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Abstract Heterotypic cell–cell adhesion in the near wall region under dynamic
shear forces has been studied. In particular, we focus on neutrophil (PMN)–
melanoma cell emboli formation in a non-linear shear flow and subsequent
tethering to the vascular endothelium (EC) as a result of cell–cell aggregation. The
extent of tumor cell adhesion to a vessel wall is governed by the kinetic formation/
disruption of receptor–ligand bonds, soluble signaling proteins within the tumor
microenvironment, and the hydrodynamic shear within the circulation. Upon
tumor cell arrest on the endothelium, retraction of EC during tumor cell extrav-
asation occurs due to the disruption of intercellular channels or disassembly of the
vascular endothelial (VE)-cadherin homodimers that allow the passage of soluble
proteins and cells. Preliminary studies have found tumor-elicited PMNs increase
melanoma cell extravasation, which involves PMNs tethering on the EC and
subsequently capturing/maintaining melanoma cells in close proximity to the EC.
Results have indicated a novel finding that PMN-facilitated melanoma cell arrest
on the EC is mediated by binding between the intercellular adhesion molecule
(ICAM)-1 (expressing on both melanoma cells and ECs) and b2 integrins on
PMNs, influenced by tumor-induced inflammatory cytokines, e.g., interleukin (IL)-8,
and hydrodynamic shear rates. Furthermore, the adherens junctions in terms of
VE-cadherin are regulated by endothelial mitogen activated protein kinases
(MAPK) in response to tumor cell adhesion to the EC, as well as to IL-8 and
several other soluble signaling proteins within the tumor microenvironment. These
studies will yield new evidence for the complex role of hemodynamics, protein
signaling, and heterotypic cell adhesion in the recruitment of metastatic cancer
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cells to the EC in the microcirculation during metastasis, which will be significant
in fostering new cross-disciplinary approaches to cancer treatment.

1 Introduction

Cancer is a complicated disease that requires the coordination of many different
cellular processes. Metastasis is the spread of tumor cells (TC) from a primary
tumor site to a secondary site and is the cause of most cancer related deaths. There
are several pathways for a tumor to spread—through the vasculature or the lymph
system to an adjacent organ. The studies presented here examine several possible
mechanisms by which melanoma extravasation to secondary tumor sites occurs
through the vasculature and how the inflammatory microenvironment may affect
TC adhesion to and migration through the EC barrier under dynamic flow con-
ditions from the circulation.

1.1 Tumor Cell Adhesion and Extravasation

Human leukocytes, including PMNs, actively participate in the inflammatory
response via adhesion to the EC [89]. It has become evident from in vivo studies
that the mechanisms utilized by leukocytes and metastatic tumor cells to adhere to
a vessel wall prior to extravasation are very different [56]. One observation from in
vivo video microscopy has indicated that tumor cells are trapped in capillaries and
only arrest on the EC on the basis of vessel-size restriction in the microcirculation
[8]. It has also been suggested that initial microvascular arrest of metastasizing
tumor cells (from cell lines of six different histological origins) does not exhibit
‘‘leukocyte-like rolling’’ adhesive interaction with the EC [92]. In contrast, another
in vivo study has discovered that the B16 melanoma cells could adhere to the walls
of pre-sinusoidal vessels in mice pretreated with IL-1a [79]. They suggested that
the release of inflammatory cytokines into the bloodstream could cause the arrest
of melanoma cells in portal venules, by a chemoattraction and adhesion-mediated
mechanism, rather than by a size restriction-only mechanism. Clearly these studies
are somewhat contradictory and additional work is needed to characterize the
event in TC adhesion to the EC, subsequent TC extravasation and metastasis.

Several ligands for inducible endothelial adhesion molecules have been iden-
tified on various types of tumor cells [103]. For example, Miele et al. [60] reported
that a dose- and time-dependent increase in surface expression of ICAM-1 was
found in human malignant melanoma cells. They also found that inhibiting ICAM-1
reduced melanoma lung metastasis in vivo. All these studies have supported an
adhesive mechanism between TC and EC, rather than a simple mechanical
entrapment, such as vessel-size restriction. Although melanoma cells express high
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levels of ICAM-1, they do not express b2 integrins (CD11a/CD18 or LFA-1;
CD11b/CD18 or Mac-1), sLex or other sialylated molecules at levels to effectively
adhere to the EC within the circulation [108]. An interesting study showed that
PMNs and activated macrophages increased the ability of rat hepatocarcinoma cells
to adhere to an EC monolayer [90]. In addition, tumor-elicited PMNs, in contrast to
normal PMNs, were found to enhance metastatic potential and invasiveness of rat
mammary adenocarcinoma cells in an in vivo tumor-bearing rat model [102]. Using
light and electron microscopy, circulating PMNs were discovered in close associ-
ation with metastatic TCs, including at the time of TC arrest [10]. These studies
have clearly suggested that the immune system, and PMNs in particular, could
affect tumor cell metastasis. However there is little understanding of tumor
immunoediting and the adhesion mechanisms involved [4, 17, 41, 52].

1.2 Inflammatory Cytokines and Signaling

Chemokines represent a large family of polypeptide signaling molecules that are
notable for their role in chemotaxis, leukocyte homing, and directional migration.
Melanomas, and the cells derived from them, have been found to express a number
of chemokines, including IL-8, growth-related oncogene (GRO)a-c, and monocyte
chemotactic protein (MCP)-1, which are implicated in melanoma cells themselves
and the tumor infiltrating leukocytes [71]. Although several chemokines have been
implicated in influencing adhesive properties of transformed cells, IL-8 is of
particular interest. IL-8 has a wide range of pro-inflammatory effects, which
mediate PMN migration from the circulation to sites of infection via activation of
CXC chemokine receptors 1 and 2 (CXCR1/2) on PMNs [32, 65, 100]. IL-8
secretion is also a marker for increasing metastatic potentials, e.g., as an important
promoter for melanoma growth [78, 83, 84]. Melanoma cells secrete IL-8 which
alters adhesion molecule expression on PMNs [86]. IL-8 could potentially enhance
PMN binding to melanoma cells and EC. In addition to IL-8, other factors such as
IL-1b, IL-6, MCP-1, tumor necrosis factor (TNF)-a or GRO-a have also been
shown to regulate immune responses and modulate tumor behavior [6, 63]. Che-
mokines or cytokines secreted by TCs and/or PMNs may play an important role in
communication between melanomas and PMN and affect the interactions between
them as well [25]. However, mechanisms regulating chemokine expression in a
tumor microenvironment and roles played by endogenous chemokines in medi-
ating TC extravasation from the circulation are unknown.

From in vitro models, interactions between ICAM-1 expressing cells and b2

integrins on PMNs could potentially enhance melanoma cell adhesion to the EC
mediated by PMN tethering, which further promote extravasation under dynamic
flow conditions [53, 57, 87]. While IL-8 has been shown to promote melanoma
angiogenesis and metastasis [2], involvement of PMNs in this process and
mechanistic basis by which these cells could promote this process in vivo remains
unclear. To dissect involvement of IL-8 secreted by melanoma cells and PMNs in
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development of lung metastases, most recent mice studies by Huh et al. [36]
showed that transient metastatic melanoma cells attached to PMNs in the lungs
were significantly affected by high levels of IL-8. Secreted IL-8 increased b2

integrin expressions (specifically Mac-1 molecules) on PMNs promoting tethering
of ICAM-1 expressing melanoma cells to the EC via binding to the PMNs [52].
Therefore, Huh’s in vivo work found that enhanced melanoma cells co-localiza-
tion with PMNs increased the retention of TCs in the lungs resulting in enhanced
trans-endothelial migration and subsequent metastasis development. Reducing
expression of IL-8 using small interfering (si)RNA, decreased extracellular levels
of IL-8 and Mac-1 expressions on PMNs, which reduced interactions between
melanomas and PMNs. This resulted in fewer melanoma cells being tethered to the
lung endothelium and retained in the lung thereby decreasing extravasation and
metastasis development in vivo.

1.3 Cell Adhesion Kinetics

Cellular adhesion is mediated by the formation of receptor–ligand bonds. The
combination of a receptor and a ligand that results in cellular adhesion can be
considered as a chemical reaction. Kinetics is the study of the rates of chemical
reactions and has been used to study cellular adhesion. The kinetics of leukocyte
adhesion to the EC has been widely studied and various kinetic parameters of the
molecules involved have been reported [1, 67, 88]. However, the kinetic mecha-
nisms involved in melanoma cell adhesion, especially involving heterotypic cell–
cell adhesion, have not been studied extensively and the steps leading to melanoma
extravasation from the circulation are still poorly understood. As discussed earlier,
melanoma cells have not been observed to roll along the EC similar to PMNs [92].
Previous investigations have determined that melanoma cells do not express
selectin ligands or b2 integrins at sufficient levels to mediate rolling or direct
adhesive interactions with EC. Melanoma cells, however, do express ICAM-1,
which can possibly bind to the integrins expressed by PMNs.

Resting PMNs express very few b2 integrins in their high affinity states.
Approximately 1,000 of the 15,000 expressed Mac-1 molecules and 9,000 of the
50,000 LFA-1 molecules expressed per cell are in a high affinity state before
activation [82]. Many adhesion studies have shown that LFA-1 is more important
for the initial tethering step of PMN adhesion to ICAM-1, whereas Mac-1 serves to
stabilize already formed adhesions [29, 68]. For the interactions of LFA-1 with
ICAM-1, a range of values have been determined for the dissociation rate under
zero pulling force using different methods. Zhang et al. [109] calculated a dis-
sociation rate of 0.17 s-1 using an LFA-1 expressing T-cell hybridoma line and
immobilized ICAM-1 to perform atomic force microscopy and applying Bell’s
model [3]. A dissociation rate of 0.3 s-1 was estimated by Vitte et al. [97] using a
parallel-plate flow chamber experiment utilizing Jurkat cells and immobilized
ICAM-1, and Tominaga et al. [94] estimated a rate of 0.1 s-1 using a surface
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plasmon resonance assay using soluble forms of both ICAM-1 and LFA-1.
There is a higher variability in the association rates estimated using the different
assays and cell types. Association rate estimates were calculated from the SPR
assay as 200,000 M-1 s-1 [94] and from the parallel-plate flow chamber assay as
82 M-1 s-1 [97]. We therefore closely followed the method by Vitte et al. [97] in
determining melanoma–PMN adhesion kinetic parameters.

1.4 Role of Fluid Dynamics Parameters

Under static in vitro conditions, melanoma cells do migrate through the EC.
However, when they were exposed to a shear flow under stress 4 dyn/cm2, the TC
extravasation was found to be significantly decreased [86]. When PMNs were
introduced to the TC suspension under the same shear conditions, 85% of the
melanoma cell extravasation was recovered. This evidence has led to the
hypothesis that PMNs may facilitate melanoma cell adhesion to and migration
through the EC under flow conditions. Parallel-plate flow chamber experiments of
TC–PMN aggregation under varying flow conditions showed fewer TCs adhered
to the EC at higher shear rates [53]. As shear flow is always present in the body
and these studies suggest that the properties of the fluid flow itself may influence
the mechanism of melanoma cell adhesion and extravasation, especially when
interacting with PMNs.

Fluid transport might govern flow-enhanced cell tethering [16, 110]. Results
from a novel extravasation or a parallel-plate flow chamber have suggested that
intercellular contact time, which is proportional to the inverse of wall shear rate,
has a greater influence in the TC adhesion efficiency than the wall shear stress
[50, 51, 58]. Wall shear stress (sw) and shear rate ( _c) are related by the definition
sw ¼ l _c where l is the viscosity of the fluid. If the magnitude of the fluid viscosity
is increased and that of the shear rate is decreased proportionally, the shear stress
remains constant. Several published experiments have been designed around this
principle to distinguish the effect of the shear rate from that of shear stress
[27, 76]. Under the same shear rate with varying fluid viscosity (or shear stress), no
significant difference in the number of extravasated melanoma cells was observed;
however, under a constant shear stress and decreasing shear rate, there was a
significant increase in melanoma extravasation [87]. The same trends were
observed for the aggregation of melanoma cells with PMNs in parallel-plate flow
chamber experiments using the same variations in flow parameters [53]. These
studies have suggested that TC arrest on the EC is a necessary step in PMN-
mediated TC extravasation under flow conditions. This mechanism is regulated by
hydrodynamic shear rates, which potentially affects TC–PMN contact time,
revealing it is possibly convection driven. However, such fluid dynamics problems
are not well studied, especially involving heterotypic cell adhesion in cancer.

Cell deformability has been shown to play an important role in affecting cell
adhesion in a shear flow [5, 15, 35, 46]. Usually, an increase in shear force would
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have a stronger tendency to detach a cell from its substrate or separate a cell from
cell–cell aggregations; however, at the same time increasing shear stress also
increases cell–cell contact areas due to the cell deformation that provides stronger
adhesion. Therefore, hydrodynamics plays a complex role in the cell adhesion
process.

1.5 Computational Fluid Dynamics and Cell Models

Computational fluid dynamics, or CFD, has been used to investigate the mecha-
nisms involved in PMN adhesion to the EC. Numerical models of cellular in vitro
systems have been created in order to determine effects of adhesion properties,
fluid properties, and deformability on the efficiency of adhesion [37, 40, 66]. The
majority of these models did not include a second (or heterotypic) cell type
interacting with PMNs and ECs within the circulation; with the exception of
Migliorini et al. [61], who modeled a red blood cell (RBC) colliding with a PMN.
This is significantly different from modeling adhesion-specific TC–PMN inter-
actions, due to the lack of specific RBC–PMN adhesion. A recent study developed
by Hoskins et al. [34] extended these models by modeling TC interactions with a
PMN adherent to the EC.

Currently the most sophisticated numerical models of PMN adhesion to the EC
represent PMNs as 3-D deformable bodies with spring-type microvilli and adhe-
sion molecules scattered on the membrane [37, 40, 66]. These models all employ
membrane-tracking algorithms that do not discretize the outer membrane of the
cells explicitly. These methods are less computationally intensive than an explicit
method, but do not precisely resolve the location of the cell membrane or the fluid
dynamics in the immediate vicinity of the cell membrane. Hoskins et al. [34]
explicitly tracked the location of the deformable membrane and modeled the
internal and external fluids separately. This will yield a more accurate represen-
tation of the cell deformation and fluid behavior.

The deformation of passive PMNs using the micropipette aspiration technique
has been widely studied to determine material parameters of PMNs [19, 20, 104].
As PMNs traverse the circulation, they often encounter blood vessels with a
smaller radius than the cell radius. Several in vitro experiments were used to
recreate that situation [22]. Many numerical models have been developed which
attempt to recreate the behavior of PMNs as they undergo the large deformations
induced in the micropipette experiments [18, 23]. Although the deformation that
will be modeled in the current work is less significant, the insight that has been
gained by completing those studies can guide the modeling process.

Kunz et al. [44] have developed a CFD code, NPHASE, which has been
developed, applied and validated for numerous single-phase and multi-phase
flows. NPHASE incorporates several elements of modern CFD analysis including
overset and unstructured meshes, parallel processing, fluid–structure interaction
and moving/deforming meshes, each of which will be applied in the proposed cell
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system modeling. In the current study, NPHASE will be applied in a DNS
framework, where each cell in the system is explicitly resolved. The code has been
specifically validated [34, 47] for the very low Reynolds number cellular system
flows of interest here.

1.6 Endothelial Junction Adherence

Interendothelial adherens junctions account for the majority of barrier function of
normal endothelium, and are responsible for regulating the passage of proteins and
circulating cells [11]. Adherens junctions are characterized by the localization of
VE-cadherin, a transmembrane protein, its cytoplasmic tail interacts directly
with important cytoskeletal and signaling proteins, including a-actinin, a/b-
catenin, plakoglobin, and actin [45]. VE-cadherin participates in most of the stages
of transmigration of inflammatory cells. The loss of homophilic binding of
VE-cadherins weakens the adhesive interaction between neighboring ECs, per-
mitting transvascular cell penetration [12]. Homophilic binding activity of
VE-cadherin is, in part, regulated by tyrosine-phosphorylation of its cytoplasmic
tail [98], suggesting a direct role for protein tyrosine kinases in regulating inter-
endothelial junctions, and subsequent transvascular cell migration.

Tumor cell-initiated signaling events that lead to changes in EC integrity have
not been extensively characterized. High expression levels of a4b1 integrin
associated with highly metastatic melanoma cells is correlated with a marked
increase in melanoma extravasation through endothelial layers [43, 81]. While
several studies have focused on the effects of a4b1 and vascular adhesion mol-
ecule-1 (VCAM-1) interactions on metastasis and adhesion of melanoma cells to
the endothelium [26, 48, 75, 77, 99], recent studies have found that these
adhesion events lead to the disassembly of VE-cadherin which facilitates mela-
noma transendothelial migration [39, 72, 73]. However, melanoma cells them-
selves secrete large amounts of soluble proteins including IL-8, IL-6, IL-1b, and
GRO-a. Melanoma cells with high metastatic potential have been shown to
secrete higher amounts of IL-8 [70, 74]. These results were further supported by
in vivo studies showing an overall decrease in tumorigenicity and metastasis
when mice lacking CXCR2 (the receptor for IL-8) were injected with melanoma
cells [85].

Peng et al. [73] monitored the [Ca2+]i in human umbilical vein endothelial cells
(HUVEC) following contact with human melanoma cells. They showed that
transient rise in endothelial [Ca2+]i was elicited specifically by melanoma cells,
and this response recruited the classical [Ca2+]i release mechanism via pertussis
toxin (PT)-sensitive G proteins in the EC. In addition, they demonstrated that the
loss of VE-cadherin integrity in EC appeared at the interendothelial border in
response to melanoma cell contacts. The regulation of melanoma cell-mediated
junctions was independent of tyrosine phosphorylation of VE-cadherin. Most
importantly, melanoma cells induced junction disassembly in the manner strongly
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related to phospholipase C (PLC) activation, since inhibition of PLC significantly
reduced the disruptions of VE-cadherin by melanoma cells. Phosphatidylinositol-
3-kinase (PI3K), however, was not responsible for the melanoma cell-associated
VE-cadherin redistribution. In addition, melanoma cell transendothelial migration
was diminished in the absence of PLC or PI3K activity. These findings suggest an
involvement of PLC in endothelial signaling pathways recruited by melanoma
cells in breaching the vasculature.

It is well established that p38 MAPK activation plays a key role in the initial
break down of VE-cadherin junctions to facilitate cell migration through the EC
[69, 95]. Some recent studies have shown that the VCAM-1 receptor on the
endothelium induces intercellular gap formation through the Rho-like GTPase
Rac1 signaling that results in activation of p38 MAP kinase proteins further
downstream of the Rac pathway [39, 96]. The question remains as to whether
melanoma cells trigger VE-cadherin disassembly primarily through cell–cell
contact mediated events or through soluble protein events. Furthermore, could
these tumor-induced events modulate specific intracellular pathways in the
endothelium leading to disassembly of VE-cadherin homodimers?

2 Experimental Materials and Methods

2.1 Cell Preparation

Human melanoma cell lines WM35 and WM9 were provided by Dr. Meenhard
Herlyn (Wistar Institute, Philadelphia, PA, USA) and maintained in Roswell Park
Memorial Institute 1640 medium (RPMI 1640; Biosource, Inc., Camarillo, CA,
USA) supplemented with 10% fetal bovine serum (FBS; Biosource, Inc.) and
100 units/ml penicillin–streptomycin (Biosource, Inc.) at 37�C under 5% CO2.
1205Lu cells (from Dr. Gavin P. Robertson, Penn State Hershey Medical Center,
Hershey, PA, USA) and C8161 cells (from Dr. Danny Welch, University of
Alabama, Birmingham, AL, USA) were cultured respectively in Dulbecco’s
Modified Eagle’s Medium (DMEM) and DMEM-F12 (Biosource, Inc.) supple-
mented with 10% FBS in a standard cell culture condition (5% CO2/37�C). Cor-
relation of tumor metastatic potentials with melanoma cell invasiveness,
chemotactic migration and adhesiveness is shown in Table 1.

Fibroblast L-cells that had been transfected to express human E-selectin and
ICAM-1 (EI cells) were provided by Dr. Scott Simon (University of California,
Davis, CA, USA), which were maintained in culture as described elsewhere [27].
The EI cells were used in our initial experiments as a model of an endothelial
monolayer for studying TC–EC, PMN–EC, and TC–PMN–EC adhesion.

Human umbilical vein endothelial cells were obtained from American Type
Culture Collection (ATCC) (Manassas, VA, USA) and maintained in F12-K
medium with 10% FBS, 30 lg/ml of EC growth supplement, 50 lg/ml heparin
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(Mallinckrodt Baker, Inc.), 100 units/ml of penicillin–streptomycin (Biofluids,
Inc.) [39, 73].

Fresh human blood was drawn from healthy donors under informed consent as
approved by the Pennsylvania State University Institutional Review Board. PMNs
were separated from blood using Ficoll-Hypaque (Histopaque; Sigma Chemical
Co.). After centrifugation at 620g for 30 min, PMNs were carefully isolated and
suspended in Dulbecco’s phosphate-buffered saline (DPBS) with 0.1% human
serum albumin (HSA; Sigma Chemical Co.). Erythrocytes were lysed using ACK
lysis buffer (0.15 M NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA; [pH 7.4]) and
removed. The cells were washed and resuspended in 0.1% HSA/DPBS, and gently
rocked until they were used in experiments. The cell preparations were 99.5% pure
PMNs, as analyzed by a Diff-Quick stain (Dade Behring Inc., Newark, DE, USA).
PMNs were resuspended in RPMI 1640 medium supplemented with 5% FBS and
cultured with or without melanoma cells.

For PMN and melanoma cell co-culture, PMNs were added to the confluent
melanoma cells, either directly or separated by a Transwell insert with 0.4 lm
pore size. In some experiments, PMNs or ECs were stimulated with recombi-
nant human IL-8 (12.5, 25 or 125 ng/ml), IL-1b (5, 10 or 25 ng/ml), IL-6
(50 or 100 ng/ml), GRO-a (100 or 200 ng/ml) (Biosource, Inc.) or a combi-
nation of IL-8, IL-1b, IL-6 and GRO-a cytokines with chosen concentrations,
respectively.

2.2 Tumor Conditioned Medium

Selected melanoma cells were cultured in 75 cm2 flasks under growth conditions
described above to 90–95% confluency, after which medium was aspirated and
replaced with fresh 5 ml of RPMI (for WM35 cells) or DMEM (for A2058 and
1205Lu cells) with 2% FBS. The medium was then removed after a 24-h period of
chosen tumor cell culture and centrifuged in 50 ml conical tubes at 1,500 rpm at
4�C for 5 min to remove any remaining cells.

Table 1 ‘‘Metastatic’’ potential was qualitatively determined from the cell line origin;
‘‘Chemotactic’’ potential was measured by cell static migration toward soluble type IV collagen
(CIV; 100 lg/ml) using Boyden chamber; and ‘‘Adhesion’’ potential was quantified by com-
paring relative mean fluorescence levels of ICAM-1 expression obtained by flow cytometry

Cell line Potentials References

Metastatic Chemotactic
(CIV)

Adhesion
(ICAM-1)

1205Lu ++++ +++ +++ [80]
C8161 +++ ++ ++ [101, 106]
WM 9 ++ ++ +++ http://www.wistar.upenn.edu/herlyn/melcell.htm
A2058 + ++ ++ [14]
WM35 - + + http://www.wistar.upenn.edu/herlyn/melcell.htm
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2.3 Small Interfering RNA (siRNA) Targeting IL-8

SiRNA (100 pmol) was introduced into 1.0 9 106 1205Lu, C8161.Cl9 via nu-
cleofection using an Amaxa Nucleofector using Solution R/program K-17 [52, 80].
Transfection efficiency was [95% with 80–90% cell viability [80]. Following
siRNA introduction, cells were allowed to recover for 2 days and then replated in
96-well plates. Five days later, cell viability was measured using the MTS assay
(CellTiter 96 AQueous Cell Proliferation Assay, Promega, Madison, WI, USA).

Duplexed Stealth siRNA (Invitrogen, Carlsbad, CA) were used for the IL-8
studies. The following siRNA sequences were used for targeting IL-8 [36]. IL-8#1:
GCA GCU CUG UGU GAA GGU GCA GUU U, IL-8#2: CCA AGG AGU GCU
AAA GAA CUU AGA U.

2.4 Western Blots

Cells were collected and washed with cold PBS, then whole cell extracts were
prepared by resuspending cells in lysis buffer (10 mM Tris–HCl [pH 7.4],
150 mM NaCl, 1 mM EDTA [pH 8.0], 2 mM Na3VO3, 10 mM NaF, 10 mM
Na4P2O7, 1% NP-40, 1 mM PMSF, 2 ng/ml pepstatin A). Lysates were incubated
on ice for 30 min followed by a centrifugation at 16,000g for 1 min at 4�C. The
pellet was discarded and the supernatant was mixed with 29 SDS running buffer
(0.2% bromophenol blue, 4% SDS, 100 mM Tris [pH 6.8], 200 mM DTT, 20%
glycerol) in 1:1 ratio. Samples were boiled for 3 min and 15 ll were loaded onto a
12 or 15% SDS-PAGE gel and proteins were transferred to a 0.2 lm PVDF
membrane (Millipore Co., Billerica, MA, USA) by electroblotting. Primary anti-
bodies included rabbit anti-human IL-8 (Biosource, Inc.) and anti-b-actin IgG1
(Sigma Chemical Co.). Secondary antibodies were peroxidase-conjugated goat
anti-rabbit IgG or goat anti-mouse IgG. Proteins were detected using the Enhanced
Chemiluminescence Detection System (Amersham Pharmacia Biotech, Arlington
Heights, IL, USA).

2.5 Enzyme-linked Immunosorbent Assays

At the end of assays, cell-free supernatants were collected by a centrifugation at
430g for five minutes and stored at -80�C until Enzyme-linked immunosorbent
assays (ELISA) was performed. ELISA detection of protein secretion was per-
formed at the Pennsylvania State University NIH Cytokine Core Lab. Mouse anti-
human capture antibody to specific target chemokine or cytokine was diluted to
2 lg/ml in coating buffer (0.1 M NaHCO3 [pH 8.2]) and 50 ll was added to each
well of the 96-well ELISA plate for overnight incubation at 4�C. The plate was
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then washed four times with 20% Tween 20 in phosphate-buffered saline (PBST)
[pH 7.0] and blocked with 1% BSA in PBS for 2 h at room temperature. 100 ll
target chemokine or cytokine standards and samples were added to each well for
overnight incubation at 4�C. The plate was washed four times next day and 100 ll
of 0.2 lg/ml biotinylated affinity purified goat anti-human polyclonal detection
antibody was added to each well, followed by 2 h incubation at room temperature.
The plate was then washed six times and incubated with 10 ll streptavidin per-
oxidase (1 lg/ml, Sigma Chemical Co.) for 30 min at room temperature. 100 ll of
2,20-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (Sigma
Chemical Co.)/peroxide substrate solution was then added for 1 h in the dark. The
plate was read using a microtiter plate reader (Packard, Downers Grove, IL, USA)
at a wavelength of 405 nm.

2.6 Flow Cytometry

The cells of interest were treated with murine anti-human CD marker primary
antibodies (e.g., anti-CD11a, anti-CD11b, or anti-ICAM-1; 1 lg Ab/106 cells)
(CalTag Laboratories) for 30 min at 4�C. The cells were then treated with sec-
ondary antibody, FITC-conjugated goat anti-mouse IgG F(ab)2 fragment (1 lg/106

cells) (Jackson ImmunoResearch, West Grove, PA, USA) for 25 min at 4�C. In the
case of blocking CXCR1 and CXCR2 receptors on PMNs, PE-conjugated anti-
CD11b (1 ll/106 cells; CalTag Laboratories) was used to avoid binding secondary
antibody to the existing CXCR1 and CXCR2 antibodies. The samples were fixed
with 2% formaldehyde (Sigma) and analyzed using a Coulter EPICS XL (Coulter
Corp., Fullerton, CA, USA) flow cytometer. Control cases used to determine
background fluorescence were samples treated with secondary antibody only or
PE-conjugated isotype control (CalTag Laboratories).

2.7 In vitro Flow Extravasation Assays

A flow extravasation assay was performed in a modified 48-well chemotactic
Boyden chamber consisting of a top and bottom plate separated by a gasket. In
brief, a 7 cm 9 2 cm opening cut from the center of a 0.02 inch-thick gasket
between top and bottom plates forms the flow field (Fig. 1; top right). The wall
shear stress (sw) is related to the volumetric flow rate (Q) by sw = 6lQ/wh2, where
l is the fluid viscosity, h is height and w is width of the flow field. EI cells, which
had been transfected from fibroblasts to express human E-selectin and ICAM-1,
were used as a substrate for cell adhesion and as a model of an endothelial
monolayer. E-Selectin and ICAM-1 levels were periodically checked by flow
cytometry to verify expression level. ICAM-1 levels on EI cells were shown to be
comparable with IL-1b stimulated HUVECs [27]. Hence, a monolayer was formed
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by growing EI cells to confluence on sterilized PVP-free polycarbonate filters (8-
lm pore) coated with fibronectin (30 lg/ml) [86]. The bottom side of the filter was
scraped prior to use to remove any potential cell growth. Soluble type IV collagen
(CIV; 100 lg/ml), which has been shown to induce melanoma cell chemotaxis
[30, 31], was chosen as the chemoattractant in the center 12 wells. Typical
experiments involved cases such as: PMNs; melanoma cells (respective cell lines
with varied metastatic phenotypes from Table 1); PMNs ? selected-type mela-
noma cells (5 9 105 cells of each cell type). The entire flow-migration assay was
conducted in a 37�C, 5% CO2 incubator for 4 h. To quantify migration, the filter
was removed from the chamber and immediately stained with HEMA-3 (Fisher
Scientific). The cells on the bottom side of each filter were imaged. No cells were
found in the attractant wells after 4-h of migration. Three pictures were taken of
each filter in different locations. The number of cells migrated was quantified/
averaged for each filter. A minimum of three filters were analyzed for each data
point. Background migration was subtracted from each sample as appropriate.
Control experiments showed no PMNs migrated toward CIV.

2.8 Parallel-plate Flow Assays

Cell collision and adhesion experiments were performed in a parallel-plate flow
chamber (Glycotech, Rockville, MD, USA) mounted on the stage of a phase-
contrast optical microscope (Diaphot 330, Nikon, Japan). A syringe pump
(Harvard Apparatus, South Natick, MA, USA) was used to generate a steady flow
field in the flow chamber. A petri dish (35 mm) with a confluent EI cell monolayer
was attached to the flow chamber [53]. All experiments were performed at 37�C.
The field of view was 800 lm long (direction of the flow) by 600 lm. The
focal plane was set on the EI monolayer. The flow chamber was perfused
with appropriate media over the EI monolayer for 2–3 min at a shear rate of 40 s-1

for equilibration before the introduction of a predetermined concentration
(1 9 106 cells/ml) of PMNs and WM9. PMNs were stimulated with 1 lM fMLP
for 1 min or 1 ng/ml IL-8 for 1 h before the perfusion into parallel-plate flow
chamber. After allowing PMNs and WM9 cells to contact the EI monolayer at a
shear stress of 0.1–0.3 dyn/cm2 for 2 min, we adjusted the shear stresses to the
experimental range of 0.6–2 dyn/cm2 and kept constant for 6–7 min. Experiments
were performed in triplicate and analyzed off-line.

2.9 Animal Studies

Animal experimentations were performed according to protocols approved by the
Institutional Animal Care and Use Committee at the Pennsylvania State University
College of Medicine [36, 52, 80].
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Tumor formation was measured in athymic-Foxn1nu nude mice purchased from
Herlan Sprague–Dawley (Indianapolis, IN, USA). 500 pmol of siRNA was nu-
cleofected into 5.0 9 106 cells and after 48 h of recovery, 1.0 9 106 cells were
collected in 0.2 ml of 10% FBS-DMEM to inject subcutaneously above both the
left and right rib cages of 4–6 week old female mice. Dimensions of developing
tumors were measured on alternate days using calipers.

To characterize in vivo interactions of melanoma cells with human PMNs,
100 pmol of siRNA were nucleofected into 1.0 9 106 GFP-tagged 1205Lu. After
36 h 0.5 9 106 cells in 0.2 ml of HBSS were collected. PMNs were isolated and
were stained with CellTracker Orange CMTMR (C2927, Invitrogen, Carlsbad,
CA, USA) according to manufactures protocol. Melanoma cells were injected i.v.
into the left lateral tail vein of athymic-Foxn1nu nude mice and human PMNs were
injected i.v into the right lateral tail vein of nude mice. After 24 h, mice were
sacrificed, lungs removed and analyzed for melanoma cells interacting with PMNs
using Nikon SMZ 1500 dissecting microscope with fluorescence detection capa-
bilities (for GFP; ex470/em500, for CellTracker Orange CMTMR; ex550/em600).
Percentages of melanoma cells co-localized with PMNs were counted in fields
where melanoma cells and PMNs coexisted [36].

To study mouse experimental metastasis, 100 pmol of siRNA were nucleo-
fected into 1.0 9 106 GFP-tagged 1205Lu and C8161.Cl9 cells. After 36 h
0.5 9 106 cells in 0.2 ml of HBSS were injected i.v. into the lateral tail vein of
nude mice. Mice were sacrificed 18 days later, necropsied, and lungs analyzed for
presence of fluorescent metastases using a Nikon SMZ 1500 dissecting microscope
with a Plan Apo 1.69 objective. Images were photographed at 489 magnifications
from the ventral surface of each lung and number of fluorescent metastases as well
as area occupied by metastases scored in pixels using IP lab imaging software
(Scanalytics, Fairfax, VA, USA).

2.10 Statistical Analysis

All results are shown using mean ± standard error of the mean (SEM) unless
otherwise stated. One-way ANOVA analysis was used for multiple comparisons
and t tests were used for comparisons between two groups. P \ 0.05 was con-
sidered to be significant.

3 Computational Models

3.1 Diffusion and Convection of Solutes in a Shear Flow

A two-dimensional Couette flow model was used to simulate the transport of IL-8
released by tumor cells in the circulation. The inputs used in the model are
tabulated in Table 2.
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IL-8 distribution under flow conditions was modeled computationally using the
commercial software package Comsol Multiphysics 3.2 (Comsol, Stockholm,
Sweden), which employs a finite element method to solve the governing partial
differential equations. To simulate the IL-8 transport, the convection and diffusion
application mode was selected and the Navier–Stokes application mode was used
to calculate the velocity pattern. The convection–diffusion equation solved is
shown in Eq. 1:

oci

ot
þrðciuÞ ¼ Dir2ci; ð1Þ

where ci is the IL-8 concentration, u is the velocity, and Di is the solute diffusion
coefficient. The diffusion coefficient for IL-8 was obtained from literature [62]. It
has been shown that for small proteins, the diffusion coefficient is proportional to
molecular weight [105, 107]. A constant flux was assigned at the cell surface and
complete dilution was assumed very far from the cell; mathematically stated as:

c ¼ C0 at r ¼ R and c! 0 as r !1

where C0 is the IL-8 concentration and R is the tumor cell radius. It was assumed
that the secreted IL-8 would not be re-consumed by the secreting tumor cell and C0

be uniform over the surface of the cell.
The velocity profile was calculated using the Navier–Stokes application mode,

which solves the incompressible momentum and mass conservation:

q
ou

ot
þ qðu � rÞuþrp� lr2u ¼ 0

r � u ¼ 0
ð2Þ

Table 2 Description and source of variables as inputs for Comsol simulation

Variable Description Value Source

Q Volumetric flow rate 0.025 ml/min,
0.04 ml/min and
0.08 ml/min

Experimental setting

DAB IL-8 diffusion coefficient 2.59 9 10-10 m2/
s

[62, 107]

C0 IL-8 secreted by a
melanoma cell

Liang et al. [51] Detected using ELISA from medium
collected after flow assay

a Distance from the center of
channel to the wall

63.5 lm Parallel plate chamber geometry

q Density of fluid 1.0 9 103 kg/m3 Known constant
u Melanoma cell velocity 9.046 9 10-5,

1.447 9 10-4,
2.894 9 10-4 m/

s

Calculated from Eqs. 3 and 4

l Viscosity 1.0, 2.0, 3.2 cP Experimental setting
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where u is the velocity, q is the density of fluid, l is the viscosity and p is the
pressure. The fluid was assumed to be Newtonian, incompressible, steady and
laminar. A no-slip boundary condition was implemented at the channel walls.
Uniform velocity and constant pressure were prescribed at the inlet and outlet,
respectively. In the fully developed region, the classical parabolic velocity profile
(Poiseuille flow) was obtained. The velocity at a given location in the chamber can
be calculated from the equation below:

u ¼ DPa2

4lL

� �
1� r

a

� �2
� �

ð3Þ

where the DP/L is the driving force, r is the distance from the center of the channel
to the location, l is the viscosity, and a is the distance from the center of the
channel to the channel wall. The driving force, DP/L, can be derived from the
equation:

DP

L
¼ 8lQ

pa4
ð4Þ

where Q is the volumetric flow rate.
The relation between diffusion coefficient and solvent viscosity can be calcu-

lated using the Stokes–Einstein equation as follows.

DABlB ¼
kb

6pRA
ð5Þ

where DAB is the diffusion coefficient of solute A in solvent B, RA is the hydro-
dynamic radius of solute A, kb is Boltzmann’s constant, T is the Kelvin temper-
ature, and lB is the solvent viscosity. Note that the Stokes–Einstein equation
usually gives poor accuracy when solute A is a large molecule. Recently, a
modification of the Stokes–Einstein equation for small molecules was proposed by
Kooijman [42]. However, both equations have shown that the diffusion coefficient
is inversely proportional to the solution viscosity.

3.2 Receptor–ligand Binding Association Rate

A molecular model of receptor–ligand binding has been developed and used in
simulations of cell–cell adhesion [13]. In this model, the association rate, kon,
governs the likelihood of a receptor to form a bond with a ligand on another cell,
whose equation is shown in Eq. 6:

kon ¼ ALðnL � nBÞk0
on exp

�rtsðe� kÞ2

2kbT

 !
ð6Þ
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where AL is the surface area on a ligand-bearing cell that is available to a
receptor, nL is the number of ligands on a cell, nB is the number of bonds already
formed. These values and the separation distance between two cells, e, are
determined by the geometry and properties of a chosen cell. The association rate
for the receptor–ligand binding under zero-force conditions, k0

on, was determined
for LFA-1 and Mac-1 binding with ICAM-1 in a companion effort [33]. The
bond spring constant, rts, and equilibrium length, k, as well as the Boltzmann’s
constant, kb, were assigned values found in the literature [13].

3.3 Melanoma–PMN Adhesion to the EC in a Shear Flow

A 3D model of a PMN and a tumor cell in flow has been developed in a companion
effort to simulate the adhesion of a melanoma cell to a tethered PMN under flow
conditions [34]. The model is used here to compare the force exerted on a mel-
anoma cell, bound to a stationary PMN via a single bond, under varying flow
conditions. Since bond formation is a random occurrence, which is based on the
proximity of cells, receptor and ligand surface densities and locations, and
molecular properties, bonds may form in any position between a melanoma cell
and a PMN. Here, a direct comparison of bond force time history in various flow
conditions is desired; thus the same initial location was assumed for the melanoma
cell and the single bond in all simulations.

One stationary, adherent PMN was modeled on the bottom plate of the parallel
plate flow chamber geometry and a free stream tumor cell was modeled above and
slightly upstream of the PMN in the flow [51]. A single bond, treated as a linear
bond spring, was seeded between the two cells. The forces on the tumor cell due to
the fluid and the bond were used to calculate the cell motion.

Two commercial codes were used to simulate the two cell system. Harpoon
(Sharc, Manchester, UK) automatically generates the computational grids, and
AcuSolve (ACUSIM Software, Mountain View, CA, USA) calculates the flow
profile and force distributions. The cell motion calculation was completed by
Kunz-developed Python script[44], which also controls the overall simulation. The
order of operations controlled by the script was described in details from Hoskins
et al. [34].

Harpoon is a grid generator that creates hexahedra-dominant meshes in a very
short time. In the simulations used in this study, a new grid was generated at each
time step with the new tumor cell location.

AcuSolve is an incompressible flow solver based on the Galerkin/Least Squares
finite element method (GLS). The steady, incompressible Navier–Stokes and
continuity equations were solved, as shown in Eq. 2. Variables are also as defined
for Eq. 2.

The solution of Newton’s Second Law, shown in Eq. 7, governed the spherical
tumor cell motion.
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d2x~

dt2
¼ F~

m

d2h~

dt2
¼ s~

I

ð7Þ

where x~ and h~ are the tumor cell translations and rotations, F~ and s~ are the force
and torque vectors on the tumor cell and m and I are the cell’s mass and mass
moment of inertia. These equations were solved assuming the tumor cell is a rigid
body.

To represent the interactions between the microvilli on the cells’ surfaces, a
repulsion force with the form of a non-linear spring force, as shown in Eq. 8, was
applied to the tumor cell.

Frep ¼ �kd þ bd3 ð8Þ

where k and b are constants and d is the distance between the cells. This force was
applied along the normal to the PMN surface at the point of minimum separation
distance between the cells. The line of the normal does not generally go through
the center of the tumor cell, thus a torque is also applied.

4 Results

4.1 PMN-facilitated Tumor Cell Extravasation under Flow
Conditions

An in vitro extravasation model (Fig. 1) was developed using a modified 48-well
chemotactic ‘‘flow-migration’’ Boyden chamber [86].

The ‘‘PMN tethering frequency’’ was determined experimentally as the number
of PMNs that adhered to the EC per unit time and area using a parallel-plate flow
chamber (Fig. 1, bottom), including both rolling and firmly-arrested cells [53].
This frequency was normalized by cell flux to the surface to compensate for the
different concentration of cells passing the same area of substrate at different shear
rates. This normalization followed the procedure of Rinker et al. [76] based on
equations derived by Munn et al. [64]. Melanoma–PMN aggregation on the EC
was subsequently analyzed. Quantification started at the onset of experimental
shear rate (t = 0 min) and lasted for 5 min. Aggregates could be characterized by
differences in cell sizes and velocities (Fig. 1, bottom). Aggregation variables to
be quantified included: the total number of tethered PMNs; number of collisions of
melanoma cells (from the free stream near the EC) to tethered PMNs; aggregation
of melanomas with tethered PMNs as a result of the collision; and final attachment
of melanoma–PMN aggregates on the EC. For some cases in which more than one
melanoma cell adhered to a PMN, we count such a case as two aggregates if two
melanoma cells adhered to a PMN.
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‘‘Melanoma adhesion efficiency’’ was expressed by the following ratio [53]:

Melanoma adhesion efficiency

¼ Number of melanoma cells arrested on the monolayer
Number of melanoma collisions to PMNs

where, the numerator is the number of melanoma cells arrested on the EI at the end
of the entire flow assay as a result of collision between entering melanoma cells
and tethered PMNs. The denominator is the total number of melanoma–PMN
collisions near the EI surface counted as a transient accumulative parameter
throughout the entire flow assay.

As a negative control, non-metastatic melanocyte migration was first tested
under the static condition and found to be at a background level (Fig. 2a, bottom).
In comparison, highly-metastatic C8161 and WM9 cells were more actively
migratory under the no-flow condition than low-metastatic WM35 cells (Fig. 2a,
‘‘Static’’). When exposed to a shear flow (*0.4 dyn/cm2), extravasations of
C8161, WM9 and WM35 cells toward CIV were all significantly less than those
under static conditions (Fig. 2a), at a level similar to the melanocyte case.
Addition of PMN to the melanoma cell suspension significantly enhanced tumor

Fig. 1 Schematic of PMN-facilitated melanoma adhesion to the EC in a shear flow. Top left a
melanoma cell in close proximity to the EC (using the EI cell model) via a tethered PMN.
Melanoma cells are captured/retained by tethered PMN on the EI via b2 integrins/ICAM-1
interactions. Top right cross-section view of the flow-migration chamber. Bottom representative
aggregation of melanoma tumor cells (TC) to tethered PMN on an endothelial monolayer. Flow
direction is from left to right: a a melanoma cell and a PMN on the monolayer at 0 s, b collision
between a PMN and a melanoma cell after 20 s, and c arrest of a melanoma cell to the monolayer
due to the formation of PMN–melanoma aggregates after 30 s
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cell extravasation under shear conditions compared with melanoma cells only (all
P values \ 0.05). Obviously, tumor metastatic potential correlates with melanoma
cell extravasation behavior.

Figures 2b, c indicate that each binding step between EC, PMNs and melanoma
cells affects tumor cell extravasation under flow conditions. ICAM-1 was func-
tionally blocked on the C8161 cells and EI cells, respectively. Functionally
blocking of ICAM-1 on C8161 cells or EI cells significantly reduced melanoma
extravasations. Blocking E-selectin on the EI cells reduced C8161 melanoma cell
migration by 80% compared with the C8161 ? IL-8-activated PMN case
(Fig. 2b). However, blocking E-selectin on the EI cells without PMN did not really
change melanoma extravasation (Fig. 2b, bottom). To investigate whether PMN–
melanoma interactions are mediated by receptor–ligand binding via b2 integrins
(on PMN) and ICAM-1 (on melanoma cells), melanoma cell extravasations were
assayed in the presence of PMNs, in which CD11a (for LFA-1) and CD11b (for
Mac-1) on PMNs were inhibited respectively with blocking antibodies. Blocking
CD11b resulted in the greatest reduction in C8161 migration (66% reduction as
compared to C8161 ? PMN under 0.4 dyn/cm2 shear stress; Fig. 2c). Similar
results are shown that migration of melanomas was decreased by 40% in the
presence of CD11a-blocked PMN.

Fig. 2 a PMN affects C8161, WM9 and WM35 cell migration under shear conditions. NHEM
are non-cancerous melanocyte used as a negative control. All cases were under a flow shear stress
at 0.4 dyn/cm2, unless labeled ‘‘Static’’ (*P \ 0.01 with respect to C8161 static case, #P \ 0.05
with respect to WM9 static case, **P \ 0.01 with respect to WM35 static case, ##P \ 0.05 with
respect to both C8161 and WM9 static cases, and ***P \ 0.02 with respect to both
C8161 ? PMN and WM9 ? PMN cases). b ICAM plays an important role in PMN-facilitated
melanoma cell migration. The second bar shows disrupting C8161–PMN aggregation by
blocking ICAM-1 on melanomas significantly reduces melanoma cell migration (PMNs were
activated by IL-8). The third and fourthbars show inhibiting IL-8-stimulated PMN adhesion to
the endothelium by blocking E-selectin or ICAM-1 on the EI also decreases C8161 cell migration
(**P \ 0.01 with respect to C8161 ? IL-8/PMN case at 0.4 dyn/cm2). c Differential role of
LFA-1 and Mac-1. Both Mac-1 and LFA-1 (to lesser degree) contribute to PMN-mediated
melanoma extravasation. The last bar shows migration with isotype antibody-treated PMNs, as a
control (*P \ 0.05 with respect to C8161 ? PMN case at 0.4 dyn/cm2). All the values are
mean ± SEM for N C 3
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4.2 Shear Rate Mediated Fluid Convection Affects
PMN-Facilitated Melanoma Arrest on the EC

Using dextran to vary the medium viscosity (l) of the cell suspension, either shear
rate ( _c) or shear stress (s ¼ l _c) was held constant while the other was varied in
order to determine how fluid shear impacts melanoma cell extravasation. We used
ultra-high molecular weight dextran (2 9 106 MW) to avoid potential shielding
effects [76] and to achieve a range of media viscosities from 0.7 cP (0% dextran)
to 7.0 cP (4% dextran). Control experiments showed 0–4% dextran did not affect
cellular adhesion molecule expression or media osmolarity [87]. Cases in which
shear stress was held constant and shear rate varied from 55.5 to 555 s-1 yielded
dramatic variation in C8161 cell extravasation (183 ± 24 cells per mm2 at
555 s-1 to 290 ± 37 cells per mm2 at 55.5 s-1) that was inversely proportional to
the shear rate (P = 0.041; Fig. 3a). In contrast, cases in which shear rate was held
constant and shear stress ranged from 0.4 to 18 dyn/cm2 resulted in C8161
migration levels that were not statistically different (Fig. 3b, c). These results
suggest that PMN-facilitated migration of melanoma cells is affected by local
hydrodynamic convection (which is inversely proportional to cell–cell adhesion
contact time), not by the shear stress (which is proportional to fluid force).

To examine how PMN–C8161 cell aggregates adhere to the EI cell monolayer,
the PMN tethering frequency was quantified using a parallel-plate flow chamber
[53] at 3 shear rates (62.5, 100 and 200 s-1) and 3 media viscosities (1.0, 2.0 and
3.2 cP). As seen in Fig. 4a, the PMN tethering frequency was significantly affected
by both shear rate and shear stress. All frequencies were corrected for the decrease
in cell flux with increasing shear rate and viscosity, and normalized against the
lowest shear stress case. These results are different from the PMN-mediated C8161
migration and tumor adhesion efficiency results shown in Fig. 4b, c. As we see,
melanoma extravasation and adhesion efficiency mediated by PMNs were both
affected only by the shear rate, not the shear stress.

Fig. 3 Shear rate and shear stress were isolated by varying viscosity with dextran-supplemented
medium (0–4%). a Melanoma migration varies under constant shear stress but increasing shear
rate. b, c Constant shear rate data; migration is unchanged over an order of magnitude of shear
stress. All error bars are mean ± SEM for N C 3
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4.3 Relative Role of LFA-1/Mac-1 and ICAM-1
in PMN-mediated Melanoma Adhesion Efficiency

Function-blocking mAbs against CD11a and CD11b were used to elucidate how
melanoma–PMN aggregates were arrested on the EC under shear conditions [53].
Blocking CD11a or CD11b, respectively, inhibited PMN-facilitated melanoma
adhesion efficiency partially under all shear conditions tested (Fig. 5a). Results
indicate that both LFA-1 and Mac-1 are required for melanoma cells to be
maintained on the EI via aggregation to PMNs, but may have different roles. For
example, blocking CD11b did not significantly alter the rate of aggregation
between entering WM9 cells and tethered PMNs, and LFA-1 alone supported
WM9 aggregation with tethered PMNs on the EI initially (Fig. 5b). However, after
a period of 3 min, disaggregation of WM9–PMN aggregates on the EI surface
proceeded more rapidly in the presence of anti-CD11b mAb than in the control. In
comparison, Mac-1-dependent contact with the EI (in the presence of anti-CD11a)
proceeded more slowly and reached a maximum which was approximately 25% of
the control case. These aggregates remained stably adhered to the EI surface over
5 min (Fig. 5b). These results suggest that LFA-1 alone is necessary and sufficient
for the initial formation of melanoma–PMN aggregates, and plays a primary role
in the recruitment of melanoma cells to the EC. Mac-1 maintains the stability of
melanoma arrest on the EI via the melanoma–PMN aggregation after the initial
capture by PMNs.

Blocking ICAM-1 on WM9 (disrupting melanoma adhesion to PMNs) signif-
icantly reduced melanoma adhesion efficiency to the monolayer similarly to the
cases of blocking E-seletin or ICAM-1 on the EI cells, suggesting that EC acti-
vation for PMN tethering is necessary in mediating melanoma cell arrest within
the microcirculation.

Fig. 4 Effects of shear stress on PMN tethering frequency, melanoma adhesion efficiency and
extravasation at fixed shear rates. a, b fMLP-stimulated PMNs (1 9 106 cells/ml) were perfused
into a parallel-plate chamber together with tumor cells (1 9 106 cells/ml). c Extravasation of
C8161 melanoma cells with PMNs at 3 shear rates with 3 different viscosity media. All error
bars are mean ± SEM for N C 3 and tethering data were corrected for cell flux as described by
Liang et al. [53]. ‘‘#’’ indicates P [ 0.05 as compared to 1.0 cP case and ‘‘+’’ indicates P [ 0.05
as compared to 2.0 cP case
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4.4 Melanomas Increase Endogenous Production
of IL-8 in PMNs

We first used a commercial cytokine blot (Raybiotech) to screen cytokines/che-
mokines in PMN–melanoma cell co-culture media. Melanoma cells and PMNs
(cell # ratio was 1:1) were co-cultured in contact with each other for 6 h as
described [86]. The blot detects for 42 separate cytokines in the layout shown in
Fig. 6. Our first set of experiments examined those soluble factors that were
secreted from C8161–PMN or WM9–PMN co-culture. In particular, we found:
IL-1b, IL-6, IL-8, MCP-1 and GRO.

ELISA was subsequently used to determine the relationship between tumor
metastatic potential and cytokine expressions in melanoma–PMN co-culture. Four
human melanoma cell lines 1205Lu, WM9, C8161 and WM35 (ranged from high
to low in metastatic potential; [74], were examined for cytokine and chemokine
induction in melanoma–PMN co-cultures. PMNs co-cultured either in a Transwell
(non-contact) or in contact with C8161, WM9, 1205Lu increased IL-8 expression
above summed background levels from individual cell-type culture, but there was
no change in IL-8 following co-culture with WM35 (Fig. 7a). In addition,
co-culture of 1205Lu or WM9 with PMNs induced IL-8 production in a time-
dependent manner (Fig. 7b). In contrast, the IL-8 production from WM35–PMN
co-culture did not change over time. The induction of IL-8 was comparable
whether cells were cultured in direct-contact or separated in a Transwell culture
system indicating that soluble signaling factorsare actively involved. In further
experiments to identify which cell type contributed to the increased amount of
IL-8 in PMN–melanoma co-cultures, cell lysates were prepared from PMNs and
melanoma cells following Transwell co-culture, and levels of IL-8 were detected

Fig. 5 Contributions of LFA-1 and Mac-1 to WM9 arrest to the EI substrate as a result of WM9-
PMN collisions. a WM9 adhesion efficiency at different shear rates over a period of 5 min. Shear
stress was 2 dyn/cm2 for the data shown. b Normalized WM9 aggregation during each time
course in the entire parallel-plate flow assay. *P \ 0.05 compared with control at the same shear
rate. +P \ 0.05 compared with control at the same time point. Values are mean ± SEM for
N C 3
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by Western blotting [74]. As shown in Fig. 7c, melanoma cells with higher met-
astatic potentials (1205Lu, WM9 and C8161) induced higher IL-8 production in
PMNs, while WM35 did not induce IL-8 protein in PMNs. In contrast, IL-8
expression in melanoma cells did not significantly change when co-cultured in the
presence or absence of PMNs [21].
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Fig. 7 Co-culturing PMNs with melanoma cells induces IL-8 increase. a Induction of IL-8 in
PMN–melanoma cell (1205Lu, WM9 and C8161) co-cultures (contact or Transwell). *P \ 0.05
compared with the sum of IL-8 expression from the PMN and melanoma only. b IL-8 increased
after PMN co-culturing with 1205Lu and WM9 in a time-dependent manner. Co-culturing PMNs
with WM35 did not increase IL-8 secretion over time. Values are mean ± SEM for N C 6.
c Melanoma cells induce IL-8 production in PMNs. PMN lysates were analyzed by Western
blotting with mAb against IL-8. The same blot was stripped and re-probed with mAb to b-actin.
C8161, WM9 and 1205Lu induced IL-8 production in PMNs, whereas WM35 did not. Results are
representative of three experiments

Fig. 6 Raybiotech cytokine blot from respective C8161 and WM9 co-culture with the PMNs
found IL-1b, IL-6, GRO, and MCP-1. The sensitivity for Raybiotech was at 1 pg/ml
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4.5 Endogenous IL-8 Influence PMN Recruitment
in Melanoma Cells

To characterize immunoediting of PMN activation, especially via the endogenous
IL-8 chemokine within the PMN–melanoma microenvironment, Mac-1 expression
on PMNs co-cultured with C8161 cells was examined using flow cytometry.
Untreated PMNs and PMNs treated with blocking antibodies for IL-8 receptors
CXCR1/2 were co-cultured with C8161 cells either in contact or separated by a
Transwell insert [87]. Figure 8a indicates that non-CXCR1/2-blocked PMNs
co-cultured with C8161 cells experienced a nearly four-fold increase in Mac-1
expression levels over those cultured alone for 4 h. The increase in Mac-1 was
apparent after only 30 min of co-culture and became significant after 2 h of
co-culture (data not shown). PMNs with antibody blocked CXCR1/2 showed no
change in Mac-1 levels after co-cultured with C8161 cells compared with PMNs
cultured alone (Fig. 8a). To understand the possibility that secreted soluble factors
could be an immuno-stimulus responsible for melanoma–PMN communication,
receptors CXCR1/2 on PMNs were functionally blocked. C8161 cell extravasation
(assayed by the flow-migration chamber) dramatically decreased at a shear rate of
55.5 s-1 in the presence of CXCR1/2-blocked PMNs compared with unblocked
PMNs (39% decrease), or additional IL-8-activated PMNs (73% decrease) as
shown in Fig. 8b. Such effects on C8161 cell extravasation will be amplified under
higher shear-rate conditions. Neutralizing anti-IL-8 mAb (1 lg/ml) was also used
to bind soluble IL-8, induced or liberated by the melanoma cells, which showed
similar inhibitory effects on melanoma migration as those CXCR1/2-receptor
blocked PMN cases (Fig. 8b).

Fig. 8 Melanoma cell extravasation under flow conditions is modulated by endogenous IL-8.
a Fold induction of Mac-1 on PMNs after co-culture with C8161. Blocking the IL-8 receptors on
PMNs resulted in no increase in Mac-1. b Effects of IL-8 on melanoma migration mediated
by PMNs. Isotype control found statistically the same as the case of ‘‘C8161 ? PMN’’. All
co-cultures were in 4 h, and all flow shear stresses were 0.4 dyn/cm2
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4.6 IL-1b and IL-6 Synergistically, but not Individually,
Stimulate IL-8 Production in PMNs

After 4-6 h of co-culture, ELISAs were preformed to measure GRO-a, IL-1b, IL-6
and MCP-1 from supernatants obtained from cultures of individual cell types
(e.g., PMNs only or melanomas only) or PMN–melanoma co-cultures. For all 4
melanoma cell lines tested, co-culture of PMNs with highly metastatic 1205Lu
cells significantly induced IL-6 above the summed IL-6 from separate cultures
(data not shown). IL-1b was produced by PMNs or melanoma cells cultured alone.
It was increased after C8161, WM9 and 1205Lu were co-cultured with PMNs,
albeit at a small amount (\10 pg/ml). In addition, GRO-a and MCP-1 were
constitutively expressed by melanomas and co-culturing with PMNs did not
change their production levels.

To investigate potential effects of different soluble factors induced or liberated
by melanoma cells on IL-8 production in PMNs, human recombinant proteins
including GRO-a, IL-6, and IL-1b were used to stimulate PMNs [74]. ELISA
results indicated that none of these cytokines or chemokines alone was sufficient to
induce IL-8 production compared with untreated PMNs (Fig. 9); however, stim-
ulating cells with the combination of IL-1b and IL-6 increased IL-8 production in
PMNs. We further confirmed the combinatorial role of IL-1b and IL-6 in mela-
noma-induced IL-8 induction by showing that IL-8 was significantly reduced from
781 ± 6.3 pg/ml to 680 ± 10.1 pg/ml (P \ 0.05) in 1205Lu melanoma–PMN
co-culture in the presence of neutralizing antibody against IL-1b and IL-6 (only
together; not individually), indicating that IL-1b and IL-6 provide a synergistic
activation of IL-8 in PMNs in response to melanomas.

Fig. 9 IL-1b and IL-6
synergistically increased IL-8
production in PMNs
compared with untreated
PMNs. *P \ 0.05 compared
with other three cases. Values
are mean ± SEM for N [ 3
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4.7 Fluid Convection Affects IL-8-mediated PMN Activation
Within the Tumor Microenvironment

To investigate how the fluid convection affects IL-8 signaling by melanoma cells,
which in turn affects the expression of LFA-1 and Mac-1 on PMNs and modifies
tumor cell adhesion to the EC, Comsol Multiphysics was used to simulate the
convection and diffusion of IL-8 from a moving cell under flow conditions
(Fig. 10). To simulate the system, a tumor cell was assumed to be in the free
stream in the near-wall region and its velocity was derived based on the shear flow
condition, using Eq. 3. A PMN was assumed to roll on the EC at the experi-
mentally derived average rolling velocity for the shear condition. The local IL-8
concentration near a rolling PMN and the time at which the PMN is activated by
the transported IL-8 were derived to determine the extent of LFA-1 and Mac-1
activation.

Results indicate that altering the shear rate affects the IL-8 concentration near a
rolling PMN at different time points (Fig. 11). When the shear rate was constant at
62.5 s-1, the IL-8 concentration near a rolling PMN and the stimulation time
remained constant under various shear stresses (Fig. 11a). In contrast, when the
shear stress was constant at 2 dyn/cm2 and shear rate increased from 62.5 to
200 s-1, it took less time to activate the PMNs under a higher shear rate
(Fig. 11b). These data suggest that the fluid convection affects the local concen-
tration of IL-8 near a downstream PMN as well as the time needed to activate the
PMN, which is important in up-regulating the expression of LFA-1 and Mac-1.

The changes of LFA-1 and Mac-1 site densities on a rolling PMN upon stim-
ulation from IL-8 secreted by a tumor cell in a shear flow were then calculated
based on the flow cytometry measurements on LFA-1/Mac-1 expressions on

Fig. 10 A parallel plate is 2 cm in length and 127 lm in height. IL-8 was assumed to be
constitutively secreted from a moving tumor cell and evenly distributed on cell surface. The
concentration of IL-8 secreted by one tumor cell was determined by ELISA as described in
Sect. 2. The tumor cell was assumed to travel in a shear flow near the EC substrate; while a PMN
was assumed to be rolling on the EC in the downstream. Simulation started when a tumor cell and
a PMN were 1 cm apart. The concentration of IL-8 secreted by the moving tumor cell near the
rolling PMN was derived by using Comsol Multiphysics simulation under various shear flow
conditions
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PMNs stimulated by dose-dependent IL-8 (Fig. 12). Results indicate that at a
constant shear rate, 62.5 s-1, varying the shear stress does not alter the expressions
of LFA-1 and Mac-1 on PMNs. However, at a constant shear stress, 2 dyn/cm2,
LFA-1 and Mac-1 expressions on PMNs were reduced when shear rate is
increased.
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Fig. 11 The concentration of IL-8 near PMN and the time it activates PMN under different shear
flow conditions. Comsol Multiphysics was used to simulate the diffusion of IL-8 as described in
Sect. 2, and then the concentration of IL-8 near the PMN was derived. The activation time of IL-8
on the PMN was determined by the duration melanoma cell used to reach the PMN. a IL-8
concentration near a rolling PMN and the time it activated the PMN was about the same under
same shear rate but different shear stresses, b the higher shear rate let tumor cell travel faster
towards PMN, resulting in shorter period of stimulation on PMN under same shear stress but
different shear rates
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Fig. 12 LFA-1 and Mac-1 expressions upon activation of IL-8 from tumor cell under different
shear flow conditions. LFA-1 and Mac-1 site densities on the PMN under various shear
conditions were derived using the site density expression data [51] and the simulation data shown
in Fig. 11. a Mac-1 expression, b LFA-1 expression. At the same shear rate, LFA-1 and Mac-1
expressions on PMN did not have much difference although the shear stresses were different. In
contrast, when the shear stress is the same, the increase of shear rates reduced LFA-1 and Mac-1
expressions
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4.8 Melanoma–PMN Binding Association Rate is Affected
by the Shear Rate

To quantify the increase in binding potential when a PMN is stimulated by IL-8
secreted from a melanoma cell, the association rate governing the binding of the
cells was calculated. The likelihood of binding between the two cells is determined
by the number and availability of adhesion molecules on both cells, as well as the
intrinsic binding properties of the molecules. Equation 6 was used to calculate the
association rate for an LFA-1 and a Mac-1 molecule binding with an ICAM-1
molecule when a melanoma cell is 1 lm from a rolling PMN under various shear
conditions. The surface densities of LFA-1 and Mac-1 molecules on a PMN
stimulated by melanoma cell-derived IL-8 (Fig. 12) were used for nL (Eq. 6).
A constant separation distance and contact area were assumed for the six shear
flow conditions.

The association rates indicate that the likelihood of an LFA-1/ICAM-1 bond
forming between a melanoma cell and PMN is almost doubled when the shear rate
is decreased from 200 to 62.5 s-1 and the shear stress is considered constant
(Fig. 13). For Mac-1/ICAM-1 binding, the likelihood increases by more than twice
when the shear rate is decreased. When the shear rate remains constant, however,
and the shear stress is increased, the binding potential for both molecules remains
constant [51].
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Fig. 13 Association-rate for LFA-1 and Mac-1 binding to ICAM-1 upon stimulation from IL-8
under different shear flow conditions. Association-rates for LFA-1 and Mac-1 binding to ICAM-1
when the molecules are up-regulated due to IL-8 stimulation from an upstream melanoma cell.
a LFA-1/ICAM-1 binding association-rate, b Mac-1/ICAM-1 binding association-rate. Both the
LFA-1/ICAM-1 and Mac-1/ICAM-1 association-rates are dependent on the shear rate and not the
shear stress of the flow
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4.9 Bond Force Between Melanoma Cell and PMN
Under Different Shear Conditions

The dissociation of b2 integrin bonds with ICAM-1 is governed by the force
applied to them. In order to compare the effect the shear rate and shear stress
have on the bond dissociation, a single bond was examined under various
flow conditions. A numerical model was used to simulate a melanoma cell
and a stationary PMN to determine the peak force applied to the melanoma
cell due to a single bond between the cells under various shear conditions
[34, 51]. In all simulations, the melanoma cell was initially located above and
slightly downstream of the stationary PMN (Fig. 14) and then was allowed to
move freely at its steady state velocity for each flow condition. The mela-
noma cell was acted upon by the fluid, bond, and repulsion forces until a
maximum bond force was reached. Although adhesion between a melanoma
cell and a PMN may be mediated by more than a single bond, the trend in
bond dissociation over various flow conditions is expected to be similar for
all bonds.

Results indicate that increasing the shear rate from 62.5 to 200 s-1, while
maintaining a constant shear stress, increased the maximum bond force by
approximately 11%, but increased the rate at which it was reached by almost
four times (Fig. 15). Increasing the shear stress from 0.625 to 2 dyn/cm2,
while keeping a constant shear rate, increased the maximum bond force by
almost twice, and decreased the rate which it was reached by almost five
times. Together, these results suggest that the dissociation of bonds between
the melanoma cell and PMN is governed by both the shear stress and the
shear rate.

Fig. 14 Melanoma cell
bound to a stationary PMN
via a single bond. Initial
configuration of the cells,
with a line between them to
represent the location of the
bond
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4.10 Melanoma Interactions with the Endothelial Cells

Melanoma cells induce VE-cadherin junction disassembly through tumor-secreted
soluble proteins and endothelial VCAM-1 receptor-mediated events. Fluorescence
imaging of HUVECs stained for VE-cadherin showed disruption of VE-cadherin
junctions when co-cultured with A2058 melanoma cells over time (Fig. 16).
Compared to intact VE-cadherin junctions in the case of HUVECs cultured in
control medium (Fig. 16a), the breakdown of VE-cadherin was evident through
the discontinuity of the green fluorescent line labeling the VE-cadherin junctions
(gaps at 45 min are shown in Fig. 16b). The corresponding bright field images
(Fig. 16c) show that the A2058 melanoma cells were located within the sites of
gap formation. These results show that highly metastatic melanoma cells induce
breakdown of VE-cadherin junctions.

Disruption of VE-cadherin was identified from analysis of discontinuity of
green fluorescence at VE-cadherin junctions between HUVECs. Gap area within
disrupted VE-cadherin junctions was determined from six images (see asterisks in
Fig. 16b as an example). Gap area was quantified as the ratio of pixels within all
the gaps and the total number of pixels in one image [39]. The average% endo-
thelial gaps was calculated from six images and plotted as a function of time
(Fig. 16d).

To determine if VE-cadherin disassembly was primarily mediated by soluble
factor or receptor/ligand binding signals, HUVECs were brought in contact with
tumor conditioned medium (TCM) or melanoma cells with increasing metastatic
potential for 45 min. Melanoma cells with increased metastatic potential, or TCM

Fig. 15 Force on a melanoma cell due to a single bond with a stationary PMN under various
shear conditions. Melanoma cell motion was simulated numerically due to the action of a single
bond with a PMN. a Under the same shear rate, at higher shear stress (due to higher viscosity), the
bond force peaks slower, but at a greater force than at lower shear stress, b Under the same shear
stress, at a higher shear rate, the bond force reaches a maximum faster and at a greater force than
at lower shear rates. These results indicate the maximum force applied to the melanoma cell due
to the bond and the time it takes to reach it is dependent on both shear rate and shear stress
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from those cells showed a significant increase in ability to induce gap formation,
indicating an increase in VE-cadherin disassembly (Fig. 16d). Also, HUVECs
stimulated with anti-VCAM-1 showed a significant increase in gap formation
(Fig. 16d) similar to that seen in the presence of TCM. However neither anti-
VCAM-1 nor TCM induced the same degree of endothelial gaps as A2058 cells in
co-culture with HUVECs (Fig. 16d).

Since both anti-VCAM-1 and TCM induced a gradual increase in the per-
centage endothelial gap formation over time (Fig. 16e), Khanna et al. [39] further
found that VCAM-1 induces a transient VE-cadherin disassembly, while soluble
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Fig. 16 Melanoma cells induce VE-cadherin disassembly. Bars 5 lm (a–h). a VE-cadherin
junctions in HUVECs without A2058 melanoma cells. HUVECs were fixed, permeabilized, and
stained with anti-VE-cadherin mAb followed by Alexa 488. Representative fields were examined
and show intact VE-cadherin junctions indicated by intact green fluorescent borders. b Disruption
of VE-cadherin junctions after HUVECs were in direct contact with A2058 tumor cells for either
10, 45, or 90 min (45 min is shown) using FITC. c The same field of view captured under bright
field, shows tumor cells in regions coinciding with gap formation. Asterisks show disruption of
VE-cadherin homodimers. d HUVECs co-cultured with TCM or anti-VCAM-1 significantly
increase % gap formation compared to HUVECs alone, but less gap formation than A2058 cells
co-cultured with HUVECs. P values are comparing % endothelial gap of HUVEC ? TCM and
HUVEC ? anti-VCAM-1 with % endothelial gap of HUVEC alone and HUVEC ? A2058 cells
(*P \ 0.05). For all experiments, values are mean ± SD. e The % endothelial gaps as a function
of time are plotted. Experiments show the % endothelial gaps over time when A2058 TCM, anti-
VCAM-1, or A2058 cells are co-cultured with HUVECs over 10, 45, or 90 min
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proteins show a prolonged effect thus enlarging existing gaps to allow the passage
of melanoma cells, where the number of gaps after 90 min.

4.11 Secretion of IL-8 and IL-1b by Melanoma
Regulates VE-cadherin Junction Disassembly

Cytokines present within TCM secreted by melanoma cells over 24 h were
analyzed using a Raybiotech cytokine blot. We found that several cytokines were
secreted by melanoma cell types at high concentrations including IL-8, IL-6, IL-
1b, and GRO-a [39]. These cytokines were further quantified using ELISA.
Clearly, highly metastatic melanoma cells (e.g., 1205Lu) produce higher con-
centrations of these soluble cytokines compared with those of lesser metastatic
potential (e.g., WM35). Stimulating HUVECs with recombinant forms of indi-
vidual cytokines (at the same concentrations as that in A2058 TCM) showed little
increase in the percentage of gap area (Fig. 17a). Combining cytokines in TCM,
specifically IL-8 and IL-1b only had additive effects on VE-cadherin disassembly
rather than being synergistic (Fig. 17b, c).

Since concentrations of cytokines in TCM are simply the bulk concentrations,
HUVECs in direct contact with melanoma cells may sense much higher local
concentrations of cytokines within the cell–cell contact region than that found in
TCM. We therefore specifically addressed whether IL-8 or IL-1b is involved in
this response by neutralizing these cytokines secreted from melanoma cells that
are in contact with HUVECs. Neutralization of either IL-8 or IL-1b decreased VE-
cadherin disassembly; however, the endothelial gaps were still comparable to that
induced by anti-VCAM-1 and there are still more gaps compared to HUVECs
alone (Fig. 17d). However, simultaneous neutralization of IL-8 and IL-1b reduced
the breakdown of VE-cadherin junctions (Fig. 17e). These results show the
importance of these cytokines in melanoma induced VE-cadherin disassembly in
the presence of VCAM-1 interactions. Furthermore, using neutralization anti-
bodies we confirmed that IL-8 and IL-1b both play significant roles in the
breakdown of VE-cadherin junctions.

Recent studies by Khanna et al. [39] has further found that melanoma sig-
nals via TCM soluble proteins and VCAM-1-mediated receptor induce phos-
phorylation of p38 MAP kinase that regulates VE-cadherin disassembly. The
functional role of p38 in endothelial cells during melanoma extravasation has
also been examined using small interfering RNA (siRNA) approaches. siRNA
mediated knockdown of p38 (and thus p-p38) in HUVECs was confirmed using
western blotting. When p38 expression was knocked down, melanoma
extravasation through the endothelial barrier (after 4 h) decreased to nearly
40% compared to the control [39]. These results show that p38 is not only
important in the regulation of VE-cadherin junctions, but also in overall tumor
extravasation.
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4.12 Transient Melanoma Cells in Lungs Secrete IL-8
to Attract PMNs Thereby Promoting Retention in vivo

To demonstrate that transient metastatic melanoma cells in lungs secrete IL-8,
which recruited PMNs resulting in cellular interactions promoting melanoma cell
retention, GFP-tagged 1205Lu human melanoma cells nucleofected with siRNA
targeting IL-8 were injected into the lateral tail vein of nude mice. One hour later
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Fig. 17 a–c IL-8 and IL-1b have additive rather than synergistic effects on VE-cadherin
disassembly: a the indicated cytokines induced VE-cadherin disassembly. P values are comparing
% gap induced by cytokines with % gap of HUVEC alone (*P \ 0.05). b Stimulation of
HUVECs with recombinant combined forms of IL-8/IL-1b or IL-6/IL-1b induced additive effects
on endothelial gap formation compared with individual forms. Concentrations of cytokines were
based on TCM concentrations measured using ELISA [39]. P values (*P \ 0.05) compare % gap
area of combinations of cytokines with % gap of HUVEC ? IL-8, HUVEC ? IL-6,
HUVEC ? IL-1b. c Combinations of cytokines induced significantly less gap formation than
TCM alone. P values are comparing % gap area of TCM with % gap of HUVEC ? IL-8/IL-1b,
HUVEC ? IL-6/IL-1b. d–e Anti-VCAM-1 and neutralization of both IL-8 and IL-1b dramat-
ically reduces the breakdown of VE-cadherin: d HUVECs were contacted with A2058
cells ? anti-IL-8, A2058 cells ? anti-IL-1b, or A2058 cells ? anti-IL-8 ? anti-IL-1b. P values
are comparing each experimental condition with % endothelial gap areas during HUVEC alone
(*P \ 0.05). e Using the same controls as in panel d, data was graphed to make comparisons
between the effects of neutralizing individual and pairs of cytokines. HUVECs were contacted
with either A2058 cells, A2058 cells ? anti-VCAM-1, A2058 cells ? anti-IL-8, A2058
cells ? anti-IL-1b, or A2058 cells ? anti-IL-8 ? anti-IL-1b. Neutralization of both IL-8 and
IL-1b dramatically decreased % endothelial gaps compared to HUVECs stimulated with anti-
VCAM-1 or anti-IL-8 and anti-IL-1b alone. P values are comparing each experimental condition
with % endothelial gap areas for HUVEC ? anti-VCAM-1, HUVEC ? A2058 cells ? anti-IL-
8, and HUVEC ? A2058 cells ? anti-IL-1b (*P \ 0.05). Values for graphs are mean ± SD

Adhesion and Signaling of Tumor Cells 509



human CellTracker Orange CMTMR stained human PMNs were injected in the
opposite tail vein. Twenty-four hours later, co-localized green melanoma cells and
red PMNs were photographed and quantified (Fig. 18).

Decreasing IL-8 expression in melanoma cells (cases in siIL-8#1 and siIL-8#2)
reduced co-localization with PMNs by *60% compared to buffer and scrambled
siRNA controls (Fig. 19). Thus, transient melanoma cells secrete IL-8 to attract
PMNs, which then interact with the melanoma cells promoting shear-resistant
tethering retention within the lung circulation to enhance the possibility of
extravasation under flow conditions and subsequent metastasis development.

4.13 Decreasing Secreted IL-8 from Metastatic Melanoma Cells
Reduced in vivo Lung Metastasis Development

While decreasing IL-8 secreted from melanoma cells led to less interaction with
PMNs and retention of fewer cells in lungs, it was uncertain whether retained cells

Fig. 18 Decreasing IL-8 secretion from melanoma cells reduced interaction with exogenously
added human PMNs in lungs. Co-localized PMNs (red; arrow heads) and melanoma cells (green;
arrows) were more abundant in controls compared to melanoma cells having reduced IL-8
secretion (siIL-8#1&2; 1009)

Fig. 19 Decreased IL-8 secretion from melanoma cells, reduced human PMN co-localization
with melanoma cells in the lungs of nude mice. All data are mean ± SEM, representing at least 2
independent experiments
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would develop into more lung metastases. Therefore, siRNA was used to decrease
IL-8 protein levels in GFP-tagged 1205Lu cells that were injected into the tail vein
of nude mice with only the endogenous mouse PMNs present. Total number of
metastatic nodules in the lungs was quantified by fluorescence microscopy 18 days
later. Reducing IL-8 expression in and secretion from melanoma cells, decreased
number of metastases by 50–60% for 1205Lu (Fig. 20a). Similar results were
observed for C8161.Cl9 cells (data not shown).

To show that PMNs in the mouse bloodstream directly interact with transient
IL-8 secreting melanoma cells, GFP-tagged 1205Lu cells having endogenous or
reduced IL-8 expression were injected into the lateral tail vein of a nude mouse.
One hour later, human CellTracker Orange CMTMR stained human PMNs were
injected in the opposite tail vein. Total number of metastatic nodules in the lungs
was quantified by fluorescence microscopy 18 days later. Addition of human
PMNs doubled the number of metastases developing in the lungs of mice com-
pared to that observed with just endogenous mouse PMNs and siRNA-mediated
targeting of IL-8 reduced interaction to that observed in control cells (Fig. 20b;
scale set to that in Fig. 20a). Thus, decreasing IL-8 levels secreted by melanoma
cells reduced interaction with PMNs, which led to the development of fewer lung
metastases.

Fig. 20 Decreasing IL-8 expression in melanoma cells reduced lung metastases formation.
SiRNA-mediated targeting of IL-8 in melanoma cells, decreased development of GFP-tagged
1205Lu lung metastasis development in the presence of a endogenous mouse PMNs; and
b exogenous human PMNs. Human PMNs doubled rate at which melanoma lung metastases
developed. Decreasing IL-8 secretion from melanoma cells reduced lung metastasis formation to
control levels. All data are mean ± SEM, representing at least 2 independent experiments

Adhesion and Signaling of Tumor Cells 511



5 Discussions

It is well reported in the literature that tumor cells do not use the same processes
that have been described for leukocyte adhesion and migration through an endo-
thelial barrier. While not true of all tumor cells, melanoma cells characterized as
highly metastatic, express neither ligands for endothelial selectin molecules nor b2

integrins at a level necessary to maintain shear-resistant adhesion to endothelial
ICAM-1. It has been suggested that initial microvascular arrest of metastasizing
tumor cells (from cell lines of six different histological origins) does not occur
‘‘leukocyte-like rolling’’ adhesive interaction with the EC [92].

Recent study showed under dynamic flow conditions, PMNs could influence
melanoma cell adhesion to the EC by binding to ICAM-1 on both melanoma and
ECs with their b2 integrins thereby enhancing subsequent melanoma cell migration
through the EC (Figs. 2, 5). The difference between the melanoma cell migration
and the PMN tethering results under hydrodynamic forces supports the theory that
PMNs facilitate TC migration. If melanoma cells used the traditional extravasation
mechanism of binding to the EC itself, the response to shear would have been
expected to be similar to that seen in single cell tethering (Fig. 4a). However, this
is not the case. The results indicate two separate bonds are necessary for melanoma
cell migration (Figs. 1a, 2) and the interesting shear-rate dependence becomes
apparent (Figs. 3, 4c). The migration experiments examine adhesion of TCs to
PMNs after PMNs have already adhered to the EC, whereas the tethering results
more specifically focus on PMN to EC adhesion. The migration data shows TC to
PMN adhesion is shear-rate dependant and parallel-plate flow chamber data of
PMN to TC aggregation shows a similar trend (Fig. 4b). PMN tethering interac-
tions, mediated by selectins, are a prerequisite for subsequent adherence, mediated
by b2 integrins on PMNs binding to ICAM-1 on the EC. Shear rate is inversely
proportional to intercellular contact time. By decreasing shear rates, PMNs are in
contact with the EC longer, which allows firm binding to occur. The same
mechanism may be at play between PMNs and melanoma cells; a lower shear rate
may increase the time the cells are in contact, therefore allowing more heterotypic
binding and consequently more extravasation.

Jadhav and Konstantopoulos [38] have shown that ICAM-1-expressing colon
carcinoma cells (HCT-8) bind to PMN under shear as a function of both contact
duration and shear stress whereas sLex-expressing carcinoma cells (LS174T) bind
to PMN as a function of only contact duration. Their experimental setup was a
cone-plate viscometer where two cell types (PMN and TC) were allowed to collide
and aggregate under a shear in a free suspension. Similar recent work by Liang
et al. [49, 54] had shown shear-rate dependent PMN–melanoma binding under the
flow using the cone-plate shear assay. In contrast, the data presented here is from a
three-cell system (Fig. 1; PMN, TC and EC) where two separate binding events
must occur near a planar surface. Cone-plate shear results on heterotypic cell–cell
binding provided excellent insight into the kinetics of PMN–TC aggregation, but
might not be expected to explain the results of PMN–TC aggregation mediated
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melanoma cell adhesion to and migration through the EC presented here, due to
the binding of PMN on the EC in addition to PMN–melanoma aggregation.

IL-8 plays a crucial role in regulating cell function for host defense and
natural immunity [91]. IL-8 is released by various cell types, including PMNs,
monocytes, T lymphocytes and ECs, upon exposure to inflammatory stimuli,
such as TNF-a, IL-1 and LPS [7, 59]. IL-8, in particular, is a major mediator
of PMN activation and migration. IL-8 has been previously shown to activate
Mac-1 up-regulation in PMNs which facilitates melanoma cell migration
under flow conditions [86]. Consistent with this observation, we have also
found that IL-8 neutralization leads to a reduction in melanoma transmigra-
tion (Fig. 8).

Melanoma cells have been reported to express IL-8 and this influences their
oncogenic properties [71], including their metastatic abilities. In the current study
[74], we have shown that IL-8 is constitutively produced by melanoma cells
regardless of their metastatic potentials (Fig. 7). Furthermore, PMNs do not
influence IL-8 expression in melanoma cells. However, tumor metastatic potentials
were directly related to the ability of the melanoma cells to induce IL-8 production
in PMNs (Fig. 7). IL-8 has been shown to induce Mac-1 expression in PMNs;
therefore, melanoma cells with high metastatic potentials (1205Lu, WM9 and
C8161) directly alter the microenvironment by modifying PMN function and
expression of chemokines and integrins to promote extravasation through b2

integrin-ICAM-1 bindings under flow conditions, while there is no significant
effect under static conditions.

PMN-generated CXC chemokines can act through autocrine or paracrine
mechanisms to amplify PMN inflammatory activities via suppression of apoptosis
[28]. In the study, paracrine mechanisms are operative since melanoma-derived
IL-8 is required for induction of IL-8 in PMNs (Fig. 8). IL-8 binds with high
affinity to two distinct receptors, CXCR1 and CXCR2. Blocking these two
receptors on PMNs significantly reduced IL-8 induction after PMN and melanoma
cells are co-cultured, but did not reduce the production of IL-8 to the summed
background level of the PMN and melanoma cells indicating that there are cyto-
kines other than IL-8, such as IL-1b and IL-6, which are responsible for the
increase of IL-8 secretion after co-culture (Fig. 9).

One important mode of intercellular communication in cancer hematogenous
metastasis occurs through the soluble chemokines released by involved cells,
which may be affected by hydrodynamic shear flow. Melanoma cells constitutively
secrete the inflammatory chemokine IL-8. When in a shear flow, this IL-8 is
transported and stimulates other cells in the flow. A numerical model was
employed to investigate the effects of the transported IL-8 on PMNs in a shear
flow [51]. Results show that shear rate, rather than shear stress, affects the IL-8
concentration near a rolling PMN at different time points (Fig. 11). Thus, the
surface density of LFA-1 and Mac-1 on the stimulated PMN is also shear rate
dependent (Fig. 12). The binding potential of IL-8 stimulated PMNs (mediated by
both LFA-1/ICAM-1 and Mac-1/ICAM-1 binding) followed the same shear rate
dependent trend, which implies the transport of IL-8 to a rolling PMN contributes
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to the shear rate dependence of melanoma cell adhesion to the EC in the presence
of PMNs in a hydrodynamic shear flow.

The dissociation of melanoma cells from PMNs is determined by the force
applied to the intercellular bonds. In the numerical simulations presented, the force
applied to a single bond between the cells was modeled in order to directly
compare the results under various flow conditions. Though cell adhesion is
expected to be mediated by more than one bond, the trend of bond dissociation is
expected to be similar to the trend seen in the single bond situation. Thus, we can
make a general conclusion on the trend in bond dissociation between the cells
based on the numerical simulations. Changing either the shear rate or the shear
stress altered the trend of the force applied to the melanoma cell by a single bond.
This suggests that the dissociation of the bonds between a melanoma cell and a
PMN is dependent on both the shear rate and shear stress. Since the melanoma
cell–PMN aggregation through b2 integrins and ICAM-1 is affected by shear rate,
but the dissociation of bonds between the cells is dependent on both the shear rate
and shear stress, it is probable that the formation of bonds between the two cells
plays a more important role in determining the aggregation potential than the bond
dissociation (Fig. 15).

The interaction of TCs with ECs is a key step in facilitating melanoma
metastasis. However, research on drug therapies to treat such cancers has focused
on single cell studies without considering the effects of tumor interactions with
normal cell physiology. In several studies A2058 melanoma cells were used to
study VE-cadherin disassembly since they are characterized by highly invasive
capabilities and secrete high levels of soluble proteins, including growth factors
and moderate levels of IL-8, IL-6, IL-1b, and GRO-a, and serve as an ideal system
in studying metastasis [55, 74, 93]. Melanoma cells induce an increase in endo-
thelial gap formation with increasing tumor cell concentration. In addition, mel-
anoma cells with higher metastatic capabilities induce larger sized gap areas that
increase over time corresponding to a higher degree of VE-cadherin disassembly.
Khanna et al. [39] showed that anti-VCAM-1 initially induces the breakdown of
VE-cadherin gap formation, with an increase in the number of gaps with a size of
100,000 pixels or greater after 10 min (Fig. 16). However, after 45 and 90 min,
there is a decrease in the number of larger gaps ([100,000 pixels), which shows
that the gaps formed by anti-VCAM-1 are closing after 10 min. On the other hand,
the release of soluble cytokines including IL-8 and IL-1b prolong the time over
which gaps remain open, which correlates with greater VE-cadherin disassembly
(Fig. 16). This phenomenon is shown by the gradual increase in the number of
large gaps (size of 100,000 pixels or greater) over 90 min. The changes in the
number of gaps correlate with phosphorylation of p38 MAP kinase where greater
phosphorylation levels of p38 correlate with an increase in the number of
gaps [39].

In vivo studies have illustrated that VE-cadherin junction breakdown is an
important event during melanoma metastasis [24]. These results show that the
injection of nude mice with BV13 (anti-VE-cadherin antibody, which induces
VE-cadherin disassembly) results in a four-fold increase in tumor metastasis and
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an increase in overall permeability of the endothelial layer. While these studies
have focused on the in vivo aspects of VE-cadherin roles, our present in vitro
studies provide the evidence that shows the importance of soluble cytokines
released from melanoma in regulating VE-cadherin junctions. In particular, we
found IL-8 and IL-1b play a prominent role in soluble factor mediated breakdown
of VE-cadherin junctions (Fig. 17). These results are consistent with previous in
vivo studies that show that CXCR22/2 nude mice injected with melanoma cells
result in a decrease in melanoma metastasis [85]. In addition, soluble proteins
alone are capable of facilitating the breakdown of these junctions showing that
melanoma metastasis is not primarily mediated by adhesion events, but rather that
both VCAM-1 and soluble proteins control the temporal disassembly of VE-
cadherin.

IL-8, involved in which was originally identified as a PMN chemoattractant
[71], is one of the potent inflammatory cytokines influencing melanoma devel-
opment [2, 9, 83, 84]. However, the role that IL-8 plays mediating PMNs–mela-
noma interactions within the circulation and thereby promoting in vivo
extravasation and subsequent metastasis development has remained uncertain until
now.

Recent studies by Huh et al. [36] reported that targeting intracellular IL-8 in
melanoma cells using siRNA reduces concentrations of secreted IL-8 in the
extracellular microenvironment involving PMNs, which further decreases PMN–
melanoma cell aggregations in vivo (Figs. 18, 19) as well as melanoma adhesion
to the EC under the dynamic conditions of blood flow. PMN-mediated extrava-
sation of melanoma cells was significantly reduced under flow conditions fol-
lowing inhibition of intracellular IL-8 from melanomas, which is an agreement
with prior reports in using neutralizing soluble IL-8 directly within the circulation
[21]. Mechanistically, decreasing secreted IL-8 from melanomas disrupted inter-
actions between ICAM-1 expressed on melanoma cells and b2 integrins, especially
Mac-1 on PMNs, which reduced tethering of cells to the lung endothelium under
flow conditions. Previous studies have shown that IL-8 secretion from melanoma
cells induced endogenous IL-8 production from PMNs after co-culture of PMNs
and melanoma cells [74], which was also observed in this study. Thus, tumor-
recruited PMNs can play an important role modulating metastasis by holding
transient melanoma cell in place within the circulation in the lungs for a sufficient
period of time to facilitate extravasation across the endothelial lining to promote
development of in vivo metastases (Fig. 20). While the importance of PMN-
mediated melanoma extravasation in lung tissue is demonstrated in this report, it is
speculated that this process also promotes metastasis in other organs. It is also
possible that PMNs hold melanoma cells in place in the capillaries until the cells
grow into a secondary tumor, which is a possibility that has not been explored in
this study.

In summary, secreted IL-8 from metastatic melanoma cells do not seem to
affect cellular growth or tumor development but attracted PMNs to melanoma
cells. Up-regulated b2 integrin expression on PMNs facilitates interaction with
melanoma cells, which promoted shear-resistant binding between ICAM-1
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expressing melanoma cells and PMNs to the EC, thereby promoting melanoma
extravasation and subsequent lung metastasis development. Thus, IL-8 plays an
important role in PMN-mediated melanoma cell retention in the lungs and if
targeted, could have significant therapeutic potential to reduce metastasis
development.
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