Microvascular hyperpermeability due to com-
promised microvessel wall integrity by inflam-
matory agents and cytokines is one factor that
increases tumor cell adhesion to the microvessel
endothelium. Vascular endothelial growth factors
(VEGFs) are a family of cytokines that act to
increase the delivery of nutrients to tissue by
three distinct mechanisms: (a) endothelial cell
growth, migration, and new blood vessel for-
mation (angiogenesis); (b) increased blood flow
(by vasodilatation); and (c) increased vascular
permeability to water and solutes (Dvorak et
al. 1995; Bates et al. 2001; Feng et al. 1999;
Fu and Shen 2004). Combining in vivo perme-
ability measurement and a mathematical model
for the inter-endothelial transport, Fu and Shen
(2003) predicted that acute effects of VEGF on
microvascular integrity are widened gap opening
of the inter-endothelial cleft and partial degrada-
tion of the ESG. Longer-term effects of VEGF
include formation of gaps between adjacent en-
dothelial cells in venular microvessels (Roberts
and Palade 1995), vesiculovascuolar organelle
pathways (Feng et al. 1999), transcellular pores,
and fenestra (Dvorak et al. 1995; Drenckhahn
and Ness 1997). Fu et al. (2006) also found that
the VEGF-induced microvascular hyperperme-
ability can be abolished by enhancing intracel-
lular levels of adenosine 3′,5′-cyclic monophos-
phate (cAMP), which strengthens the microves-
sel integrity by increasing the number of junction
strands in the cleft between endothelial cells
forming the microvessel wall.

Previous studies have found that many can-
cer cells express VEGF to a high degree (Lee
et al. 2003), while the microvascular endothe-
lium has abundant VEGF receptors including
VEGFR2 (KDR/Flk-1) (Mukhopadhyay et al.
1998). VEGFR2 has been implicated in normal
and pathological vascular endothelial cell biol-
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ogy (Olsson et al. 2006). Recently, it has been
shown that ectopic administration of VEGF en-
hances the adhesion and transmigration of human
breast cancer MDA-MB-231 cells across a mono-
layer of human or mouse brain microvascular
endothelial cells under a static condition in vitro
(Lee et al. 2003; Fan et al. 2011; Fan and Fu
2016). In addition, VEGF enhances the adhesion
of malignant MDA-MB-435 s cells and ErbB2-
transformed mouse mammary carcinomas to in-
tact rat mesenteric microvessels under flow in
vivo (Shen et al. 2010).

2.4 Integrin Signaling, Cell
AdhesionMolecules,
and TumorMetastasis

Although the non-specific trapping due to the
friction between the tumor cells and the narrow
part of microvasculature is found to be responsi-
ble for the initial tumor cell arrest (Gassmann et
al. 2010; Glinskii et al. 2005; Kienast et al. 2010;
Mook et al. 2003), the cell adhesion molecules
are required for the adhesion in larger microves-
sels and transmigration (Brenner et al. 1995; Fan
et al. 2011; Gassmann et al. 2010; Giancotti
2007; Giavazzi et al. 1993; Hood and Cheresh
2002; Lee et al. 2003; Liang et al. 2005; Shen et
al. 2010; Schluter et al. 2006; Slattery et al. 2005;
Steeg and Theodorescu 2008). The integrins are
a family of signaling and cell adhesion receptors,
which attach cells to the extracellular matrix
(ECM) and in some cases to other cells, and co-
operate with growth factor and cytokine receptors
to regulate cell behavior. Signals elicited by inte-
grins enable tumor cells to survive, proliferate,
migrate independently of positional constrains
(Guo and Giancotti 2004), and adhere (Fan et
al. 2011). The α6β4 integrin is a laminin-5 re-
ceptor and was originally described as a “tumor-
specific” protein, because of its apparent upreg-
ulation in multiple metastatic tumor types (Gian-
cotti 2007). The β4 integrin is unique among in-
tegrins because the cytoplasmic portion of the β4
subunit is 1017 amino-acid-long and possesses
distinctive adhesive and signaling functions (Gi-
ancotti 2007). Upon binding of the ectodomain of

β4 to the basement membrane protein laminin-5,
the cytoplasmic portion of β4 interacts with the
keratin cytoskeleton to promote the assembly of
hemidesmosomal adhesions (Litjens et al. 2006).
In addition, β4 activates intracellular signaling
autonomously as well as by associating with mul-
tiple receptor tyrosine kinases (RTKs), including
the EGFR, ErbB2, Met, and Ron (Guo and Gian-
cotti 2004; Moasser et al. 2001). Deletion of the
β4 signaling domain delayed mammary tumor
onset and inhibited primary tumor growth. The
tumors arising in mutant mice were significantly
more differentiated histologically as compared
to control tumors. In addition, primary tumor
cells expressing signaling-defective β4 displayed
a reduced proliferative rate and invasive ability
and underwent apoptosis when deprived of ma-
trix adhesion. Finally, upon injection in the tail
vein of nude mice, the mammary tumor cells
expressing mutant β4 exhibited reduced ability to
metastasize to the lung (Guo et al. 2006).

Recently, Fan et al. (2011) examined the ad-
hesion of ErbB2-transformed mammary tumor
cells to mouse brain microvascular endothelial
monolayer. They found that integrin β4 signaling
does not exert a direct effect on adhesion to the
endothelium or the underlying basement mem-
brane. Rather, it enhances ErbB2-dependent ex-
pression of VEGF by tumor cells. VEGF in turn
partially disrupts the tight and adherens junctions
that maintain the adhesion between endothelial
cells, enabling tumor cells to intercalate between
endothelial cells and extend projections reach-
ing the underlying exposed basement membrane
and enabling the adhesion between cell adhesion
molecules (e.g., integrins) and ECM proteins
(e.g., laminins).

In addition to blocking the cell adhesion
molecules at the surface of tumor and endothelial
cells or in the ECM, e.g., integrins, ICAM-1,
P-selectin, junctional adhesion molecules, and
laminins, Shen et al. (2010) measured cancer cell
adhesion after pretreatment of tumor cells with
the antibody blocking VEGF and pretreatment of
the microvessel with VEGF receptor (KDR/Flk-
1) inhibitor, SU1498. They found that anti-
VEGF and SU1498 almost completely abolished
the adhesion of malignant MDA-MB-435 s to
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vascular endothelium in vivo. In an in vitro
experiment, Fan et al. (2011) showed that
although VEGF receptor inhibitor, SU1498
did not decrease the basal permeability of a
microvascular endothelial monolayer, neither
the tumor cell adhesion under the normal
permeability conditions, it, however, abolished
the microvascular hyperpermeability induced
by VEGF as well as the increase in tumor cell
adhesion.

2.5 Tumor Cell Adhesion
and Transmigration Destroys
Microvascular Integrity

Both in vitro and in vivo studies demonstrated
that tumor cells prefer to adhere to and trans-
migrate from the endothelial junctions instead
of cell bodies and VEGF or lipopolysaccharide
(LPS, an inflammatory agent) increases the ad-
hesion and transmigration (Fan et al. 2011; Fu et
al. 2015; Fan and Fu 2016). Fan and Fu (2016)
showed that 98% of the breast cancer MDA-MB-
231 cells adhere at the endothelial junctions of
bEnd3 (mouse brain microvascular endothelial
cell) monolayer, of which, 63% at the tri-EC
junctions. An in vivo study by Fu et al. (2015)
also indicated that ∼90% of cancer cell adhesion
occurs at the junctions of ECs in the microvessels
under normal physiological flows (Fig. 2). In
addition to disrupt the tight and adherens junc-
tions between adjacent endothelial cells in vitro
(Fan et al. 2011) and in vivo (Fu et al. 2015),
tumor cell adhesion and transmigration degrades
endothelial surface glycocalyx (ESG) (Fan and
Fu 2016; Cai et al. 2012). A recent study by
Cai et al. (2012) showed that tumor cell MDA-
MB-231 adhesion to microvessel walls increases
microvessel permeability by degrading the ESG
(Fig. 3). Degradation of ESG exposed more cell
adhesion molecules at the endothelium and un-
derneath basement membrane for the tumor cell
adhesion.

In contrast, preservation of the ESG by a
plasma glycoprotein orosomucoid by enhancing
the charge and organization of the ESG decreases
the microvessel permeability to albumin and re-

duces the tumor cell adhesion (Cai et al. 2012).
Zhang et al. (2017) also showed that sphingosine-
1-phosphate (S1P), a sphingolipid in plasma that
plays a critical role in the cardiovascular and
immune systems, preserves ESG of the microves-
sel wall and reduces tumor cell adhesion. Red
blood cells (RBCs) are a major source of S1P
in plasma, which acts continuously to main-
tain normal vascular permeability by protecting
ESG (Zhang et al. 2016b). Alternatively, rein-
forcing endothelial junctions, e.g., by enhancing
endothelial cAMP levels, can prevent microves-
sel permeability increase and reduce tumor cell
adhesion (Fu et al. 2015) (Fig. 2).

3 TumorMetastasis under
Flow
and inMicrovasculature

In vitro static adhesion assays have been utilized
to investigate tumor cell adhesion to endothe-
lial cells (Earley and Plopper 2006; Lee et al.
2003) and to extracellular matrix (ECM) proteins
(Guo et al. 2006). Tumor cell adhesion has also
been investigated using flow chambers (Chotard-
Ghodsnia et al. 2007; Giavazzi et al. 1993; Slat-
tery et al. 2005) or artificial blood vessels (Bren-
ner et al. 1995) to address flow effects. Direct
injection of tumor cells into the circulation has
enabled the observation of tumor cell metasta-
sis in target organs after sacrificing the animals
(Schluter et al. 2006), while intravital microscopy
has been used to observe the interactions between
circulating tumor cells and the microvasculature
both in vivo and ex vivo (Gassmann et al. 2010;
Glinskii et al. 2005; Guo et al. 2014; Kienast et
al. 2010; Mook et al. 2003; Shen et al. 2010;
Steinbauer et al. 2003; Yan et al. 2012).

3.1 Tumor Cell Adhesion in In
Vitro Flow Chambers

Tumor cell extravasation is a dynamic process
in which tumor cell adhesion to the vascular en-
dothelium and transendothelial migration occur
under flow conditions. Therefore, the geometry
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Fig. 2 In vivo MDA-MB-231 breast cancer cell adhesion
to rat mesenteric microvessels under physiological flows.
Tumor cells prefer to adhere to the junctions between
endothelial cells forming the microvessel wall under con-

trol and various treatments scale bar = 30 μm. VEGF
increases tumor cell adhesion, while cAMP decreases the
adhesion. cAMP can also abolish the increased adhesion
by VEGF (from Fu et al. 2015, with permission)

of microvasculature and the local hydrodynamic
factors, along with the cell adhesion molecules
at the tumor cell and endothelial cell should
play a crucial role in tumor cell adhesion and
extravasation. Tumor cells are exposed to flow
while (a) circulating from the primary tumor, (b)
arresting on downstream vascular endothelium,
and (c) transmigrating into the secondary target
organ. Investigations of the role of shear flow
in tumor cell adhesion and extravasation should
contribute to the understanding of the complex
process of tumor metastasis. Tumor cell extrava-

sation would normally occur in the microvascu-
lature where shear forces are relatively low (like
in postcapillary venules) although of sufficient
magnitudes to activate cell surface receptors and
alter vascular cell function. During tumor cell
extravasation, there are significant changes in the
structure and function of both tumor and endothe-
lial cells. For example, a significant rearrange-
ment of the cell cytoskeleton is required in both
the tumor cells during migration (Lauffenburger
and Horwitz 1996) and in the endothelial cells as
the barrier function is altered (van Hinsbergh and
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Fig. 3 Tumor cell adhesion degrades endothelial sur-
face glycocalyx (ESG). FITC-anti-heparan sulfate-stained
ESG (green) at a postcapillary venule under control (left
column): midplane view (top) and cross-sectional view

(bottom). Adhesion of cell tracker orange-labeled tumor
cells (red) in a postcapillary venule at initial adhesion
(mid-column) and after 45-min perfusion (right column)
(from Cai et al. 2012, with permission)
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Nieuw Amerongen 2002). The extravasation of
tumor cells also induces endothelial cell remod-
eling (Kienast et al. 2010).

In an in vitro flow chamber study, Slattery
et al. (2005) found that the shear rate, rather
than the shear stress, plays a more significant
role in PMN (polymorphonuclear neutrophils)-
facilitated melanoma adhesion and extravasation.
β2 integrins/ICAM-1 adhesion mechanisms
were examined, and the results indicate
LFA (lymphocyte function-associated)-1 and
Mac-1 (CD11b/CD18) cooperate to mediate
the PMN-EC (endothelial cell)-melanoma
interactions under shear conditions. In addition,
endogenously produced IL-8 contributes to
PMN-facilitated melanoma arrest on the EC
through the CXC chemokine receptors 1 and 2
(CXCR1 and CXCR2) on PMN (Liang et al.
2005; Slattery et al. 2005).

3.2 Effects of Hydrodynamic
Factors on TumorMetastasis

In addition to biochemical factors such as
cell adhesion molecules (CAMs) and chemi-
cal/cytokines, circulating tumor cell adhesion in
microvessel walls is affected by hydrodynamic
factors, such as blood flow patterns, and
flow-induced shear stresses and shear stress
gradients (Bacac and Stamenkovic 2008; Wirtz
and Searson 2012; Weiss 1992; Strell and
Entschladen 2008; Mierke 2008). Numerous
studies using in vivo and in vitro models
have found that flow-induced hydrodynamic
factors activate endothelial cells lining the blood
vessel wall to generate reactive oxygen species,
nitric oxide, and growth factors (Matsumoto
et al. 2007; Bucci et al. 2005; Chiu et al.
2003; Zhang et al. 2016a, b). These substances
can up- or downregulate the expression of
endothelial CAMs and endothelial nitric oxide
synthase (eNOS) depending on the strength of
the mechanical factors, the flow patterns (e.g.,
laminar or turbulent), and the geometry of the
vessel (e.g., straight or curved/branched) (Liu et
al. 2008; Yan et al. 2010, 2012; Guo et al. 2014).

To investigate tumor cell adhesion in a well-
controlled in vivo system, Shen et al. (2010) and
Yan et al. (2012) used intravital video microscopy
to measure the adhesion rate of malignant MDA-
MB-435 s and 231 cells in straight and curved
postcapillary venules on rat mesentery. A straight
or curved microvessel was cannulated and per-
fused with tumor cells by a glass micropipette at
a velocity of ∼1 mm/s, which is the mean normal
blood flow velocity in this type of vessels. At less
than 10 min after perfusion, there was a signif-
icant difference in cell adhesion to the straight
and curved vessel walls. In 60 min, the averaged
adhesion rate in the curved vessels was ∼1.5-
fold of that in the straight vessels. In 51 curved
segments, 45% of cell adhesion was initiated at
the inner side, 25% at outer side, and 30% at
both sides of the curved vessels. To investigate
the mechanical mechanism by which tumor cells
prefer adhering at curved sites, Yan et al. (2012)
performed a computational study, in which the
fluid dynamics was carried out by the lattice
Boltzmann method (LBM), and the tumor cell
dynamics was governed by the Newton’s law of
translation and rotation. The details of this multi-
scale modeling are summarized in Chap. 12.

By injecting the tumor cells directly into the
systemic circulation via carotid artery, Guo et
al. (2014) found that MDA-MB-231 cancer cells
prefer to adhere at the branched portion of the
microvasculature rather than the non-branched
portion. By numerical simulation, they also
showed that there are higher shear rates/stresses
and higher vorticities at the branching location
where there are more arrested tumor cells
(Fig. 4). Liu et al. (2008) demonstrated that
thrombosis is also initiated at the curved portion
of a vessel where there is a higher shear
stress/rate and higher shear stress/rate gradient
at the vessel wall. Furthermore, Shen et al.
(2010) found that tumor cells adhered more in
postcapillary venules under a normal blood flow
velocity than under a reduced velocity. From
these studies, it is likely that tumor cell adhesion
sites are associated with localized hydrodynamic
factors such as shear stresses and shear stress

http://dx.doi.org/10.1007/978-3-319-96445-4_12
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Fig. 4 Vorticity profiles in microvessels at intersections.
Seven panels in the left column are arteriole-capillary
intersections, and those in the right column are side
branch vessel-postcapillary venule intersections. The top
two Aa and Av are vorticity contour plots in the midplane
of the vessels; Ba-Da and Bv-Dv are enlarged plots near
the intersectional regions when branching angle θ is 60

◦
,

90
◦
, and 120

◦
, respectively. Ea-Ga and Ev-Gv are detailed

vorticity profiles at walls along dotted lines a–b (red)
and c–d (blue) in Ba-Da and Bv-Dv. Arrows are flow
directions in the microvessels. It was found that tumor
cells prefer to arrest to the inner corners of the turns where
there are higher vorticities (from Guo et al. 2014, with
permission)

gradients. A recent study by Yen et al. (2015)
showed that blood flow regulates nitric oxide
(NO) production in rat mesenteric microvessels.
The higher the flow velocity, the higher the
endothelial NO production in postcapillary
venules.

NO is the smallest signaling molecule that
regulates a variety of important physiological
functions (Forstermann and Sessa 2012). eNOS
is responsible for most of the vascular NO
production (Cooke et al. 1990). In cancer biology,
NO can promote or inhibit tumor growth and

metastasis, depending on its concentrations
(Ridnour et al. 2006; Xu et al. 2002). Elevated
NO and eNOS have been observed in cancer
patients in malignancy states (Masri et al.
2005). Although high concentrations of NO
are cytotoxic to the circulating tumor cells (Li
et al. 1991; Mortensen et al. 2004; Pohl et al.
1991; Qiu et al. 2003; Wang et al. 2000), low
levels of NO promote tumor cell arrest and
adhesion (Scher 2007; Xu et al. 2002; Yudoh et
al. 1997). NO at some optimal levels can inhibit
cancer cell adhesion to cytokine-stimulated
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endothelial cells (Lu et al. 2014; Xu et al.
2002), decrease tumor cell adhesion to naive and
lipopolysaccharide (LPS)-treated postcapillary
venules (Kong et al. 1996), and reduce invasion
ability of cancer cells (Kielbik et al. 2014).
Most recently, Zhang et al. (2016a, b) found
that under normal physiological flow conditions,
tumor cells prefer to adhere to the microvessel
locations with a higher NO production such as
curved portions. Inhibition of eNOS by NG-
monomethyl-L-arginine (L-NMMA) attenuated
the flow-induced NO production and reduced
tumor cell adhesion. They also found that
L-NMMA treatment for ∼40 min reduced
microvessel permeability to albumin. Therefore,
their results suggest that inhibition of eNOS is a
good approach to preventing tumor cell adhesion
to intact microvessels under physiological flows.

In addition to the flow-induced hydrodynamic
factors in the microvasculature, the mechanical
properties such as rigidity of tumor cells de-
termine their metastatic behaviors. Guck et al.
(2005) and Koop et al. (1995) observed that
tumor cells having a greater deformability are
more invasive, malignant, and metastatic. Malig-
nant (MCF-7) breast cells were found to have
an apparent Young’s modulus significantly lower
(1.4–1.8 times) than that of their nonmalignant
(MCF-10A) counterparts (Li et al. 2008). More
recently, Swaminathan et al. (2011) found that

cancer cells with the highest migratory and in-
vasive potential are five times less stiff than cells
with the lowest migration and invasion potential.
However, more rigid tumor cells may also be
trapped in narrow capillaries. Most recently, Guo
et al. (2014) injected fluorescently labeled human
breast carcinoma cells or similarly sized rigid
beads into the systemic circulation of a rat. Their
arrest patterns in the microvasculature of mesen-
tery were recorded and quantified. They found
that ∼93% of rigid beads were arrested either at
arteriole-capillary intersections or in capillaries.
Only ∼3% were at the capillary-postcapillary
venule intersections and in postcapillary venules.
In contrast, most of the flexible tumor cells were
either entrapped in capillaries or arrested at capil-
lary or postcapillary venule-postcapillary venule
intersections and in postcapillary venules. Forty-

two percent of the flexible tumor cells were able
to escape the capillary trapping.

4 Investigation of Tumor
Metastasis by Using
Microfluidic Systems

Although above summarized animal models for
investigating tumor metastasis in the microcircu-
lation have provided insightful information for
the metastasis mechanism, it is necessary to ex-
plore the human tumor metastasis in microvessels
formed by human endothelial cells. Therefore,
the 2D transwell system and 2D and 3D single
channel microfluidic system have been devel-
oped and used for decades by many researchers
in investigating tumor cell and leukocyte adhe-
sion, invasion, and transmigration under static
and flow conditions (Cinamon and Alon 2003;
Earley and Plopper 2006; Fan et al. 2011; Fan
and Fu 2016; Lee et al. 2003; Shea et al. 2017;
Slattery et al. 2005; Zhang et al. 2016a, b).
Many recent microfluidic systems with compli-
cated patterns have been developed to screen
circulating tumor cells for diagnosis (Ferreira et
al. 2016; Jiang et al. 2017; Khamenehfar and Li
2016; Khoo et al. 2018; Tadimety et al. 2017),
to grow tumor cells with in and out flows for
cancer drug screening (Chi et al. 2016; Dereli-
Korkut et al. 2014) and to generate chemotaxis
conditions for cancer cell migration (Liu et al.
2017; Um et al. 2017). Recently, an all-human 3D
ex vivo hepatic microphysiological system was
developed to mimic the stiffness of metastatic
organ environment but without blood microvas-
culature (Clark et al. 2016). A 3D microfluidic
system with simple blood microvasculature was
developed but without real anatomical geometry
(Kong et al. 2016). A sophisticated 3D microflu-
idic device (Fig. 5) with the generated microvas-
culature from human umbilical vein endothelial
cells and human lung fibroblasts has been de-
veloped to quantify tumor cell intravasation and
extravasation dynamics (Chen et al. 2013, 2017;
Jeon et al. 2015; Zervantonakis et al. 2012).

The recently developed microfluidic systems
recreated the tumor-vascular interface in 3D.
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Fig. 5 Microfluidic tumor-vascular interface model. (a)
Endothelial channel (green), tumor channel (red), and 3D
extracellular matrix (ECM, dark gray) between the two
channels. Channels are 500 μm wide, 20 mm in length,
and 120 μm in height. Black arrow shows the y-junction.
(Scale bar, 2 mm.) (b) Phase-contrast image showing
the fibrosarcoma cells (HT1080, red) invading through
the ECM (gray) toward the endothelium (microvascular
endothelial cells, green). A single 3D ECM hydrogel

matrix region is outlined with the white dashed square.
(Scale bar, 300 μm.) (c) Confocal projection of a rep-
resentative region of tumor (red) perfused microvascular
network (green) at 20×. Representative cross-sectional
views of a single transmigrating tumor cell (in dotted
white box) and example of extravasation scoring (a, b
from Zervantonakis et al. 2012 and c from Chen et al.
2017, with permission)

They not only enabled high-resolution, real-
time imaging of tumor cell intravasation,
arrest, adhesion, and extravasation and precise
quantification of endothelial barrier function
but also provided well-controlled tumor
microenvironments mimicking various clinical
conditions.

5 Summary and Future Study

Although transport across endothelium is a clas-
sical problem that has been investigated for more
than several decades, the fundamental questions
related to the structure-transport function of the
microvessel wall and the interaction between the
circulating cells and the cells forming the wall
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still remain unclear. With the help from mathe-
matical models for more accurate interpretations
and predictions, new techniques involving trans-
genic animals with fluorescent protein-expressed
endothelial cells and circulating blood and tu-
mor cells, new fluorescent dyes for labeling the
structural components of transvascular pathways,
new developments in super-resolution optical mi-
croscopy and cryo-electron microscopy, and new
developments in molecular biology and biochem-
istry will lead to more fascinating discoveries in
this field.

One problem that has not been investigated
thoroughly is the spatio-chemical organization
and biomechanical properties of the endothelial
surface glycocalyx, which is the barrier between
circulating cells and endothelial cells forming
the microvessel wall in addition to the molecular
sieve. Newly developed super-resolution optical
microscopy such as STORM (stochastic optical
reconstruction microscopy) and STED (stimu-
lated emission depletion) and AFM (atomic force
microscopy) can be employed for this purpose.
Another problem is to create transvascular mod-
els for cells such as leukocytes and cancer cells.
The current multi-scale cell adhesion model can
be revised to include the mechanical properties
and morphological changes of adherent and en-
dothelial cells in developing the cell transmigra-
tion models. The transvascular cell transport is
crucial in many physiological and pathological
processes including inflammatory response and
tumor metastasis.
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