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Abstract: The majority of cancer patients undergoing chemotherapy have a significantly increased
risk of venous thromboembolism via a mechanism not yet fully elucidated but which most probably
involves tumour microparticles (MP) combined with damaged/activated endothelium. Tumour cell
lines (ES-2 and U87) were cultured as 3D spheroids and transferred to biochips connected through
to a second chip precultured with an endothelial cell layer (human umbilical vein endothelial cells
[HUVECs]). Media were introduced with and without doxorubicin (DOX) to the spheroids in parallel
chips under constant flow conditions. Media samples collected pre- and post-flow through the biochip
were analysed for tissue factor microparticles (TFMP) and procoagulant activity (PCA). HUVECs
were also harvested and tested for PCA at a constant cell number. TFMP levels in media decreased
after passing over HUVECs in both conditions over time and this was accompanied by a reduction
in PCA (indicated by a slower coagulation time) of the media. The relationship between PCA and
TFMP was correlated (r = —0.85) and consistent across experiments. Harvested HUVECs displayed
increased PCA when exposed to tumour spheroid media containing TEMP, which was increased
further after the addition of DOX, suggesting that the TFMP in the media had bound to HUVEC cell
surfaces. The enhanced PCA of HUVECs associated with the DOX treatment was attributed to a loss
of viability of these cells rather than additional MP binding. The data suggest that tumour MP interact
with HUVECs through ligand-receptor binding. The model described is a robust and reproducible
method to investigate cytotoxic agents on tumour spheroids and subsequent downstream interaction
with endothelial cells.
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1. Introduction

Cancer is considered a prothrombotic or hypercoagulable state commonly attributed to the ability
of malignancy to activate the hemostatic system and interfere with blood clotting [1]. The haematological
balance between pro- and anti-coagulation factors is tipped in favour of a more procoagulant phenotype,
particularly in patients with pancreatic or ovarian tumours. This haematological procoagulant state
is thought to be driven, or compounded, by tumour-derived microparticles (MP) that are released
into the blood; surgical removal of the tumour has been shown to significantly reduce circulating
MP levels in pancreatic cancer patients [2]. Chemotherapy is an independent risk factor for venous
thromboembolism (VTE) in patients and a current hypothesis is that the increased risk of VTE is due to
an increased release of tumour MP into the blood via tumour apoptosis.

Initially, MP were believed to be little more than inert cellular debris or dust [3-5], sometimes called
“platelet dust” [6]. However, the reality is that MP play many roles depending on their parental cells
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and the antigens the MP retain [7,8]. Extracellular vehicles (EVs) are either released by cells through
multivesicular bodies, broken off from the cell surface, or a combination of both [9]. EV in the blood
circulation can be subdivided by size, i.e., MP are larger (100-1000 nm) whereas exosomes are typically
<100 nm. Human blood contains circulating tissue factor which is mainly in the form of microparticles
(TEMP) [10], and we have previously shown that the procoagulant activity of in vitro-released tumour
MP is dependent upon the concentration of the TEMP [11].

Date et al. (2013) reported that precise mechanisms of cancer-associated VTE are largely
uncharacterised, though several have been postulated [12]. One mechanism is that chemotherapy
induces the release of cytokines and procoagulant molecules, such as TF, during treatment-induced cell
damage and associated tumour lysis [12-14]. This process causes damage to the vascular endothelium,
prompting the coagulation cascade. Chemotherapy is also capable of causing reductions in the
production of endogenous anticoagulant proteins such as protein C and protein S [15,16]. Without these
critical anticoagulant proteins, the cellular environment becomes more procoagulant which further
promotes the development of thrombi. It is well established that patients treated with chemotherapy
have a two- to six fold increased risk for VTE [17,18]. An earlier study reported that cisplatin-based
chemotherapy is associated with a 9% risk of thromboembolic events [19]. Moreover, hypertension
induced by cisplatin might result in acute cardiovascular complications [20]. Finally, it has also been
shown that the procoagulant activity of endothelial cells and macrophages is influenced by doxorubicin
(DOX), which changes the fluidity of the membrane and promotes TF activation [21,22]. Further studies
have shown that DOX-induced apoptosis in endothelial cells results in a hypercoagulable state [23,24].

Microfluidic technology offers new opportunities to investigate the tumour microenvironment,
having been recently reviewed in a number of articles [25,26]. To further investigate the interaction
between tumour MP, chemotherapy and the endothelium, an in vitro microfluidic flow model
system was developed wherein tumour spheroids maintained on one device could be treated with
chemotherapy agents, and the effluent media directly flowed over a second chip precoated with viable
endothelial cells. The procoagulant activity (PCA) was assessed both pre- and post-treatment for both
the spheroid and endothelial cells.

2. Materials and Methods

2.1. Cell Lines and Culture

The ovarian carcinoma cell line ES2 (ATCC, Scotland, UK) and glioblastoma U87 cell line (ATCC,
UK were seeded at 1 x 10°/mL cells into 25 cm? tissue culture flask (Sarstedt, Leicester, UK) and
left to adhere overnight at 37 °C in a 5% CO, incubator and maintained in McCoy’s 5A media or
DMEM media respectively, supplemented with 10% (v/v) foetal bovine serum (FBS) and 100 units
of both penicillin and streptomycin (all Lonza, Slough, UK). Spheroids were formed using ultra-low
adherence 96-well plates (ThermoFisher, Loughborough, UK) seeded with 2 x 10° cells and cultivated
over 5-7 days prior to use. Primary human umbilical vein endothelial cells (HUVECs; PromoCell,
Heidelberg, Germany) were cultured in complete endothelial cell growth media (ECGM) (PromoCell).
HUVECs were seeded at 1 x 10°/mL cells into 25 cm? cell tissue culture flasks (Sarstedt) and cultured
at 37 °C in a 5% CO, incubator. HUVECs were purchased as a growing culture (passage 1) and utilised
for experiments when enough cells had grown, between passages 3-6.

2.2. Dual Chip Microfluidic Setup

HUVECs were cultured on a p-Slide I Luer (Ibidi, Grafelfing, Germany). Slides were treated with
UV irradiation for 20 min and coated by dispensing approximately 12 uL of type B 2% v/v gelatin
(Sigma Aldrich, Gillingham, UK) into the channel. Then, the biochips were incubated for 24 h at 4 °C.
Cultured HUVECsS (2000 cells) were added into each channel and the reservoirs filled with 60 puL of
media. The biochips were incubated in the CO, incubator for 24 h at 37 °C. A p-slide III 3D perfusion
was used to hold the spheroids, then flow was applied via a Harvard infusion PHD22/200 syringe
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pump (4 pL/min). The p-Slide I Luer was attached to the output of the p-slide III 3D chip as shown in
Figures 1 and 2A-C. Samples were then collected via the output of the p-Slide I Luer into sterile 1.5 mL
polypropylene tubes.
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Figure 1. Schematic showing the dual microfluidic setup. Media with or without doxorubicin was
perfused though a chip containing established spheroids of ES-2 or U87 tumour cells and subsequently
a second chip coated with a human umbilical vein endothelial cell (HUVEC) monolayer. Samples were
then collected and HUVECs harvested after 24 h for analysis.

Figure 2. Experimental dual chip setup (A) and HUVECs monolayers before (B) and after (C) the
application of flow.

2.3. Procoagulant Activity

The procoagulant potential of cell-free supernatant or cells (300,000 per assay) was measured
using the semi-automated Thrombotrack SOLO coagulometer. Samples (100 uL) were placed into a
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cuvette containing a steel ball and 25 mM CaCl, (100 pL) was added; finally, 100 uL of control plasma
(NormTrol, Helena Biosciences, Gateshead, UK) was added and the time taken for clot formation
(prothrombin time) was automatically determined.

2.4. Flow Cytometry

TF labelled MP released from ES2 and U87 tumour cells were quantified by flow cytometry
before and after, being passed through the dual chips. MP were analysed immediately, directly from
samples of effluent media which was centrifuged to remove any larger cell debris (1000x g, 5 min)
prior to addition of antibodies. Samples of supernatant (50 uL) were incubated with 5 pL of anti-TF:
FITC (Bio-Rad, clone CLB/TF-5) for 30 min then analysed by flow cytometry by adding an equal
volume of Accucheck beads (Invitrogen, UK) and 150 pL of 0.2 um-filtered sterile PBS [27,28]. A flow
cytometer (BD FACSCalibur) was set up with Megamix SSC beads (Biocytex, France) that were used to
define an MP gate from 200-500 nm according to side-scatter characteristics of the beads following the
International Society of Thrombosis and Haemostasis current recommendation for standardisation
of MP measurement by flow cytometry [29]. An FITC-conjugated isotype negative control antibody
(murine IgG1, MCA928F, Bio-Rad) was used to establish parameters (Figure 3).
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Figure 3. Representative fluorescence scatter plots for positive microparticle (MP) events showing
(A) tumour-spent media alone, (B) tumour-spent media with isotype-matched negative control and
(C) tissue factor (TF)-labelled MP within tumour-spent media. The lower right quadrant in (C) was
established and used for quantification of positive events.

2.5. Doxorubicin Treatment

Spheroids, in 180 puL of cell culture media, were transferred to 96-well sterile tissue culture plates.
Various concentrations of doxorubicin were added in a volume of 20 uL into the cells and incubated
for 24 and 48 h in an incubator (37 °C, 5% CO;). Cell proliferation, relative to the controls (no drug),
was determined by a cytotoxicity assay according to the manufacturers’ instructions (Cell Titre Aqueous One,
Promega, Southampton, UK). MTS reagent (3-[4,5-dimethylthiazol-2-y1]-5-[3-carboxymethoxyphenyl]-
2-[4-sulfophenyl]-2H-tetrazolium) uses a colorimetric method for the sensitive quantification of viable
cells. After incubation, plates were centrifuged at 400x g for 5 min and the supernatant was removed.
Fresh medium (180 uL) was then added followed by MTS reagent (20 uL) and the plates incubated (at 37 °C,
5% CQO,) for 4 h. The absorbance was determined at 490 nm using a microplate reader (BioTek synergy
HT, BioTeK, Swindon, UK). For on-chip experiments, DOX was added to media at a final concentration of
0.75 uM prior to perfusion by syringe pump (Figure 2A).

2.6. Statistical Analysis

Pearson correlation coefficients were calculated and analyses of variance were used to compare
conditions. p values less than 0.05 were considered significant.
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3. Results

3.1. Cytotoxicity of Doxorubicin on Cells

To investigate the effects of a cytotoxic agent on the interaction between tumour MP and HUVECs,
doxorubicin (DOX) was used. Initially the minimum concentration of DOX that would have an effect
on cell viability was determined using a cell proliferation assay (MTS); various concentrations of
DOX were used on U87 and ES-2 tumour cells (Figure 4) and a concentration of 0.75 uM DOX was
selected for further study. At this concentration, HUVEC viability also decreased to 71% as compared
with control.
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Figure 4. Cell viability (n = 2) in various static cancer cell cultures when applying between 0 and
100 uM of doxorubicin (DOX) to 3D tumour spheroids of ES-2(e) or Dashed line represents a
concentration 0.75 uM of DOX.

3.2. Tumour Spheroid Flow Experiments

Further experiments were carried as follows: U87 and ES-2 tumour spheroids were formed
and then transferred into 3D Ibidi chips and media with or without the addition of DOX (0.75 uM),
which was then flowed across the spheroids, collected and analysed for procoagulant activity (PCA)
and TFMP prior to the commencement of the experiment and then every hour for 6 h. A continual
loss of PCA (reflected as a slower coagulation time) was observed in the collected media over the 6 h
window for both U87 and ES-2 (Figure 5A,B). The relationship between PCA and concentration of
TFMP observed in the collected media showed a correlation which was unaltered by the presence of
DOX. Overall a consistent negative correlation was observed between TFMP and PCA with an average
Pearson’s rank correlation of —0.85 + 0.05. To further confirm this relationship, the loss of PCA and
loss of TFMP was calculated as a percentage of the initial values prior to the start of the experiments.
Again, a negative correlation was observed (Figure 6, r = —0.70) for all data, independent of time.
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Figure 5. Procoagulant activity (PCA) of media samples after perfusion through the dual chip setup
of (A) ES-2 and (B) U87 spheroids with (unfilled) and without (filled) the presence of DOX (n = 6
independent observations per point, error bars represent SD).

3.3. Flow Experiments Analysing HUVECs” Response

Having observed no differential loss of PCA or TFMP from media flowed over HUVECs in
the absence or presence of DOX (Figure 5A,B and Figure 6), a further series of experiments were
undertaken in which the HUVECs themselves were subsequently harvested from the chips at the
completion of each experiment for cell analysis. Firstly, TFMP and PCA in the media were again
assessed, and the gradual loss of TEFMP and PCA were observed across this series of independent
experiments, confirming the previous experiments. The largest reduction in TFMP concentration was
generally observed within the first 3 h, when there was an approximate loss of 50%; following this
a plateau was seen from 3 (ES-2) or 4 (U87) to 6 h where less TFMP per hour were lost (Figure 7).
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This was most pronounced for ES-2, where there was practically no further loss of MP from 3-6 h,
whereas the U87 TFMP continued to slowly decline.
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Figure 6. Data represented as a percentage of initial values, independent of time. Conditions were ES-2
(blue) no DOX (filled), ES-2 DOX (unfilled), U87 (orange) no DOX (filled) and U87 DOX (unfilled).
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Figure 7. Loss of TEMP (expressed as % of initial concentration and averaged) from ES-2 or U87
spheroid media perfused over HUVECs for up to 6 h in the presence of DOX (0.75 uM, 1 = 5 independent
experiments, error bars represent SD). Arrow indicates possible point of saturation of HUVECs with
MP at 3 h perfusion with ES2 spheroid media.

A decrease in PCA was associated with the loss of TEMP, and the relationship between these
factors was again consistent with the TEMP in the media most likely being responsible for PCA
(r = —0.87, Figure 8).
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Finally, HUVECs from these experiments were subsequently harvested from the chips and
analysed for PCA at a constant cell number, after 24 h. Control chips containing HUVECs were
subjected to flow without the presence of tumour spheroids in the upstream 3D Ibidi chip. DOX controls
are described as “no DOX” within the dual chip setup and finally the same experiments in the presence
of DOX were all run in parallel on five separate occasions. The PCA of HUVEC cells was shown to
be significantly increased (faster clotting time) when tumour media from the spheroids was flowed
through for 24 h (p < 0.001, Figure 9), compared with HUVECs with media alone. Furthermore,
in the presence of DOX the HUVECs were shown to have a significantly increased PCA over both the
control HUVECs and the no DOX (but tumour-spent media) conditions. No significant differences
were observed in PCA of HUVECs in response to exposure to media from the two different cell lines,
most likely due to ES-2 and U87 possessing similar PCA properties.
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Figure 8. The relationship between loss of PCA and loss of TFMP from media collected after perfusion
with HUVECs from tumour spheroid 3D culture of ES-2 or cells in the presence of DOX (0.75 uM);
r=-0.87.

The viability of HUVECs after 24 h of direct flow with tumour spheroid-derived MP with or
without DOX was assessed by trypan blue exclusion. In the absence of DOX, HUVEC viability was
88.5 + 3.4%, whereas in the presence of the drug viability decreased to 69.3 + 4.0%. In static (no flow)
conditions, the viability of HUVECs in the presence of DOX was found to be 77.6 + 6.0%. This increased
loss of viability under flow conditions could be due to the fact the DOX is perfused over the HUVECs
at a constant concentration rather than being added at a single time and thus is continually replenished.
Another factor to consider is the concentration of DOX that comes into contact with the HUVECs is
unknown as the tumour spheroids are exposed first in the dual chip flow-through model.
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Figure 9. PCA of HUVECs harvested after 24 h of flow from (grey) blank, coated 3D chips, ES-2 or U87
spheroid 3D chip without DOX (filled) and ES-2 or U87 in the presence of DOX (0.75 uM, unfilled).
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p <0.01.

4. Discussion

Chemotherapy is an independent risk factor for VTE in cancer patients. Here we showed that
TFMP, released from 3D tumour spheroids under flow, decreased in concentration after perfusion
through biochips coated with HUVECs and this effect is associated with a concurrent, proportional
increase of procoagulant activity (PCA) of the endothelial cells (reflected as a faster coagulation time).
The increased PCA of the HUVECs was further increased in the presence of doxorubicin treatment
of the tumour spheroids. We have previously shown that tumour MP are able to bind to endothelial
cells, transfer and increase the PCA of endothelial cells in static and flow conditions [27,28], and here
we demonstrate that the incubation of a cytotoxic agent with the tumour spheroids further increased
the PCA of endothelial cells when exposed to tumour MP in flow conditions. The average loss of MP
over the HUVEC layer was similar but slightly enhanced in the presence of DOX compared to media
alone. As the DOX concentration used was the lowest that caused an effect on viability of the tumour
spheroids and HUVECs, the increased PCA of HUVECs harvested after 24 h perfusion can most likely
be attributed to a loss of viability (increased procoagulant phospholipid exposure) rather than any
significant increase in MP binding.

Perhaps the most interesting finding observed was the cessation of loss of TFMP from media
perfused over HUVECs after 3 h (Figure 7, indicated by blue arrow). This may well suggest that MP
are binding to HUVECsS through a specific receptor-mediated mechanism which becomes saturated
or sterically inaccessible due to the number of MP attached to the cell surface. MP are known to
interact with target cells via multiple mechanisms; direct ligand-receptor interaction, membrane fusion
leading to internalisation and acquisition of MP cargo by the target cell or by transferring surface
receptors [30,31]. The data herein suggest that the interaction between tumour MP and endothelial
cells is the former. Additionally, if this was indeed the case then it may be expected that a proportional
response of the recipient endothelial cells may be observed and we have recently shown a positive
correlation between endothelial cell MP release in response to exposure of increasing concentrations of
tumour MP [32].

It has previously been proposed that ligand-receptor interaction between MP and target cells
accounts for subsequent biological effects showing the role of MP in cell-cell communication [33].
This has been demonstrated in endothelial cells where MP carrying Sonic Hedgehog were shown
to induce nitric oxide production in endothelial cells and improve endothelial function after
ischaemia/reperfusion [34] and also modulate neovascularisation [35]. Platelet MP have also been
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shown to activate endothelial cells [36] and are able to transfer the adhesion molecule CD41. The data
presented add to this body of work suggesting that endothelial cells are receptive to MP binding via
specific mechanisms.

Here we describe a dual chip microfluidic flow model for study of cytotoxic agents on tumour
spheroids and endothelial cells. Doxorubicin treatment of tumour spheroids resulted in an enhanced
PCA of an endothelial cell layer under flow. This increased PCA was not MP-associated but due to the
presence of doxorubicin within the media which reduced HUVECs’ viability by 20% and could have
relevance to the mechanism by which cancer patients undergoing chemotherapy have an increased risk
of VTE. Endothelial cell damage by chemotherapy agents may contribute to the hypercoagulable state.

5. Conclusions

Doxorubicin treatment of tumour spheroids resulted in enhanced PCA of an endothelial cell layer
under flow. This increased PCA may have relevance to the mechanism by which cancer patients
undergoing chemotherapy have an increased risk of VTE.
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