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A High-Throughput Mechanofluidic Screening Platform for
Investigating Tumor Cell Adhesion During Metastasist

A. Spencer,’ C. Spruell,® S. Nandi,” M. Wong,® M. Crexiell® and A. B. Baker**™

The metastatic spread of cancer is a major barrier to effective and curative therapies for cancer. During metastasis, tumor
cells intravasate into the vascular system, survive in the shear forces and immunological environment of the circulation,
and then extravasate into secondary tumor sites. Biophysical forces are potent regulators of cancer biology and are key
many of the steps of metastasis. In particular, the adhesion of circulating cells is highly dependent upon competing forc~
between cell adhesion receptors and the shear stresses due to fluid flow. Conventional in vitro assays for drug
development and the mechanistic study of metastasis are often carried out in the absence of fluidic forces an”
consequently, are poorly representative of the true biology of metastasis. Here, we present a novel high-throughput
approach to studying cell adhesion under flow that uses a multi-well, mechanofluidic flow system to interrogate adhesion
of cancer cell to endothelial cells, extracellular matrix and platelets under physiological shear stresses. We use this system
to identify pathways and compounds that can potentially be used to inhibit cancer adhesion under flow by screening ant.
inflammatory compounds, integrin inhibitors and a kinase inhibitor library. In particular, we identify several small molecule
inhibitors of FLT-3 and AKT that are potent inhibitors of cancer cell adhesion to endothelial cells and platelets under flow.
In addition, we found that many kinase inhibitors lead to increased adhesion of cancer cells in flow-based but not static
assays. This finding suggests that even compounds that reduce cell proliferation might also enhance cancer cell adhesion
during metastasis. Overall, our results validate a novel platform for investigating the mechanisms of cell adhesion under
biophysical flow conditions and identify several potential inhibitors of cancer cell adhesion during metastasis.

cascade, determining both the organ site of metastasis and
providing initial attachment to facilitate extravasation.” TF.
interactions between circulating cancer cells and endothelial cells

The metastasis of tumors is a key characteristic of malignant
cancers and the ultimate cause of 90% of deaths in cancer
patients.l’ % While metastasis is a critical determinant of patient
survival, there are currently no clinically approved therapies that
directly inhibit the metastatic process.3 Although there have been
attempts to develop anti-metastatic compounds, these have yet to
achieve significant success in large scale clinical trials.* The
metastatic cascade consists of sequential steps including
intravasation, survival in the circulatory system, adhesion at the
metastatic host organ site and extravasation.> ® In recent years, the
recognition of the importance of the pre-metastatic niche has
added support for Paget’s “seed and soil” hypothesis in which the
interactions between circulating tumor cells (CTCs) and the local
organ microenvironment facilitate organ specific metastasis.” ®
Within this process, the attachment of CTCs to endothelial cells in
microvasculature is an essential, rate limiting step in the metastatic
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are dependent on adhesion receptors including members of the
selectin and integrin families, CD44, CD164, galectin-3, VCAM-1 and
many others.>™

A fundamental limitation in the development of new therapies
to prevent metastatic cancer is a lack of in vitro systems that can
accurately recapitulate the steps of cancer cell metastasis.'® During
adhesion of CTCs under flow conditions, the biophysical forces 'r
the circulation can dramatically alter the biochemical interactions o.
adhesion receptors with their Iigands.lo’ 17,18 Currently, assays for
examining the steps of metastasis are most commonly carried out
in the absence of the flow of the circulatory system or using low
throughput flow chambers.™® Many studies have suggested these
assays to be poorly predictive of the in vivo metastatic response
making them unsuitable for drug discovery or large-scale
mechanistic studies.””"

Here, we present a device that enables the performance of high
throughput in vitro screens for compounds that can inhibit cancer
cell adhesion under physiological flow. Our system generates flow
using a mechanofluidic mechanism similar to a cone-and-pla.c
viscometer but parallelized to work in standard format 96-well
culture plates. The high throughput cone-and-plate (HT-CAP)
system uses multiple shafts with a low angle cone tip that can be
rotated to apply shear stress to cells grown in a conventional 9u-
well plate. This well-plate format allows the system to interface
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effectively with a host of conventional assays, robotic pipetting and
high throughput plate reading devices. We demonstrate that this
system can be used as an effective assay for screening for
compounds that alter cell adhesion under flow. In addition, we
demonstrate that assays using this device are able to distinguish
between moderately and highly metastatic cancer cell lines, and
can identify known pathways involved in inflammatory and cancer
cell adhesion. In contrast, identical assays performed in the absence
of flow are not predictive, and often even lead to contrasting results
when compared to studies in mice and human clinical trials. In
addition, using high throughput experiments we identify relative
importance of a broad range of kinases and integrins in the cancer
cell adhesion under flow. Thus, this system is a promising tool for
the pre-clinical discovery of new pathways and pharmacological
inhibitors of cancer metastasis.

Materials and methods

Cell culture

Human umbilical vein endothelial cells (HUVECs) were cultured in
MCDB-131 growth medium supplemented with 5% fetal bovine
serum (FBS; Invitrogen), SingleQuots growth supplements (Lonza),
L-glutamine and penicillin-streptomycin. THP-1 monocytic leukemia
cells were cultured in RPMI 1640 growth medium supplements with
10% FBS, 0.05 mM 2-mercaptoethanol, L-glutamine and penicillin-
streptomycin. HCT116 colon cancer cells, MDA-MB-231 breast
cancer cells, and MCF-7 breast cancer cells were cultured in DMEM
growth medium supplemented with 10% FBS, L-glutamine and
penicillin-streptomycin. All cells were cultured at 37°C and 5% CO,.

Calibration of Cone Alignment

Cone tips were aligned using pressure measurement film (Fujifilm)
by raising the micro-stage lift until there was pressure from the
cone tips on the film (Supplemental Figure S2). Based on the
pressure from each cone tips, vertical cone position would be
adjusted until there was an even pressure produced from all 96
cone tips. Once cone tips were aligned they were glued in their
vertical position with a heat-reversible epoxy.

Leukocyte cell adhesion assay

HUVECs were seeded onto a 96-well optical-bottom plate (Nunc) at
2.75x10° cells mL" and cultured to confluence. HUVECs were
treated with 10ng/mL of TNF-a (Sigma, Peprotech) for 4 hours prior
to the assay. THP-1 cells were fluorescently labeled with Qtracker®
655 (Life Technologies) according to protocol. THP-1 cells were
washed twice, then suspended in phenol free media at a
concentration of 3x10° cells/mL or 1x10° cells/mL for static and
O.dens/cm2 assays, respectively and 100pL of THP-1 cell solution
was added to each well. The well plate was incubated for 15
minutes, non-adherent THP-1 cells were washed twice. The
adherent cells were analyzed with a microplate reader, or
fluorescently image. Static assays were performed through the
same procedure except the THP-1 cell concentration was 3x10°
cells/mL and there was no shear stress on the cells during adhesion.

Cancer cell adhesion assay

HCT-116 cancer cells were seeded into 35mm plates at a
concentration of & 7.5x10° cells/mL and cultured for 48 hours. Cells
were then treated with the following anticancer drugs: niclosamide,
marimastat, paclitaxel, doxorubicin, fluorouracil (Sigma-Aldrich),
GM6001 (CalBioChem), and erlotinib (Santa Cruz Biotechnology) for
5 hours before the assay. Endothelial cells were stimulated with
10ng/mL TNF-a for 4 hours before the assay. HCT-116 cells were
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trypsinized and allowed to recover for one hour prior to the assay.
HCT-116 cancer cells were added to the 96-well plate at a
concentration of 1x10° cells/mL. The cells were sheared for one
hour with the shear stress device at 37°C and 5% CO,. Non-
adherent cells were washed from the well plate, and the remaining
fluorescent cells were read in a microplate reader. Static assays
were performed with the same procedure except HCT-116 cell
concentration was 5x10° cells/mL and there was no shear stress on
the cells during adhesion.

Cell adhesion to extracellular matrix assay

Extracellular matrix components, Collagen I, Collagen I, Collagen 1V,
Laminin, Vitronectin (Sigma), and Tenascin C (R&D) were used to
coat a 96-well plate according to their respective protocols. MCF-
7/GFP and MDA-MB-231/GFP (Cell Biolabs, Inc.) were trypsinized
and allowed to recover for 1 hr. Breast cancer cells were added to
the ECM coated well plate at a concentration of 5 x 10° cells/mL
and sheared in the shear stress device for 30 min. Non-adherent
cells were washed off and fluorescence was read in a plate reader.

Cell Adhesion-Detachment Assay

After completing an adhesion assay where cells were adhered at 0.5
dynes/cm2 of shear stress, cells were detached at increasing shear
stresses. Non-adherent cells were removed and replaced with fresh
media. The shear stress was increased and run for one minute.
These steps were repeated for increasing shear stresses, depending
on the cell type.

Integrin Inhibitor Adhesion-Detachment Assay

MDA-MB-231 and MCF-7 cancer cells were trypsinized, and allowed
to recover for 1 hour. Confluent endothelial cells or immobilized
platelets in a 96-well plate were treated with integrin inhibitors
directly before addition of cancer cells, and application of shear
with the shear stress device. A shear stress of 0.5 dyns/cm2 was
applied for 1 hour, and non-adherent cells were removed and the
media was replace. The fluorescent cells were read in a plate
reader. The shear stress was increased and the procedure wi
repeated for 1, 2, 3, 4, 5, 10, and 20 dyns/cmz.

Kinase Inhibitor Library

A kinase inhibitor library (EMD Calibiochem; Cat. No. 539744) was
screened to test for the effect of kinases on cancer cell adhesion
and immune cell adhesion. MDA-MB-231 cancer cells or THP-1
monocytes were treated with kinase inhibitors at 1 miwv
concentration for 1 hour prior to the assay. The treated cells we' =
added to a well plate of endothelial cells or immobilized platelets,
and a shear stress of 0.5 dyns/cm2 was applied for 1 hour.
Detachment was measured in the same manner previously
described.

Statistical Analysis

All results are shown as mean * standard error of the mean.
Comparisons between only two groups were performed using a 2-
tailed Student’s t-test. Differences were considered significant at
p<0.05. Multiple comparisons between groups were analyzed by 2-
way ANOVA followed by a Tukey post-hoc test. A 2-tailed
probability value <0.05 was considered statistically significant.

Results

High-throughput assay to probe cell-cell interactions under flow.
The system consists of 96 stainless steel shafts that have 2° angled
cone machined on one end (Fig. 1A and Supplementary Fig. S1).

This journal is © The Royal Society of Chemistry 20xx
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Fig 1 High throughput device for measuring cell adhesion under flow. (A) The mechanical design of the device includes single shaft is linked into a 96-shafi
gearbox through precision gears. A lift table allows precise vertical position of the well plate relative to the cone-tipped shafts. Shown is CAD rendering >
the device with inset showing the interface of the multi-shaft system with the 96-well plate. Also shown are pictures of the side view of the device, the
drive shafts machined to have low angle cone tips linked in a 96-shaft gearbox and a side view of the shafts interfacing with a 96-well plate. Computatior~!
modelling was performed for the flow within the plate as the distance between the cone and the plate is varied. (B) Overall assay for a cell adhesion-
detachment assay under flow within a 96-well plate. The cancer cells are adhered to a confluent monolayer of endothelial cells (ECs) under 0.5 dynes/cn 2.
The plate is washed and then the plate is read for the fluorescence of the adherent cancer cells.

The shafts were mounted into two parallel plates with bearings and
a single gear per shaft. All of the gears interface to form a 96-shaft
gearbox that is driven by the motor with adjacent shafts rotating in
opposite directions. A 96-well plate is mounted on a
micromanipulator lift table, allowing the well plate to be brought
into accurate alignment with the cones. Photographs of the
completed system are shown in Fig. 1A. Previously, we have
performed an extensive set of simulations on the system that
demonstrated a tight dependence on the apposition of the cone
with the surface in order to get a uniform shear stress field (Fig.
1A).22 We aligned the shafts in the system using an iterative process
in which we placed a pressure sensitive film between the cone tips
and a flat surface (Supplementary Fig. S2). Finally, we adjusted
shaft height to account for the thickness of the endothelial cells by
changing the height to lowest possible position that did not damage

This journal is © The Royal Society of Chemistry 20xx

the endothelial layer on rotation of the cone (Supplementary Fig.
S3). The archetypal adhesion assay procedure is that a confluent
monolayer of cells is grown in a 96-well plate and then fluorescently
labeled/fluorescent protein expressing cancer cells are added. The
cells are then flowed over the monolayer through the rotation of
the cone-tipped shaft, the plate is washed and then read for
fluorescence of adhered cancer cells (Fig. 1B). We extended this
assay in some cases by detaching the cells using increased levels of
shear stress to measure the strength of adhesion. Most cancer cells
arrest in the capillaries or between capillaries and post-capilla=-
venules. In these regions shear stresses can be as low as 0.5
dynes/cm2 and the flow patterns can be tortuous. Using the cone-
and-plate device we are able to control the shear stress
experienced by the cells, as well as whether the shear stress -
constant or oscillatory. The circular flow pattern in the wells
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Fig 2 Validation of the assay with a drug screen using known anti-inflammatory compounds. (A) THP-1 cells were fluorescently labeled and flowed over a
monolayer of confluent endothelial cells for 15 minutes. *p < 0.05 versus static assay and versus TNF-a treated cells; “p < 0.05 versus TNF-a treated cells.
(B) Fluorescent images of cells adhered to the plate under the various anti-inflammatory cells. Bar = 100 um. (C) Overall de-adhesion assay for the THP-1
cells under anti-inflammatory treatments. (D) Low shear stress range for the de-adhesion assay. (E) Shear stress under which 50% of the cells are lost from
the surface (ts), calculated from a logarithmic fit to the detachment curves. *p < 0.05 versus TNF-a only (“No Drug”) treatment group.

created using the HT-CAP has a relatively large radius of curvature
relative to the size of the endothelial cells in most of the well, so
the cancer and endothelial cells may not experience much of a
difference relative to linear flow patterns.

Optimization of flow adhesion assay and validation of within plate
variability in the flow system. We first tested the system using
THP-1 cell adhesion assay to a monolayer of endothelial cells
(Supplementary Fig. S4). THP-1 cells are derived from a monocytic
leukemia and have shared properties with monocytes and cancer
cells. A confluent monolayer of endothelial cells was grown on a
glass bottom 96-well plate and then stimulated with TNF-a to
activate the endothelial cells. The THP-1 cells were fluorescently
labeled with a dye and then applied to the endothelial cells under
flow or static condition for 10 min. After the application of flow the
plate was immediately removed from the system, washed and the
fluorescence was read with a plate reader. We first examined the
uniformity of the system performing the THP-1 cell adhesion assay
under low (0.5 dynes/cm?) or high flow (12 dynes/cmz) with and
without activation of the endothelial cells by TNF-a. Release of TNF-
a by the primary tumor has been suggested to prepare the
metastatic microenvironment for adhesion and extravasation by of
circulating tumor cells by upregulating adhesion molecules.”® As

4 | J. Name., 2012, 00, 1-3

anticipated, high level of shear reduced THP-1 cell adhesion and
activation with TNF-a increased the adhesion (Supplementary Fig.
S4). The system was highly repeatable and uniform in the adhesic
assay with a well-to-well variability comparable to the static
adhesion assay. We next examined whether lysis of the cells aft:
adhesion was necessary to obtain repeatable measurements of ce”
adhesion. We examined the difference between lysing the cells ar 1
just reading the plate fluorescence without lysing and found that
for dye loaded cells this increased the signal from the fluorescence
(Supplementary Fig. S5A). Finally, we examined the effect of THP-1
cell concentration on ability of the assay to detect increased cell
adhesion to control or TNF-a stimulated cells (Supplementary Fig.
S5B). Using these results we optimized the THP-1 cell concentration
for the adhesion assay to the highest concentration of cells with a
lysis step to increase the assay signal.

High throughput flow-based adhesion assays are predictive of in
vivo anti-inflammatory activity. We fluorescently labeled THP-1
cells and treated them with various anti-inflammatory compounds
(Supplementary Table 1) and then performed an adhesion assay to
a confluent monolayer of TNF-a stimulated endothelial cells under
static and flow conditions (0.5 dynes/cmz). This level of sher~
. . . 24
corresponds to that found in the pre-capillary arterioles vessels

This journal is © The Royal Society of Chemistry 20xx
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Fig 3 Adhesion assays of strongly metastatic (MDA-MB-231) or moderately metastatic (MCF-7) cell lines to extracellular matrix. (A) Cancer cell adhesion ta
extracellular matrix coated wells under static conditions. (B) Cancer cell adhesion to extracellular matrix coated wells under flow conditions in the system. (C)
Images of adherent cancer cells under static and shear conditions. Bar = 100 um. *p < 0.05 versus MCF-7 cell line under identical conditions. (D) Detachment

assay on adherent cancer cells using increasing levels of shear stress.

and in the range of shear stresses found in capillaries and post-
capillaries venules.” For most of the anti-inflammatory compounds
there was not a statistically significant difference between the drug-
treated groups and the non-treated group in the static assay (Fig.
2A, B and Supplementary Fig. S6). However, for the flow assay we
found a significant reduction in the adhesion for almost all of the
compounds tested (Fig. 2A, B). We probed strength of the adhesion
of the leukocytes by performing an adhesion-deadhesion assay in
which we first allowed cells to adhere under 0.5 dynes/cm2 of shear
stress and then exposed the adherent cells to increasing bouts of
shear stress ranging from 1 to 40 dynes/cmz. We found that the
treatment with TNF-a (“no drug”) had stronger attachment with
significantly fewer cells being released at shear stresses of 5, 10 and
20 dynes/cm2 than the non-TNF-a treated group (“control”). For
example, Diclofenac led to an intermediate number of released
cells. At the lower shear stresses there were also significant
differences between with the drug treatments and the TNF-a only
treated cells (Fig. 2D). To create an index gauging the strength of
adhesion, we performed a non-linear fit of the shear stress
detachment and calculated the shear stress where 50% of the cell
detached for each treatment (tsg; Fig. 2E).

Flow-based cancer cell adhesion assays have contrasting results
for the anti-metastatic properties of chemotherapeutic
compounds in comparison to static adhesion assays. We next
treated colon cancer cells (HCT-116) with chemotherapeutic agents
(Supplementary Table 2) and then assayed their adhesion to TNF-a
activated endothelial cells. We also included broad spectrum MMP
inhibitors (Marimastat and GM6001) as a measure of the
contribution of MMPs to the adhesion of cancer cells during
attachment to the endothelium. We performed a static adhesion
assay and a parallel assay in which the cancer cells adhered to

This journal is © The Royal Society of Chemistry 20xx

endothelial cells under 0.5 dynes/cm2 of shear stress. In addition, to
control for the effects of endothelial adaptation to flow, we pre-
treated endothelial cells for 8 hours with 0.5 dynes/cm2 and then
performed the adhesion assay. In the static assay, none of the
compounds inhibited the adhesion of cancer cells (Supplementary
Fig. S7). Both Marmistat and GM6001 significantly increased cancer
cell adhesion in the static assay. In contrast, all of the compounas
except GM6001 significantly inhibited the adhesion of cancer cells
in the flow assay (Supplementary Fig. S7).

High throughput, mechanofluidic adhesion assays differentia*2
between aggressively and non-aggressively metastatic breast
cancer cells lines and reveal extracellular matrix specific fr-
different cancer types. The extracellular matrix (ECM) is a powerfi"'
regulator of cancer progression and can promote transformatic 1
and regulate metastasis.”® We examined two breast cancer cells
lines that are known to be moderately metastatic (MCF-7) and
strongly metastatic (MDA-MB-231). In a static adhesion assay, the
less metastatic MCF-7 cell line adhered more than the strongly
metastatic MDA-MB-231 cell line to all of types of ECM tested (Fig.
3A-C). In contrast, the adhesion assay under flow showed markedly
lower adhesion overall and increased adhesion in the MDA-MB-231
cell line in comparison to the MCF-7 cell line (Fig. 3A-C and
Supplementary Fig. S8). In a separate experiment, we explored
whether our system could be used to measure the strength of
adhesion by allowing the cells to adhere for 1 hour at 0.5 dynes/cm2
and then detaching the cells with increasing shear stresses up to 20
dynes/cm2 (Fig. 3D). This analysis allowed us to probe not only the
adhesion of cells underflow but gauge the strength of adhesion of
the cells. The MDA-MB-231 cell line had greater strength of
adhesion at higher shear stresses for laminin over the MCF-7 cell
line (Fig. 3E).
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Fig 4 Screening of integrin inhibitors under static and flow conditions using a cancer cell de-adhesion assay. (A) Plots of relative adhesion of MDA-MB-
231 or MCF-7 breast cancer cell lines under static conditions, the adhesion/detachment assay under 0.5 dynes/cm2 shear stress in the presence of
integrin inhibitors, and the remaining adherent cells after 20 dynes/cm2 shear stress had been applied. (B) Plots of relative adhesion of MDA-MB-231
cells to immobilized platelets under static and flow. *p < 0.05 versus TNF-a treated cells.

High throughput adhesion assays reveal integrin-dependent
sensitivity of cancer-endothelial cell and cancer-platelet
interactions. Targeting specific integrins is a promising emerging
strategy for inhibiting the growth and metastasis of cancer.” We
probed the sensitivity of the breast cancer cell lines to a set of
integrin inhibitors (Supplementary Table 3) to delineate the
importance of specific integrins in the adhesion of different cell
lines and under static and flow conditions. Additionally, we
examined the implications of the integrin inhibitors on the strength
of adhesion through a detachment assay. We found that under
static conditions there was no difference in adhesion of MDA-MB-
231 cells to endothelial cells with TNF-a treatment but there was a
mild increase in adhesion MCF-7 cells (Fig. 4A). Treatment with
integrin inhibitors on the MDA-MB-231 cells led to significantly
decreased adhesion with cilengitide treatment (an avf3 and avf5
integrin inhibitor) as well as several other integrin inhibitors
(Supplementary Table 4). In addition, we examined the adhesion of
MDA-MB-231 cells under oscillatory flow that varied sinusoidally
from1to-1 dynes/cm2 of shear stress (Supplementary Fig. S9). The
integrin dependence for adhesion under oscillatory flow was
markedly different from steady flow and was, in general, less
sensitive to the integrin inhibitors. The interaction of cancer cells
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8,

with platelets has also been shown to regulate cancer metastasis.’

° We took human platelets and immobilized them on the bottom
of the wells of 96-well plate. We examined whether the shear
stresses of the adhesion-deadhesion assay could remove the
platelets and found that they were not visually altered by the shear
stresses (Supplementary Fig. S10). We then performed a cancer c¢ |
adhesion assay on the immobilized platelets with treatment wit..
the integrin inhibitors both under static and flow conditions (Fig.
4B).

High throughput screening of a kinase inhibitor library using a
mechanofluidic adhesion assay. Kinase inhibitors are the fastest
growing class of approved anti-cancer agents and have a significant
impact on the treatment of cancers primarily linked to a single
kinase.”® We performed a high throughput screening assay on a
kinase inhibitor library containing 80 compounds to elucidate which
kinases are important for pathways involved in cancer cell
adhesion. We examined three screens of drug activity including tt.C
ability to modify cancer cell adhesion to a monolayer of endothelial
cells, cancer cell adhesion to platelets and a leukocyte adhesion to
endothelial cells (to assess potential effects on the immune
response). Each assay was performed three times independently fc,
each drug including an internal control. The drug treatments were
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rotated within the system to control for variability within the
system. For each assay, we allowed the cells to adhere under 0.5
dynes/cm2 of shear stress and then exposed them to increased
levels of shear stress to assess the strength of adhesion. The results
of this screen were compared to a similar screen in the absence of
fluid flow. The screen for cancer cell adhesion to endothelial cells
revealed that many of the compounds did not significantly affect
the adhesion of cancer cells under static conditions (Fig. 5A, B).
However, during adhesion under flow conditions and for
detachment of the cells by shear stress we found that many of the
kinase inhibitors increased cancer cell adhesion significantly. This
can be seen most strikingly in charts of a rank ordering for the
compounds in which there are many molecules that increase
adhesion strength of the cancer cells by 2-15 fold (Supplementary
Fig. S11). In contrast, the static assay did not have changes greater

Lab'on-a'Chip

than two-fold for either adhesion enhancement or inhibition. One
notable finding was that many of the FLT-3 inhibitors had strong
anti-adhesive effects on the cancer cells. In contrast to the results
for adhesion to endothelial cells, cancer cell adhesion to platelets
was reduced by most of the kinase inhibitors (including the FLT-3
inhibitors; Fig. 5A, B). A second consistent finding was the role of
the Akt/mTOR pathway in breast cancer cell adhesion, indicated by
multiple Akt inhibitors and mTOR inhibitor rapamycin were found
as hits. For most of these inhibitors, there was a minimal effect on
adhesion in the static adhesion assay. In the immunotoxicity assay
we did not see as great of change for adhesion for many of the
compounds (Fig. 5A, B). In the three screens, an ideal compound
would inhibit cancer cell adhesion to endothelial cells and platelets
while having minimal effects on the adhesion of immune cells. The
“hits” from the endothelial and platelet adhesion assays both under
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static and flow conditions are shown in Fig. 5C (Supplementary
Figs. S12 and Supplementary Table 5).

Discussion

Accurate model in vitro systems for studying cancer metastasis
would provide immense benefit to the scientific investigation on
the mechanisms of the spread of cancer and to pharmaceutical
researchers developing cancer therapeutics. We have developed a
flexible platform for the study of cancer cell adhesion during
metastasis. Using this system we have identified that inhibitors of
the FLT-3 and AKT pathways block cancer cell adhesion to
endothelial cells and platelets while leaving the adhesion of
leukocytes to endothelial cells relatively unaffected. A number of
other model systems have been created to simulate the adhesion of
cancer cells during metastasis.>*>® Many of these have focused on
using microfluidic chips to simulate flow or are adapted specifically
for detailed imaging of a single metastasis event; however, these
have not addressed the problems of creating a high throughput
platform to perform practical drug screening assays. Microfluidic
approaches for creating multichannel flow® are promising but, in
their current form, have challenges with respect to interfacing with
robotic pipetting and culture systems, maintaining cell viability and
phenotype in microchannels®® and interfacing with standard assay
procedures such as plate reading, microscopy and immunostaining
procedures. Here, we have shown that a mechanofluidic approach
of creating flow within standard culture plates can overcome these
limitations and has the potential to rapidly accelerate the study of
shear stress mediated regulation of cell adhesion and the discovery
of compounds that can prevent circulating cancer cell adhesion.
This approach should have great utility in pre-clinical screening for
compounds to treat metastasis by providing a more physiological
model of cancer cell adhesion during metastasis.

A consistent finding in our studies was that flow based adhesion
assays have a greater degree of correlation with the known
activities of therapeutic compounds. In our studies on
inflammation, static assays failed to predict the activity of known
anti-inflammatory compounds even at the relatively high doses
used in the study. Similarly, a static adhesion assay could not
accurately identify the comparative metastatic potential between
cancer cell lines. The profiles of integrin inhibitor sensitively for
cancer cell adhesion to endothelial cells or platelets were markedly
different for assays with flow in comparison to a static assay. Thus,
the biophysical forces present in the circulatory system are
important component in modifying the adhesion of cancer cells
during the metastatic cascade. During an assay under flow there are
additional forces on the forming bond during specific adhesion. If
this force acts in the direction of a conformational change due to
binding it may increase the rate of reaction, while if it acts in the
opposite direction may serve to decrease the reaction rate.®® Both
of these phenomena have been shown to occur in force-mediated
detachment™® or shear stress enhanced adhesion.** Moreover, the
motion created within a flow-incorporating assay causes the
circulating cell type to probe many cells in contrast to a single cell
during settling in a static assay. An additional facet of an assay with
shear stress is that the flow rate also changes the amount of time
allowed for the reaction to occur before the motion of the cell
brings the receptor-ligand pair out of opposition.42 Thus, markedly
different kinetic requirements are needed for adhesion under flow
in comparison to static conditions. In leukocytes, integrin mediated
binding to endothelial cells is highly dependent on shear stress and
the time scale of interactions. While rolling adhesion is mediated by
selectins, firmer adhesion and arrest of motion can only be
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achieved after selectin-mediated rolling slows the cell to allow
integrin-mediated adhesion.” There is support for the theory that
cancer cells can co-opt the mechanisms used in leukocyte adhesion
either directly44 or by binding to circulating immune cells
themselves.” A leukocyte adhesion assay would be an appealing in
vitro assay for discovering anti-inflammatory compounds as it
assays a functional end point without having to measure specific
inflammatory markers or perform further molecular assays. in
contrast, our results demonstrate that using leukocyte adhesion
under static conditions would not be as predictive of the actual in
vivo inflammatory activity.

The ECM can serve as a barrier to metastasis and as a potential
mechanism for the tissue specific metastasis of particular cancers.*®
A recent study used a combinatorial assay to identify ECM
combinations that were associated with metastatic versus primary
cancer cell lines.”” We compared the adhesion of two cancer cells
lines for adhesion to purified ECM proteins. Under static conditions
the less metastatic MCF-7 cell line adhered more to nearly all the
ECMs tested; however, under flow conditions the highly metastatic
MDA-MB-231 cells adhered more than MCF-7. In addition, w
observed that MCF-7 adhered to each other and formed cluster-
more than the MDA-MB-231 cells, particularly in the shear assay.
One could hypothesize that these results are due to the increased
cohesive strength of MCF-7 cells to each other in comparison to the
MDA-MB-231 cells, while MDA-MB-231 cells may exhibit increased
adhesive strength for ECM.* In our detachment assays, the MDA-
MB-231 cell detachment at 0.5 dynes/cm2 of shear stress (same as
the adhesion flow) for many of the ECMs tested and at higher
detachment shear stresses for collagen IV and laminin was
significantly less than MCF-7 cells, indicating the MDA-MB-231 cells
had adhered to the endothelial cells with greater strength.
Interestingly, both collagen IV and laminin are found in high
concentration in subendothelial basement membrane.*’ Thus, our
findings would support that, under flow conditions, the more
aggressive cell line has increased binding to ECM molecules and the
strength of these interactions are increased for the ECM found in
the subendothelial basement membrane.>

The integrins are a family of adhesion receptors that are key
molecules in tumorigenesis, progression and metastasis of
tumors.”’ The integrins avB3 and avB5 have been linked to cancer
cell adhesion to endothelial cells.>” ** In addition, the avB3/avB5
integrin inhibitor cilengitide has been tested in phase Il and 1l
clinical trials for glioblastoma with mixed results.”® The integrin
a4pB1 is also known to serve as an adhesive ligand that binds to
VCAM-1 on metastatic tumor cells and promotes lymph noc :
metastasis.> Integrin a1B1 has also been linked to the cancer ce.’
invasion through tissues and metastasis.” >® The mechanofluidic
system identified that inhibitors to these integrins were very
effective in blocking cancer cell adhesion to endothelial cells in the
highly metastatic MDA-MB-231 cell where the static assay
predicted higher adhesion or no change for these same inhibitors.
This illustrates the importance of incorporating appropriate
biomechanical forces in determining the relevance of the outcome
of the drug screen. In the static case, these compounds would have
been eliminated from the screen but using the flow assay we see
profound differences that suggest these are compounds of interest.
The role of platelets in cancer metastasis is supported by studic_
that have shown depletion, inhibitor or re-infusion of platelets can
alter the dissemination of cancer.”” Platelets enhance many steps in
extravasation including the adhesion of tumor cells to the
vasculature, penetration of the endothelial monolayer ar.
subsequent invasion into the tissue.”® *° Platelets and tumor cells
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form aggregates through crosslinking of platelet integrin all,b3 with
tumor cell integrins including oan3.58 In addition, other integrins
including a3B1 and a5B1 have been implicated in tumor cell-
thrombus interactions.” Our screen for cancer cell adhesion to
platelets supported a role for many of the B1 integrins as well as
avB3/avB5 under flow conditions. In contrast only inhibition of
a2B1 led to a significant reduction in cancer cell adhesion under
static conditions. Thus, the mechanofluidic flow assay is better able
to identify known platelet-cancer cell interactions than a static
assay and may be useful in the study of the interaction of
thrombosis with cancer metastasis.

We performed orthogonal drug screening of a kinase library for
activity in regulating cancer-endothelial interaction, cancer-platelet
interactions and leukocyte-endothelial adhesion. This screen
yielded markedly different results from a static screen and
identified “hits” that reduced cancer cell adhesion to endothelial
cells and platelets while minimally affecting leukocyte adhesion. In
the flow-based assay, we were also able to quantify the strength of
adhesion by using progressively increasing bouts of shear stress.
Thus, this assay yields significantly more information than the
simple static assay. In looking at the data overall, it is clear that
many of the kinase inhibitors cause increased strength of adhesion
even at high shear levels. Thus, when looking at an indexed version
of the data there is clearly a larger dynamic range of adhesion for
the flow-based assays. Among the hits identified, we found many
compounds with targets from drugs in clinical trials. One of the
most consistent findings of our screen was that FMS-like tyrosine
kinase 3 (FLT-3) inhibition led to reduced cancer cell adhesion to
endothelial cells and platelets. Administration of FLT-3 ligand has
been shown to reduce cancer metastasis in mouse models of cancer
and FLT-3 inhibitors have reached phase Il clinical trials for the
treatment of acute myeloid leukemia (AML).60 The rationale for the
development of the FLT-3 inhibitors was based on the role of FLT-3
in hematopoiesis, high expression in leukemia and its role in
immunomodulation.®’ Our studies have shown for the first time
that pharmacologic inhibition of FLT-3 inhibits the adhesion of
breast cancer cells to endothelial cells and platelets, and could
therefore have potential as inhibitors of solid tumor metastasis. Our
studies also identified several other kinases that had potential as
inhibitors for metastasis including rapamycin and AKT inhibitors
that are clinically approved or have targets in common with
compounds in clinical trials. One unexpected result of the kinase
library screen is that the vast majority of the small molecule
inhibitors lead to increased adhesion of cancer cells and/or
strengthening of their attachment (in many cases by over five-fold
the baseline adhesion/adhesion strength). In contrast, relatively
fewer inhibitors increased the adhesion of cancer cells to platelets.
This is an important finding in our study as suggests that many
compounds may increase cancer cell adhesion even if they have
significant anti-proliferative properties. This property was only
detected using a flow-based adhesion assay, suggesting there may
be great utility for using the HT-CAP system to eliminate
compounds with this undesirable property prior to starting pre-
clinical animal studies.

Conclusions

In summary, we present a high throughput, flexible platform for
measuring cell adhesion under flow conditions using a standard

This journal is © The Royal Society of Chemistry 20xx
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multi-well format and used this system to several candidate
pathways for inhibiting cancer cell adhesion during metastasis. The
utility of the HT-CAP mechanofluidic platform extends beyond the
specific application in cancer metastasis shown here. The interface
with standard wells allows the system to be used with virtually any
well plate assay or high throughput system in which fluidic forces
are relevant. Moreover, the cone and plate format allows the
application of complex dynamic flow to simulate different
physiological situations. Thus, the system has many potential
applications including high throughput study of vascular
mechanobiology, screening and studies of platelet
activation/thrombosis and bacterial adhesion.
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