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Abstract
Adhesion to and subsequent extravasation through the endothelial lining of blood vessels is critical
for tumor cells to establish metastases. Recent studies have indicated that polymorphonuclear
neutrophils (PMNs) may enhance melanoma adhesion to the endothelium (EC) and subsequent
extravasation under dynamic flow conditions. However, little is known about hydrodynamics
involved in the tumor microenvironment within the microcirculation. In this study, effects of
hydrodynamic flow on regulating melanoma cell adhesion to the EC have been investigated. Results
indicate that under flow conditions, interactions between melanoma cells and the EC are distinctly
different from PMN-EC interactions. Without expressions of surface integrins or sialylated
molecules, most melanoma cells that express a high-level of intercellular adhesion molecule
(ICAM-1) are not able to effectively adhere to the inflamed EC by themselves. Binding of melanoma
cells and PMNs through ICAM-1 on melanoma cells and β2 integrins on PMNs has been shown to
enhance melanoma cell arrest on the EC. Although PMN tethering on the EC is regulated by both
the shear rate and shear stress, melanoma cell adhesion to the EC and subsequent extravasation via
tethering PMN on the EC is predominantly regulated by shear rate, which partly is due to the shear-
rate-dependent PMN-melanoma aggregation in shear flow. These findings provide a rationale and
mechanistic basis for understanding of leukocyte-tumor cell interactions under flow conditions
during tumor cell extravasation and metastasis.
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INTRODUCTION
Malignant melanoma is the most deadly form of skin cancer due to its highly metastatic nature.
To date, no effective treatment exists to prevent melanoma metastasis.34,39 Melanoma
metastasis requires that tumor cells detach from a primary site and invade the surrounding
stroma, survive immune defenses and turbulence of the blood circulation, extravasate through
the endothelial lining of blood vessels, and finally form a new colony in the surrounding tissue.
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However, it is still not clear regarding how melanoma cells adhere to the endothelium (EC)
and subsequently extravasate through it under the flow conditions in the microcirculation.

Significant progress has been made in the past decades toward understanding the mechanisms
used by polymorphonuclear neutrophils (PMNs), which comprise 50-70% of circulating
leukocytes, to adhere to the vascular EC and subsequently migrate to sites of inflammation.
Studies indicate that endothelial selectins, including E-selectin, mediate PMN capture from
the blood stream and rolling along the vascular wall,20,21 whereas the firm adhesion to the
EC is mediated by β2 integrins (e.g., CD11a/CD18 or LFA-1, and CD11b/CD18 or Mac-1) on
PMNs and intercellular cell adhesion molecule-1 (ICAM-1) on endothelial cells.40 Some
studies also show that colon carcinoma cell adhesion to the EC involves sialylated molecules
and integrins.4 However, not all melanoma cells express integrins or sialylated molecules at
levels effective to adhere to the inflamed EC by themselves.37

During their passage through the circulatory system, tumor cells undergo extensive interactions
with various host cells including PMNs.23 Although several recent studies have shown that
PMNs may enhance melanoma transendothelial migration,37,43 little is known about
mechanisms involved. Miele et al.27 reported that a dose- and time-dependent increase in
surface expression of ICAM-1 upon stimulation of TNF-α was found in human malignant
melanoma cells. They also found that inhibiting ICAM-1 reduced melanoma lung metastasis
in vivo. Both endothelial and melanoma cells express ICAM-1, the potential ligand for β2
integrins on PMNs. Therefore, PMN-EC and PMN-melanoma cell adhesions could play
important roles in bringing tumor cells into close proximity to the EC, thus facilitating their
subsequent migration through the EC. Recent studies have quantified the strength and kinetics
of LFA-1 and Mac-1 in PMN heterotypic aggregation to transfected cells expressing ICAM-1
in a shear flow.15,31 These studies showed that PMN adhesion to ICAM-1 is a cooperative
and sequential process of LFA-1-dependent initial endothelial capture of PMNs followed by
Mac-1-mediated stabilization. A similar adhesion mechanism has been observed for the
interactions between PMNs and ICAM-1-expressing colon carcinomas.18,19 However,
situations regarding how shear forces regulate PMN-melanoma interactions and subsequent
melanoma cell extravasation through the EC are not entirely understood.

In the present study, we utilized a cone-plate viscometer to characterize the PMN-melanoma
cell aggregation, a parallel-plate flow chamber to investigate PMN-mediated melanoma cell
adhesion to the EC, and a flow-migration assay to examine melanoma cell extravasation under
shear-flow conditions. Specifically, different roles of hydrodynamic shear stress, shear rate,
and β2 integrins/ICAM-1 binding mechanisms were examined. Our results indicate that
aggregation between PMNs and melanoma cells through β2 integrins/ICAM-1 binding is
regulated by shear rate only. Although PMN tethering on the EC is affected by both shear rate
and shear stress, melanoma cell adhesion to the EC and subsequent extravasation facilitated
by tethering PMN on the EC is predominantly regulated by shear rate. These findings provide
a rationale and mechanistic basis for understanding of leukocyte-tumor cell interactions under
flow conditions, which also provide insights into potential therapeutic targets to melanoma
extravasation and subsequent metastasis development.

MATERIALS AND METHODS
Reagents

Formyl-methionyl-leucyl-phenylalanine (fMLP) was purchased from Sigma (St. Louis, MO).
Mouse anti-human LFA-1, mouse anti-human Mac-1, and mouse anti-human ICAM-1
monoclonal antibodies (mAbs) were purchased from Invitrogen (Carlsbad, CA).
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Cell Preparations
Two different human melanoma cell lines WM9 and C8161.c9 were used in this study to
correlate tumor metastatic potentials in terms of invasiveness, chemotactic migration, and
adhesiveness as described earlier.9,37 C8161.c9 and WM9 melanoma cells were maintained
and prepared as described previously.22 Prior to each experiment, melanoma cells were
detached when confluent using 0.05% trypsin/versene (Invitrogen) and washed twice with
fresh medium. Then the cells were re-suspended in fresh medium and allowed to recover for
1 h while being rocked at 8 rpm at 37 °C.

Fibroblast L-cells that had been transfected to express human E-selectin and ICAM-1 (EI cells)
were maintained in culture as described elsewhere.35 EI cells constitutively express stable
ICAM-1 comparable with IL-1β stimulated human umbilical vein endothelial cells14 and were
used as an EC substrate for cell adhesion studies.

Fresh human blood was collected from healthy donors by venipuncture. PMNs were isolated
using a Histopaque® (Sigma) density gradient by manufacturer’s instruction and kept at 4 °C
in Dulbecco’s PBS (D-PBS) containing 0.1% human serum albumin for up to 4 h before use.
For fMLP simulation, PMNs were incubated with 1 μM fMLP for 2 min at 37 °C. For blocking
experiments, fMLP-stimulated PMNs were pre-treated for 30 min at 4 °C with blocking anti-
LFA-1 or anti-Mac-1 mAbs at 5 μg/106 cells, respectively.

Dextran-supplemented Medium
RPMI 1640 medium was supplemented with 0.1% bovine serum albumin (BSA) and 1-4%
ultra-high molecular weight dextran (2 × 106 MW; Sigma). A range of dextran-supplemented
media were made to achieve a range of viscosities from 0.7cP (no dextran) to 7.0cP (4%
dextran). Either the medium viscosity (μ) of the cell suspension, and thus the shear stress

, or the shear rate  could be held constant while the other be varied in order to determine
the hydrodynamic shear effects on melanoma cell adhesion to PMNs and extravasation under
flow conditions. Controlled tests assured the dextran-supplemented media did not affect the
expression of adhesion molecules on PMNs, melanoma cells, and EI cells (data not shown).
The osmolarity of dextran-supplemented media was also tested to verify there was not a
significant increase due to the addition of dextran. Osmolarity increased by <1% in a 4%
solution of dextran in RPMI 1640 compared to un-supplemented media.

Flow-migration Assays
The in vitro flow-migration device was recently developed and is a modified 48-well
chemotactic Boyden chamber.37 In brief, the top and bottom plates of the polycarbonate
chamber are separated by a 0.02-in.-thick silicon gasket (PharmElast, SF Medical, Hudson,
MA). A 7 × 2 cm opening cut from the center of the gasket forms the flow field. The wall shear
stress (τw) is related to the volumetric flow rate (Q) by τw = 6 μQ/wh2, where μ is the medium
viscosity, h is height, and w is width of the flow field.

An endothelial monolayer was formed by growing EI cells to confluence on sterilized PVP-
free polycarbonate filters (8 μm pore size; NeuroProbe, Gaithersburg, MD) coated with
fibronectin (30 μg/mL, 3 h) (Sigma). The bottom side of the filter was scraped prior to use to
remove any potential cell growth. Soluble type IV collagen (CIV; 100 μg/mL in RPMI
1640/0.1%BSA) was used as the chemoattractant in the center 12 wells and control wells were
filled with medium (RPMI 1640/0.1%BSA). The chamber was assembled and the cells were
then introduced into the chamber. Typical experiments involved cases such as: PMN only;
melanoma cells only; PMN + melanoma cells (5 × 105 cells of each cell type). Flow of
circulating medium was immediately perfused into the chamber, initially at a flow rate 2 mL/
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min, which was then increased to a desired experimental rate (0-20 mL/min). The entire
chamber was placed 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, Pittsburgh, PA). The cells on the bottom side of each filter, which
had been facing the chemoattractant wells, were imaged using an inverted microscope and
recorded with NIH Image (v. β4.0.2). No cells were found in the chemoattractant wells after
4 h of migration. Three pictures were taken of each filter in different locations. The number of
cells migrated was quantified and averaged for each filter. A minimum of three filters were
analyzed for each data point. Background migration was subtracted from each sample as
appropriate.

Parallel-plate Flow Assays
Experiments on WM9 adhesion to the EI monolayer in the presence of PMNs were performed
in a parallel-plate flow chamber (Glycotech, Rockville, MD) mounted on the stage of a phase-
contrast optical microscope (Diaphot 300, Nikon, Japan). A syringe pump (Harvard Apparatus,
South Natick, MA) was used to generate a steady flow field in the flow chamber. A petri dish
(35 mm) with a confluent EI cell monolayer (acting as a ligand-binding substrate) was attached
to the flow chamber by vacuum. All experiments were performed at 37 °C. The field of view
was 800 μm (direction of the flow) by 600 μm. The focal plane was set on the EI monolayer.
The flow chamber was perfused with appropriate medium 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 × 106 cells/mL) of PMNs and WM9. PMNs were stimulated with 1 μM fMLP
for 2 min before perfusion into the 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, shear
stress was adjusted 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. Variables quantified included
the total number of PMNs which were tethered (rolling or arrested) on the EI monolayer;
collisions between WM9 cells (from the free stream near the EI) and tethered PMNs;
aggregation of WM9 cells with tethered PMNs as a result of collision; and final adhesion of
WM9-PMN aggregates on the EI monolayer. Some PMNs which were arrested by a WM9-
PMN aggregate close to the EI surface were counted as tethered PMNs. For the rare cases in
which more than one tumor cell adhered to a PMN, we count such a case as two aggregates if
two WM9 cells adhered to a PMN. The adhesion of WM9 on EI monolayer was quantified and
normalized by the term as “WM9 adhesion efficiency”:

The numerator is the number of WM9 cells arrested on the EI monolayer at the end of the entire
flow assay as a result of collision between entering WM9 cells and tethered PMNs. The
denominator is the total number of WM9-PMN collisions near the EI monolayer surface and
is counted as a transient accumulative parameter throughout the entire flow assay.

Cone-plate Viscometer Assay
To measure the interactions between PMNs and WM9 cells, a heterotypic aggregation assay
was performed using a cone-plate viscometer,15,31 which consists of a stationary plate placed
beneath a rotating cone (1° angle) maintained at 37 °C (RotoVisco 1, Haake, Newington, NH).
Mixed suspensions of PMNs and WM9 cells, respectively pre-labeled with LDS-751 (red) and
TRITC (orange), were placed on the plate at a concentration ratio of 1:1 (106 cells/mL, 500
μL each) and allowed to equilibrate for 1 min. Thereafter, the heterotypic cell suspension was
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stimulated with 1 μM fMLP for 2 min before the application of shear. Exposure of cell
suspensions to a linear velocity gradient resulted in collisions between the faster moving cells
near the rotating cone and slower moving cells near the stationary plate.15 Stable aggregates
formation occurred when the strength of adhesive bonds formed during collision contact
outweighed the tensile forces experienced by aggregates in the shear field. Shear rate was varied
from 62.5 to 800 s-1, typical for microcirculation,42 for pre-set shear duration ranging from
30 to 300 s. To understand relative shear rate and shear stress effects on PMN-melanoma
aggregation, the medium viscosity was varied from 1.0 to 3.2 cP by adding different amounts
of dextran polymer into the medium. After shear, aliquots were immediately fixed with 1%
formaldehyde at room temperature and subsequently analyzed in GUAVA personal cytometer
(GUAVA Technologies Inc., Burlingame, CA). The size distribution and cellular composition
of aggregates generated in the cone-plate viscometer were determined by a two-color flow
cytometric methodology15,31 where LDS-751-stained PMNs and TRITC-stained WM9 cells
were identified on the basis of their characteristic forward-scatter, side-scatter, and
fluorescence profiles. Heterotypic aggregation was quantified as the percentage of bound WM9
cells in total WM9 cells:

Statistical Analysis
All results are reported as the 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 considered significant.

RESULTS
PMN Facilitated Melanoma Cell Extravasation Under Flow Conditions

Effects of shear rate and shear stress on PMN-mediated melanoma adhesion and migration
have been compared using a novel flow-migration assay (Fig. 1a). 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/mm2 at 555 s-1 to 290 ± 37 cells/mm2 at 55.5 s-1) that was
inversely proportional to the shear rate (p = 0.041; Fig. 1b). In contrast, cases in which shear
rate was held constant and shear stress ranged from 0.4 to 40 dyne/cm2 resulted in C8161
migration levels that were not statistically different (Fig. 1c). These results suggest that PMN-
facilitated migration of melanoma cells is affected by local hydrodynamic shear rates that
regulate the contact duration.

Shear Rate Affects Melanoma Cell Adhesion to the EC Through Tethered PMNs
Adhesion of melanoma cell to the EC is the first step for its subsequent extravasation. In order
to investigate the mechanism for shear-rate-dependent extravasation, the adhesion of
melanoma cells to the EI monolayer in the presence of PMNs was investigated over a range
of flow conditions using a parallel-plate flow chamber (Fig. 2). Results indicated that PMN
tethering on the EI monolayer was significantly affected by both shear rate and shear stress
(Fig. 2a). For a fixed shear rate 62.5 s-1, elevation of shear stress from 0.625 to 2 dyn/cm2 led
to an increase in tethering frequency (Fig. 2a, left panel). At a constant shear stress of 2 dyn/
cm2, the tethering frequency was greatest when shear rate was the lowest (62.5 s-1) and
decreased with increasing shear rates (Fig. 2a, right panel). PMN tethering frequency was
determined experimentally as the number of PMNs that adhered to the EI monolayer per unit
time and area in the parallel-plate flow chamber assay, including both rolling and firmly-
arrested cells. This frequency was normalized by cell flux to the surface to compensate for the
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different concentration of cells passing the same area of substrate at different shear rates. This
normalization followed the procedure of Rinker et al.33 based on equations derived by Munn
et al.29

Since WM9 cells do not express ligands for either E-selectin or ICAM-1 expressed on the EI
monolayer, WM9 cells did not adhere to the EI by themselves (data not shown). In the presence
of PMNs, WM9 cells were able to adhere to the EI monolayer through aggregation to tethered
PMNs. However, WM9 adhesion efficiency was only affected by the shear rate, not by the
shear stress (Fig. 2b), which was different from PMN tethering on the EI monolayer. When
shear rate was held constant and shear stress ranged from 0.6 to 2 dyne/cm2, adhesion efficiency
levels were not significantly altered (Fig. 2b, left panel). In contrast, when shear stress was
held constant and shear rate varied from 62.5 to 200 s-1, the efficiency of melanoma cell
adhesion to PMNs decreased dramatically, suggesting an inversely proportional relation
between shear rate and melanoma adhesion efficiency (Fig. 2b, right panel). These results
illustrate that PMN could facilitate melanoma cell adhesion to the EI monolayer, regulated by
the local hydrodynamic shear rates, which suggest intercellular contact time (proportional to
the inverse of wall shear rate) has a greater influence on the tumor cell adhesion efficiency
than the wall shear stress.

Aggregation of PMNs and WM9 Cells is Shear-rate Dependent
To study the interactions of melanoma cells and PMNs under shear conditions, the aggregation
between WM9 cells and PMNs was characterized over a range of shear conditions using a
cone-plate viscometer. Application of shear resulted in formation of heterotypic aggregation
consisting of melanoma cell bound to PMNs, which could be detected by two-color flow
cytometric technique (Fig. 3a). PMNs or WM9 cells alone fell into specific fluorescence
channels in shear flow, which was different from the heterotypic aggregation between PMNs
and WM9 cells. The population of WM9 cells was resolved into singlet and aggregates
composed of a single WM9 cell bound to one, two, or more than two PMNs. The concentrations
of these aggregates were represented by [WM9], [TP1],[TP2], and [TP3+], respectively. To
quantify the time courses of PMN-WM9 aggregation kinetics, heterotypic aggregation
percentage of PMNs and WM9 cells was measured at a given shear duration in different shear
rates and medium viscosities. Results showed the aggregation between PMN and melanoma
cells exhibited an ascending phase where it reached a maximum fraction at 60 s, followed by
a descending phase at a given shear rate (Fig. 3b) at all shear rates tested varying from 62.5 to
400 s-1. More WM9 cells formed aggregations with PMNs (∼45%) at a low shear rate around
62.5 s-1, while the aggregation decreased to the baseline at high shear rates above 400 s-1 (Fig.
3b). Partial disaggregation of the heterotypic aggregates was observed from longer durations
(100-300 s) of shear exposure at all shear rates examined. Maximum aggregation between
WM9 and PMNs was maintained at shear rates to 200 s-1 and decreased to background levels
as shear was increased to 400 s-1.

To test the regulation of hydrodynamic shear on PMN-WM9 aggregation, the dependence of
aggregation percentage on shear stress and shear rate was compared respectively. The results
indicated that the aggregation percentage remained the same when the shear stress varied from
2 to 6.4 dyn/cm2 at a fixed shear rate of 200 s-1 (Fig. 3c), but increased when shear rate was
reduced from 100 to 62.5 s-1 at a fixed shear stress of 2 dyn/cm2 (Fig. 3d). These results suggest
that the shear-induced aggregation of fMLP-stimulated PMNs and WM9 cells is shear-rate
dependent.

Binding of β2 Integrin and ICAM-1 Regulates PMN-Melanoma Aggregation
Recent studies have quantified the strength and kinetics of LFA-1 and Mac-1 in PMN
heterotypic aggregation to transfected cells expressing ICAM-1 and ICAM-1-expressing colon
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carcinomas in a shear flow.15,18,19,31 To further understand the underlying mechanisms of
interacting molecules that mediate the PMN and ICAM-1-expressing melanoma cells
aggregation, functional-blocking mAbs directly against LFA-1 and Mac-1 on PMNs or
ICAM-1 on WM9 were used to elucidate specificity of the aggregation of PMNs and WM9
cells. As shown in Fig. 4, the aggregation percentage of PMNs and WM9 cells was present in
the absence of blocking mAbs but was abolished to the baseline fraction when anti-LFA-1 and
-Mac-1 mAbs or anti-ICAM-1 mAbs were present in all shear durations tested, suggesting that
the specific β2 integrin-ICAM-1 interactions support the PMN-WM9 aggregation.

PMN Tethering on the EC is Critical for Melanoma Cells Adhesion to the EC
Recent studies have indicated PMNs can enhance melanoma cell transendothelial migration.
37,43 However, the mechanism involved is not entirely understood. Cone-plate viscometry
assay indicated an ability of melanoma cells to form heterotypic aggregations with PMNs under
shear conditions. Present results showed blocking either LFA-1 or Mac-1 on PMNs, or ICAM-1
on the EI monolayer decreased melanoma adhesion efficiency significantly compared with the
control (Fig. 5). Both treatments blocked the binding between PMNs and EI cells and thus
reduced PMN tethering on the EI monolayer (data not shown), suggesting that PMN tethering
to the EI monolayer is critical for melanoma cell to form close contact with the EI monolayer.
Blocking ICAM-1 on WM9 significantly reduced melanoma adhesion efficiency compared
with both the control and anti-ICAM-1 on EI cases (Fig. 5), which indicates β2 integrins/
ICAM-1 binding between PMNs and melanoma cells is essential for successful melanoma cell
arrest on the EI monolayer.

Population Ratio of PMNs to Melanoma Cells Affects Melanoma Aggregation, Adhesion, and
Extravasation

The ratio of melanoma cells to PMNs was examined to determine whether changing the relative
concentrations would change the probability of a tumor cell colliding with and binding to a
PMN, which in turn will affect melanoma adhesion and extravasation. Cone-plate assay results
indicated that an increase in population ratio of PMN to WM9 from 1:1 to 4:1 would
significantly increase the aggregation between melanoma cells and PMNs after applying shear
for 300 s (data not shown). However, after normalizing the aggregation data to the collision
frequency calculated by using the methods previously published,15 our results indicated that
although the absolute number of PMN-WM9 aggregations increased, an increase in PMN
concentration did not really change the normalized PMN-WM9 heterotypic aggregations (Fig.
6a) in a cone-plate flow assay where the wall effect on cell-cell aggregation were absent.
Interestingly, the parallel-plate flow assay showed WM9 adhesion efficiency increased
significantly after an increase in the ratio of PMNs to WM9 cells (Fig. 6b), resulting in more
PMN-facilitated melanoma adhesion to the EI monolayer. Higher number of PMNs increased
the number of tethered PMNs on the EI monolayer and there were formations of PMN clusters
on the EI monolayer surface. Therefore, in the same area and same duration, the existence of
higher concentration of PMNs resulted in more melanoma cells collisions in short time period
and thus increased melanoma adhesion efficiency. Moreover, flow migration data also
indicated that PMN-mediated C8161 extravasation increased significantly with more PMN
present (Fig. 6c). These results strongly suggest an important role of substrate adhesion in
PMN-melanoma cell aggregation under flow conditions.

DISCUSSION
The initial step in melanoma extravasation is tumor cell adhesion to the EC under flow
conditions. Many studies have suggested that melanoma cells inefficiently bind the EC under
hemodynamic shear within the circulation and may recruit other cellular assistance for
adhesion.3,7,25 Human leukocytes, including PMNs, actively participate in the inflammatory
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response through adhesion to the EC.40 PMNs typically use selectin molecules to form rolling
attachments along the vessel wall and β2 integrins to anchor shear-resistant bonds, and therefore
support onward transmigration through the EC.40 In contrast, melanoma cells do not express
β2 integrins, sLex or other sialylated molecules at levels to effectively adhere to the EC within
the circulation.45 In addition to tumor cell entrapment within the vasculature, in vivo studies
have shown that the mechanisms utilized by metastatic tumor cells to adhere to a vessel wall
prior to extravasation are very different from PMNs.5,24,44 Several ligands for inducible
endothelial adhesion molecules have been identified on various types of tumor cells.44 Both
endothelial and melanoma cells express ICAM-1, the potential ligand for the β2 integrins on
PMNs; therefore, PMN-EC and PMN-melanoma cells adhesions may play very important roles
in bringing tumor cells close to the EC surface and facilitating their subsequent extravasation
through the EC in the presence of shear. However, little has been shown how hemodynamic
flow plays a role in this process. In this study, the aggregation kinetics of melanoma cells and
PMNs in a shear flow has been quantified, and melanoma cell adhesion to the EC through
tethered PMNs under flow conditions has also been investigated. Results have indicated that
shear rate, not shear stress, affects the formation of PMN-WM9 heterotypic aggregation, which
may contribute to the shear-rate-dependent PMN-facilitated melanoma adhesion to the EC and
subsequent extravasation.

In the current study, PMNs have been directly observed forming aggregates with WM9 cells
through β2 integrins-ICAM-1 binding. Once E-selectin initiates PMN tethering on the EC,
β2 integrins mediate stable arrest of PMNs to the EC. Since melanoma cells express a high-
level of stable ICAM-1, collisions of melanoma cells with PMNs tethered on the EC could
result in the formation of aggregates followed by melanoma cell arrest on the EC. PMNs form
a two-way bridge by binding to ICAM-1 on both EC surface and melanoma cells through
LFA-1 and Mac-1. Blocking LFA-1 and Mac-1 on PMNs or ICAM-1 on WM9 has shown to
significantly reduce WM9-PMN aggregation. This finding is in contrast to a published study
of PMN binding to ICAM-1-high/sLex-low expressing HCT-8 carcinoma cells, which showed
that the ICAM-1 blocking alone could not substantially reduce PMN-HCT-8 cell aggregation
in response to a longer shear exposure time.19 However, such differences could be due to the
presence of another potential ligand for LFA-1 or Mac-1 with a higher affinity than ICAM-1
on the surface of HCT-8 cells.19 In addition, blocking ICAM-1 on the EI monolayer
significantly reduced WM9 adhesion to the EI monolayer. Blocking ICAM-1 on WM9 cells
is more influential in decreasing melanoma cell adhesion to the EC than blocking ICAM-1 on
the EI cells, suggesting that PMNs can still attach to EI monolayer via other than
ICAM-1.15 However, capture and firm adhesion of WM9 to PMN requires β2 integrins-
ICAM-1 interaction and is therefore sufficient for maximal melanoma adhesion to the EC.

The trend of PMN-facilitated melanoma cell extravasation directly follows that of melanoma
cell adhesion efficiency, which are both affected by the intercellular contact time (inversely
proportional to shear rates). Shear rate modulates the cell-cell collision frequency and contact
time affected by the relative velocities of cells with respect to the flow and possibly the local
Reynolds near cells in the fluid field. Shear stresses determine the forces applied to cells
individually and intermolecular bonds between cells. Because lower shear rate increases the
contact time between colliding melanoma cells and PMNs and it appears to be a requisite of
on-rate kinetic constant for an integrin bond to form,15 there would be higher probability of
formation for WM9-PMN aggregations under low shear-rate conditions. Current results
indicate that the collision and contact time between β2 integrins and ICAM-1 may play more
important roles in cell aggregation than forces applied to the bonds. Previous studies have
reported similar shear-rate dependent bond formation. For example, Goldsmith et al.13 showed
shear-rate dependent PMN homotypic aggregations in a Couette flow; Chen and Springer6
reported individual PMNs expressing P-selectin glycoprotein ligand 1 (PSGL-1) rolled along
and tethered to the P-selectin-immobilized substrate was shear rate dependent. Our results here
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show PMN-WM9 aggregation facilitates melanoma cell adherence to the EC, which is
predominantly regulated by the shear rate. In contrast, PMN tethering on the EC is both shear-
rate and shear-stress dependent. The difference suggests a “two-step adhesion” paradigm that
involves initial PMN tethering on the EC and subsequent melanoma cells being captured by
tethered PMNs. The formation of PMN-melanoma cell aggregates is a dominant step, which
could be possibly due to the fundamental differences in the hydrodynamics of these two steps.
PMN tethering on the EC is the interaction between a moving sphere and a wall. Under the
same shear rate (inversely proportional to the cell-cell contact time), increasing the shear stress
caused more rolling and firmly arrest PMNs. A similar finding was reported by Rinker et al.
33 A possible mechanism is that an increased shear force could cause PMNs to deform to a
greater extent, thereby creating a greater contact area leading to more bond formation for
adhesion. The threshold effect reported for selectin mediated rolling of leukocytes on the EC
is also a possible explanation.10 In contrast, capture of melanoma cells by tethered PMNs
depends on the interaction between two moving spherical cells or adhesion between a moving
melanoma cell and a firmly adherent and possibly flattened PMN. Thus, it is speculated that a
shorter contact time is available in the case of capture in the flow field between two spherical
cells.

Melanoma cell binding to PMNs has been found to be time dependent, which is evident by the
fact that heterotypic aggregation peaked after about 60 s upon shear but start to decrease
afterwards under all shear conditions. The binding of melanoma cells to PMNs may happen at
the site of collisional contact because the predicted minimum contact duration at which
aggregation between melanoma cells and PMNs was detected is on the order of 10 ms at 200
s-1 (e.g., tcontact ≈ 2.6/shear rate).12,41 This interval is insufficient for significant numbers of
adhesion molecules to diffuse into the region of cell-cell contact.2 The onset of fluid shear may
increase cell-cell interactions and aggregation through cell collisions; however, tensile forces
may gradually outweigh cell-cell adhesive bonds and break up the aggregations when cells are
under longer exposure to shear. This biphasic kinetic behavior agrees with previous studies
that showed fMLP stimulation resulted in an increase in Mac-1 expression on PMNs but
reached a plateau within 2 min.1,17 However, increased Mac-1 avidity was reversed over
minutes unless increasing stimulus would be applied.17,26 Some studies also showed that
CD18 expression could be down-regulated upon fluid shear.11

The mechanism for PMN-facilitated melanoma adhesion and subsequent extravasation is still
under investigation. Studies have demonstrated that melanoma cells, such as C8161,37
A375SM,36 and WM932 can produce interleukin 8 (IL-8). IL-8 has a wide range of
proinflammatory effects on the migration of PMNs from the circulation to inflammatory sites
by activation of CXC chemokine receptors 1 and 2 (CXCR1 and CXCR2).16,30 Recent reports
suggest that the expressions of chemokine and chemokine receptors by melanoma may
contribute to its ability to escape tumor surveillance and may partially explain preferential
patterns of melanoma metastasis.28 Previous studies have also reported that IL-8 is crucial for
PMN-facilitated melanoma adhesion and subsequent extravasation, which are inhibited by
functional blockade of CXCR1/2 receptors on PMNs.22,38 Our results here have shown
important roles of β2 integrins-ICAM-1 binding in PMN and melanoma cell interactions. IL-8
has been shown to up-regulate the ligand binding activity of the β2 integrins on PMN.8
Furthermore, Mac-1 expression and IL-8 production from PMNs are founded to increase in
the melanoma-PMN microenvironment.28,38 These results suggest that potential
communication between the immune system and cancer cells may alter both the host’s
physiology and tumor cell behavior by modulating the growth, invasion, migration, and
metastasis of tumor cells.

In summary, this study has examined molecular interactions between the EC, PMNs and
melanoma cells under well-defined hydrodynamic shear conditions. Results indicate that
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PMN-facilitated melanoma adhesion to the EC and subsequent extravasation are shear-rate
dependent, which could be attributed to PMN-melanoma cell aggregation through binding of
β2 integrins and ICAM-1. These findings provide a mechanistic basis for understanding
leukocyte-tumor cell interactions mediated by specific receptor-ligand interactions, as well as
subsequent tumor cell adhesion to the EC through tethered leukocytes. The present results shed
light on potential targets to inhibit interactions of PMNs and melanoma cells, particularly by
possible tumor-induced immunoediting mechanisms which in turn will prevent PMN-mediated
melanoma adhesion and subsequent metastasis development. Obviously, a further
understanding of multiple intercellular events regulating melanoma, PMN, and microvascular
EC functions and validation of effectiveness of preventing melanoma sequestration will be
critical to determine the efficiency of melanoma extravasation within the microcirculation and
in fostering new approaches to cancer treatment through anti-inflammatory therapeutics.
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FIGURE 1.
Effects of shear rate and shear stress on melanoma extravasation through EI monolayer. Shear
rate and shear stress were isolated by varying viscosity with dextran-supplemented medium
(0-4%). (a) Cross-section view of the flow-migration chamber shows the schematic of PMN-
facilitated melanoma extravasation through EI monolayer in a shear flow. (b) Migration varies
under constant shear stress but increasing shear rate. (c) Migration is unchanged over an order
of magnitude of shear stress when shear rate is constant. All values are mean ± SEM for N ≥
3.

Liang et al. Page 13

Ann Biomed Eng. Author manuscript; available in PMC 2009 May 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 2.
Effects of shear rate and shear stress on melanoma adhesion to the EI monolayer. (a) PMN
tethering frequency under flow conditions. (b) Melanoma cell adhesion to the EI monolayer
under flow conditions. WM9 adhesion efficiency and data correction procedure are defined in
“Materials and Methods”. All values are mean ± SEM for N ≥ 3.

Liang et al. Page 14

Ann Biomed Eng. Author manuscript; available in PMC 2009 May 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 3.
The kinetics of PMN-WM9 aggregation under different shear conditions. (a) Detection of
PMN-tumor cell aggregates by two-color flow cytometry. LDS-571-labeled PMNs (1 × 106/
mL), TRITC-stained WM9 melanoma cells (1 × 106/mL), or both were sheared at 62.5 s-1 for
120 s in a cone-plate viscometer in the presence of 1 μM fMLP. Upon termination of shear,
aliquots were immediately fixed with 2% formaldehyde and subsequently analyzed in a
GUAVA flow cytometer. Left panel shows PMN only using flow cytometry; middle panel
shows WM9 only; and right panel shows WM9-PMN heterotypic aggregates. The population
of WM9 cells was resolved into singlet and aggregates composed of a single WM9 cell bound
to one, two, or more than two PMNs. The concentrations of these aggregates were represented
by [WM9], [TP1], [TP2], and [TP3+], respectively. The gating was based on the specific
fluorescence channel where each population fell in. (b) The percentage of melanoma cell in
the heterotypic aggregations at different shear rates with a medium viscosity 1.0 cP. (c) The
percentage of melanoma cells in the heterotypic aggregations at a fixed shear rate 62.5 s-1 while
shear stress varied from 2 to 6.4 dyn/cm2. (d) The percentage of melanoma cells in the
heterotypic aggregations under a fixed shear stress 2 dyn/cm2 while shear rate varied from 62.5
to 100 s-1. Values are mean ± S.E.M. for N ≥ 3. *p < 0.05.
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FIGURE 4.
Effects of β2 integrin-ICAM-1 binding on PMN-WM9 aggregation. Blocking of β2 integrin on
PMNs significantly reduced PMN-WM9 aggregation compared with control. *p < 0.05
compared with the other two blocking cases. Values are mean ± SEM for N ≥ 3.
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FIGURE 5.
Effects of PMN tethering on melanoma cell adhesion to the EI monolayer. PMNs were treated
with mAb to functionally block LFA-1 and Mac-1 (30 min, 4 °C); EI monolayer was treated
with mAb against ICAM-1 (30 min, 4 °C); WM9 cells were treated with mAb against ICAM-1
(30 min, 4 °C). After each treatment, the excess of mAb was washed out by centrifuging cells
down and re-suspending them in fresh medium. Cells were then injected into the parallel plate
flow chamber for the adhesion assay. Blocking ICAM-1 on WM9 significantly reduced
melanoma adhesion efficiency compared with both the control and anti-ICAM-1 on EI cases.
*p < 0.05 compared with control samples. #p < 0.05 with respect to concurrent ICAM-1
blocking on the EI cells under the same shear condition. Values are mean ± SEM for N ≥ 3.
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FIGURE 6.
Population ratio effects on: (a) PMN-WM9 aggregation; (b) WM9 adhesion to the EI
monolayer; and (c) C8161 extravasation under various shear conditions. Increase in ratio of
PMN to WM9 significantly promotes PMN-WM9 aggregation, WM9 adhesion to the EI
monolayer; and increase in ratio of PMN to C8161 increases subsequent extravasation through
the EI monolayer. Values are mean ± SEM for N ≥ 3.
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