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Abstract

Cancer metastases arise following extravasation of circulating tumor cells with certain tumors
exhibiting high organ specificity. Here, we developed a 3D microfluidic model to analyze the
specificity of human breast cancer metastases to bone, recreating a vascularized bone-mimicking
microenvironment with human osteo-differentiated bone marrow-derived mesenchymal stem cells
and endothelial cells. The tri-culture system allowed us to study the transendothelial migration of
highly metastatic breast cancer cells and to monitor their behavior within the bone-like matrix.
Extravasation, quantified 24h after cancer cell injection, was significantly higher in the osteo-cell
conditioned microenvironment compared to collagen gel-only matrices (77.5+3.7% vs.
37.6+7.3%), and the migration distance was also significantly greater (50.8+6.2um vs.
31.8+5.0um). Extravasated cells proliferated to form micrometastases of various sizes containing
4 to more than 60 cells by day 5. We demonstrated that the breast cancer cell receptor CXCR2 and
the bone-secreted chemokine CXCLS5 play a major role in the extravasation process, influencing
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extravasation rate and travelled distance. Our study provides a novel 3D in vitro quantitative data
on extravasation and micrometastasis generation of breast cancer cells within a bone-mimicking
microenvironment and demonstrates the potential value of microfluidic systems to better
understand cancer biology and screen for new therapeutics.
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1. Introduction

The systemic nature of cancer metastases coupled with the resistance to most current
therapeutic agents explains why metastases are responsible for as much as 90% of cancer-
related mortality [1, 2]. The dissemination of circulating tumor cells (CTCs) represents a
"hidden" process leading to micrometastases where quiescent cells can survive for
prolonged periods before their activation [3, 4].

In order to generate secondary tumors, CTCs must survive in the circulation and undergo a
process known as extravasation [5—7]. Extravasation into the parenchyma of distant tissues
represents a multistep sequence within the metastatic cascade, in which cancer cells
establish transient, metastable contacts with the endothelium [8-10], firmly adhere to the
vascular walls [11] and finally transmigrate across the endothelial and pericyte layers [12] as
microcolonies or isolated cells [13, 14].

Although it is well known that circulatory patterns play a pivotal role in the spread of
metastatic cells to secondary sites, the cross-talk between specific cancer cell types and
receptive environments also preferentially guides the dissemination process [15]. In this
context, it has been shown that breast cancer metastasizes to bone, liver, lung and brain
while prostate cancer frequently disseminates to bone [3]. Particularly, autoptic studies have
demonstrated that 70% of advanced breast cancer patients have skeletal metastases, leading
to pain, due to spinal cord compression and fractures, and often mortality [16, 17].

Despite the clinical importance of metastases, research has largely focused on the oncogenic
transformations leading to the development of primary tumors and much remains to be
learned about the metastatic process [5]. Moreover, a deeper understanding of the metastatic
cascade and particularly of extravasation to a specific organ could promote the development
of new therapeutic strategies, thus improving cancer survival rates [12].

In vivo and ex vivo models have been developed to study the extravasation process in mice
and zebrafish embryos through intravital microscopy [13, 18, 19] and advanced models of
bone metastasis employ intravenous, intracardiac or direct skeletal injection of breast cancer
cells [20, 21]. Although these experiments replicate physiological conditions, they cannot
model all aspects of the interaction and cross-talk between human cancer cells, human
endothelial cells and human tissue parenchyma. Moreover, strictly regulated, reproducible
parametric studies are difficult to perform.

In vitro models, although unable to fully replicate the in vivo situation, can overcome some
of these limitations by using human cells throughout and providing highly controllable
environments where single culture parameters can be modified [22, 23]. Traditional assays
(e.g. Boyden chamber, wound assay, and others) have been widely used to study cell
migration in response to chemotactic gradients, particularly cancer cell invasion and
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migration. However, they do not provide tight control over the local environment, complex
interactions cannot be accurately analyzed, and imaging is limited [24-26].

Microfluidics can provide useful model systems to investigate complex phenomena under
combination of multiple controllable biochemical and biophysical microenvironments,
coupled with high resolution real time imaging [27-30]. The synthesis of these features is
technically impossible with traditional assays as the Boyden chamber [31, 32]. Toward this
goal, several microfluidic devices have been developed to investigate cancer cell transition
to invasion and migration from a primary site [33-35], cell transition effects across
mechanical barriers [36], intravasation [37], adhesion [38] and extravasation [39-44]
processes.

However, despite supporting experimental evidence, none of the previously reported in vitro
systems has reproduced the specific cross-talk among several cell types in a complex cancer
microenvironment during extravasation and none have gone beyond the study of
transendothelial migration towards a non-organ-specific extracellular matrix (ECM). Indeed,
the importance of organ-specific cancer models lies in the possibility to better clarify the
mutual interactions between different cell populations in a well-defined microenvironment,
in order to develop highly focused and more effective therapies.

We develop here a new tri-culture microfluidic 3D in vitro model demonstrating the key role
played by an osteo-cell conditioned microenvironment, a collagen gel with embedded osteo-
differentiated bone marrow-derived human mesenchymal stem cells (hBM-MSCs) [45] and
lined with endothelium, in the extravasation process of highly-metastatic MDA-MB-231
human breast cancer cells [16, 46].

2. Materials and methods

2.1. Microfluidic system

A previously developed microfluidic device consisting of 3 media channels and 4
independent gel channels was adopted in the present study. Specifications and
microfabrication details of the system were previously described [47, 48]. Inlet and outlet
ports of the PDMS (poly-dimethyl-siloxane; Silgard 184, Dow Chemical) devices were
bored using disposable biopsy punches and the PDMS layer was bonded to a cover glass to
create microfluidic channels 150 um deep with oxygen plasma treatment. Eight gel regions
(225 pm by 150 pm) interfacing with the central media channel are provided to study cell
interactions. The PDMS channels were coated with a PDL (poly-D-lysine hydrobromide; 1
mg/ml; Sigma-Aldrich) solution to promote matrix adhesion. Then, collagen type | (BD
Biosciences) solution (6.0 mg/ml) with Phosphate Buffered Saline (PBS; Invitrogen) and 1N
NaOH, and embedded with osteo-differentiated hBM-MSCs was injected within the 4
independent gel channels using a 10 ul pipette and incubated for 30 min inside humid
chambers to form a hydrogel. A representative schematic of the model is provided in Fig. 1,
showing the generated tri-culture system with particular emphasis on the osteo-cell
conditioned microenvironment. After 3 days, diluted Matrigel™ (BD Biosciences) solution
(3.0 mg/ml) was introduced as a thin layer coating the central media channel; cold medium
was injected after 1 min to wash and prevent channel clogging. Endothelial cells were
introduced into the central media channel to generate a monolayer covering channel walls
and gel-channel interfaces. Cancer cells were injected after 3 additional days in the same
channel and transmigration into the osteo-cell conditioned regions was analyzed after 24 h
[41]. Additionally, proliferation and clustering of transmigrated cancer cells within the
osteo-cell conditioned matrix were studied after 2, 3 and 5 days.
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2.2. Cell culture

Bone marrow-derived human mesenchymal stem cells were obtained harvesting whole bone
marrow aspirates from patients undergoing hip surgery and selected by plastic adherence
according to an optimized protocol [49]. Cells of passage 7 or lower were cultured in
osteogenic medium containing L-ascorbic acid, f-glycerophosphate, cholecalciferol and
dexamethasone for at least 2 weeks. Before the seeding, collagenase type I (Gibco) solution
(15 mg/ml) was applied for 20 min on an orbital shaker to promote cell matrix dissolution;
then, cells were trypsinized for 10 min. Next, collagen gel with 750,000 cells/ml suspension
was used to fill the gel ports. The cell suspension density was optimized by balancing the
maximum effect induced by osteo-differentiated hBM-MSCs while limiting the possible gel
degradation. Cells were cultured for 6 days before cancer cell injection in order to recreate
an osteo-cell conditioned microenvironment (3 days supplemented with osteogenic medium,
3 days supplemented with endothelial cell medium). Red fluorescent protein (RFP)-
transfected human umbilical vein endothelial cells (HUVECSs) were commercially obtained
(Angio-Proteomie) and cultured in endothelial growth medium (EGM-2MV; Lonza).
According to a previously optimized cell seeding protocol [41], 40 ul HUVEC suspension at
2x106 cells/ml were introduced 3 days after seeding osteo-differentiated hBM-MSCs. All
the experiments were conducted using HUVECs of passage 8 or lower. Human mammary
adenocarcinoma cells MDA-MB-231 (American Type Culture Collection (ATCC)) were
selected for high invasiveness and their ability to metastasize in vivo [50, 51]. Green
fluorescent protein (GFP)-expressing MDA-MB-231 were cultured in standard Dulbecco's
Modified Eagle Medium (DMEM; Invitrogen) supplemented with 10% Fetal Bovine Serum
(FBS; Invitrogen), 1% L-glutamine and antibiotics, and were introduced 3 days after
endothelial cell seeding by injecting 40 pul of 50,000 cells/ml cell suspension. The medium
was replaced 1 h later with endothelial cell culture medium. All cultures were kept in a
humidified incubator maintained at 37°C and 5% CO,. Control experiments were performed
with a collagen gel-only matrix, following the same protocol.

2.3. Immunofluorescent staining

Samples were washed with PBS and fixed with 4% paraformaldehyde (PFA) for 15 min at
room temperature. Next, cells were washed twice with PBS and incubated with 0.1% Triton-
X 100 solution for 5 min at room temperature. After washing twice with PBS, cells were
blocked with 5% BSA + 3% goat serum solution for at least 3 h at 4°C. Vascular
endothelial-cadherin (VE-cadherin) was labeled with rabbit polyclonal antibody (Abcam) at
1:100 dilution, Ki-67 was labeled with rabbit polyclonal antibody (Abcam) at 1:500 dilution,
osteocalcin was labeled with rabbit polyclonal antibody (BTI) at 1:500 dilution, osteonectin
was labeled with rabbit polyclonal antibody (Santa Cruz Biotechnology) at 1:60 dilution and
osteopontin was labeled with rabbit polyclonal antibody (Abcam) at 1:100 dilution.
Fluorescently-labeled secondary antibodies (Invitrogen) were used at 1:200 dilution. Cell
nuclei were stained with 4'6-Diamidino-2-Phenylindole (DAPI; 5 mg/ml; Invitrogen) at
1:500 dilution while F-actin filaments were stained with AlexaFluor633 phalloidin
(Invitrogen) at 1:100 dilution. If not differently specified, all the images were captured using
a confocal microscope (Olympus 1X81) and processed with Imaris software (Bitplane
Scientific Software).

2.4. Conditioned assays: addition of CXCL5 and CXCR2 blocking agent

The cross-talk between MDA-MB-231 and osteo-differentiated hBM-MSCs was analyzed
by investigating a signaling pathway involving the osteoblast-secreted inflammatory
chemokine CXCL5 and the breast cancer cell surface receptor CXCR2 [52-54]. The
selected chemokine was used to test the extravasation ability of breast cancer cells without
the presence of an osteo-cell conditioned matrix while blocking experiments were performed
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to quantify the extravasation rate of CXCR2-blockedcancer cells within the standard osteo-
cell conditioned matrix. Recombinant human CXCL5/ENA-78 (R&D Systems) was diluted
to 12 nM and added to the lateral media channels of collagen gel-only devices30 min before
cancer cell seeding; fresh CXCL5-containing medium was replaced 1 h after the seeding and
12 h later to guarantee a stable gradient through the gel regions. In CXCR2 blocking
experiments, cancer cells were incubated with 5 ug/ml mouse monoclonal antibody anti-
CXCR2 (R&D Systems) 1h before the seeding; additionally, fresh antibody suspension was
added 1h after the seeding to the central media channel of osteo-differentiated hBM-MSC-
containing devices to saturate all cancer cell target receptors. Control experiments were
performed by adding IgG antibody at the same CXCLS5 or anti-CXCR2 concentrations,
following identical protocols.

2.5. Extravasation and micrometastasis metrics

Confocal data were analyzed using Imaris software and its tracking algorithms for selecting
and counting cell nuclei and GFP-derived signals within a specific region of interest (ROI).
The ROI was defined as the 3D region between two PDMS walls, containing both the gel
matrix and the endothelial monolayer interfacing the central media channel (Fig. 1B). The
ROI dimensions were 250 pm x 250 pm x 150 um (height) and each device contained 8
ROls. The extravasation percentages were measured per device and subsequently averaged
while the extravasation distance was quantified averaging data extracted from each specific
condition as a single group. Extravasation events were observed using real time confocal
microscopy (movie 1). According to our previous studies demonstrating that extravasation
events mostly occur within the first 24 h, we quantified cell proliferation by counting the
total number of cells per device at day 1, 2, 3 and 5. The number of cells per
micrometastasis, the percentage of micrometastasis-positive ROIs and the number of
micrometastases per ROl were computed.

3. Results and discussion

3.1. Generation of the osteo-cell conditioned microenvironment

The originality and relevance of the present work lie in the ability to specifically recreate an
organ-specific tumor microenvironment by combining a well known biocompatible material,
collagen gel type I, conditioned by bone-specific proteins secreted directly from primary
human cells, thus modeling the extravasation process of breast cancer cells into an osteo-cell
conditioned microenvironment. A key point of our system is that the extracellular matrix
with secreted proteins from osteo-differentiated cells better mimics the complex cell
signaling present in the in vivo environment, with naturally-formed gradients rather than
imposed nutrition or chemokine gradients. Primary hBM-MSCs were obtained from bone
marrow samples of patients undergoing hip arthroplasty and pre-differentiated in osteogenic
medium for at least 14 days before being introduced into microfluidic devices. Fig. 1A
shows a schematic of the developed assay: osteo-differentiated hBM-MSCs (brown)
embedded in a collagen matrix were initially introduced into the gel channels, while RFP
HUVECs (red) were seeded 3 days later within the central media channel to create a
monolayer covering the channel walls and the gel-channel interfaces, thus generating an
endothelium. At day 6 GFP MDA-MB-231 human breast cancer cells (green) were injected
into the same cell channel and the extravasation rate promoted by the osteo-cell conditioned
microenvironment was analyzed during the following 24 h.

High resolution confocal imaging shows that osteo-differentiated hBM-MSCs are
homogeneously dispersed within the gel regions and extend their cytoplasmatic protrusions
in the 3D microenvironment (Fig. 1B and C, movie 2). Samples stained for nuclei (4'6-
Diamidino-2-Phenylindole (DAPI), blue) and F-actin (phalloidin, green) together with RFP-
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HUVEGCs clearly highlight the endothelial monolayer generation on the gel-channel
interface and the optimal distribution of osteo-differentiated hBM-MSCs within the collagen
gel. The tight connections of endothelium are further confirmed with VVE-cadherin staining
of the monolayer (Fig. S4). hBM-MSCs produce calcium and secrete bone-marker proteins
such as osteocalcin, as demonstrated by Alizarin Red-S assay and immunofluorescent
staining, respectively. Calcium deposits (Fig. 1D and S1A) appear as darker regions within
the osteo-cell conditioned microenvironment while osteocalcin (Fig. 1E and S2A, green)
encloses actively secreting osteo-differentiated hBM-MSCs. Moreover, the expression of
two additional bone markers, i.e. osteonectin and osteopontin, was evaluated within 2D
flasks to provide complete evidence of osteogenic differentiation (Fig. S2C and D) [55-57].
Taken together, these findings confirm hBM-MSC osteogenic differentiation, thus providing
the potential to better study the specific transendothelial migration of breast cancer cells into
bone.

3.2. Extravasation of cancer cells in the osteo-cell conditioned microenvironment

Extravasation of cancer cells into the 6.0 mg/ml collagen type | gel matrix with and without
osteo-differentiated h(BM-MSCs is shown in Fig. 2. MDA-MB-231 cancer cells
transmigrated across the endothelial monolayer covering the microchannel into the collagen
gel whether the matrix contained osteo-differentiated hBM-MSCs or not. However, the
average percentage of cancer cells extravasated in each ROl was significantly different
comparing the abovementioned conditions. In collagen gel-only matrix, 37.6 + 7.3% cancer
cells extravasated, nearly identical to 38% extravasation rate previously reported in 2.0 mg/
ml collagen gel, suggesting that matrix density alone is not a major factor [41]. With the
addition of osteo-differentiated hBM-MSCs to the collagen gel, cancer cell extravasation
rate increased to 77.5 + 3.7% (Fig. 2A and B). Moreover, the extravasated cancer cells
travelled significantly further into the matrix as compared to the collagen gel-only matrix.
Indeed, the extravasation distance into the gel during the first 24 h was 50.8 = 6.2 um when
osteo-differentiated h(BM-MSCs were present, while cancer cells travelled 31.8 £ 5.0 ym in
collagen alone (Fig. 2C and D), showing a similar migration behavior compared to 2.0 mg/
ml collagen gels (25.9 £+ 3.4 ym) and thus suggesting a minor influence of ECM density. If
we define 40 um (approximately twice the average length of a cancer cell and the mean
distance travelled by the cells) as the threshold distance to distinguish between strongly and
weakly migrating cancer cells, our data show that only 25% of extravasated cancer cells in
the collagen gel-only condition were detected beyond the threshold while the rest remained
close to the endothelial monolayer (Fig. 2C (i)). On the other hand, 45.8% of transmigrated
cancer cells in the osteo-cell conditioned microenvironment were detected beyond the
threshold (Fig. 2C (ii)), suggesting the presence of factors not only promote cancer cell
transendothelial migration, but also migration within the matrix [53]. No significant
modifications in the osteo-cell conditioned matrix were detected 24 h after cancer cell
injection suggesting that extravasated cells do not alter the physical properties of the
microenvironment in the observed time interval (Fig. S6).

To investigate the possibility that extravasation and migration behavior of breast cancer cells
were influenced by structural changes in the ECM induced by the osteogenic differentiation
of hBM-MSCs we performed experiments to compare collagen gel structure with or without
osteo-differentiated hBM-MSCs. Confocal reflectance images did not show a clearly
detectable difference in the matrix structure, suggesting the ECM remodeling was not the
key factor affecting breast cancer cell migration (Fig. S5). However, we hypothesize a
longer culture could induce changes in the structural properties and composition of the
matrix, potentially influencing cancer cell behavior. Indeed, such changes in the
microenvironment, characterized by secreting cells and active remodeling of the matrix
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toward an even more physiological-like bone niche, could represent a significant
improvement of the model.

3.3. Addition of CXCL5 and anti-CXCR?2 - Effect on extravasation

As we found striking differences in extravasation of cancer cells in the two different
microenvironments, we tried to investigate the effects of possible cytokines that are
produced in the osteo-cell conditioned microenvironment on promoting extravasation.
CXCLS5 is one of the major chemokines that osteoblasts secrete and CXCR?2 is a breast
cancer cell surface receptor for this ligand. CXCLS5 is known to activate Snail, a
transcription factor involved in cancer cell invasiveness and migration [53]. Moreover, it has
been demonstrated that Snail over-expression in breast cancer cells can up-regulate AxI
expression, a tyrosine kinase receptor [52], which in turn is important for breast cancer cell
extravasation [54]. Furthermore, the CXCR2 ligands CXCL5 and CXCL1 were recently
shown to be secreted by mouse BM-MSCs and promote mammary cancer cell migration
[58]. An enzymatic assay (CXCL5/ENA-78 enzyme-linked immunosorbent assay (ELISA))
confirmed the production of CXCL5 from osteo-differentiated hBM-MSCs at 3 weeks,
showing a higher concentration (375 £ 1.65 pg/ml) compared to non-differentiated hBM-
MSCs (162 £ 11.3 pg/ml) (Fig. S9A). No CXCL5 was detected within control osteogenic
medium or endothelial cell medium. Moreover, immunofluorescent staining demonstrated
the presence of CXCR?2 surface receptor on MDA-MB-231 cells (Fig. S6B). Based upon
these findings, we further investigated their role in extravasation (Fig. 3). Incubation of
cancer cells with CXCR2 blocking antibody reduced extravasation in osteo-differentiated
hBM-MSC-embedded collagen gel from 77.5 + 3.7% to 45.8 + 5.4%, whereas incubation of
cancer cells with control IgG had no significant effect on extravasation (81.4 + 7.4%) (Fig.
3A and B). Moreover, the addition of CXCLS5 ligand to collagen gel-only matrices led to an
increase in the percentage of cancer cell extravasation from 37.6 + 7.3% to 78.3 + 9.7%,
while the addition of control 1gG produced no significant effect (25.7 + 16.7%) (Fig. 3C and
D).

Interestingly, the distance that extravasated cancer cells travelled into the gel matrix after
transmigration was significantly greater with the addition of CXCL5 compared to control
collagen gel-only experiments (54.7 + 5.8 um vs. 31.8 = 5.0 um). However, blocking
CXCR2 produced no effect on the distance travelled by extravasated cancer cells migrating
into collagen gel embedded with hBM-MSCs compared to experiments performed with non-
treated cancer cells (46 + 5.7 um vs. 50.8 + 6.2 um), suggesting that the role of CXCR2 in
breast cancer cell migration within the bone tissue could be less critical compared to that of
other receptors (Fig. 3E).

Several factors secreted in vivo by the bone microenvironment can promote the
extravasation of breast cancer cells including CXCL12/SDF-1a [59] and CX3CL1/
fractalkine [60]. Although we did not investigate the specific role played by different
molecules, our data show a significant difference when osteo-differentiated hBM-MSCs
were embedded in the collagen matrix both in terms of extravasation rate and migration
distance, thus highlighting the potential for organ-specific in vitro models to clarify features
of different cancer types. To better characterize the effect of CXCL5 on breast metastatic
cells we generated a gradient through a collagen gel-only matrix (Fig. S12), anticipating a
critical role for this molecule in transendothelial migration and chemoattraction to bone.

3.4. Formation of micrometastases

Lethality of metastatic tumors depends on the formation of a metastatic niche, which
develops when cancer cells extravasate into a secondary organ site and proliferate [2]. In our
system, cancer cells were cultured up to 5 days after being introduced into the vessel-
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mimicking channel, covered with an endothelial monolayer and adjacent to an osteo-cell
conditioned collagen matrix embedded with osteo-differentiated hBM-MSCs. Our earlier
results show that there was no significant difference in the percentage of ROIs containing
extravasated cancer cells between day 1 and day 3 after their introduction (72% vs. 79%)
[41]. While this seems to indicate that most cancer cells extravasate within the first 24 h of
their introduction, the prolonged tri-culture allowed us to better characterize the behavior of
cancer cells after extravasation, leading to colonization within the microenvironment, as
seen in Fig. 4A and B. The extravasated cancer cells proliferated and formed
micrometastases of various sizes ranging from 4 cells to more than 60 cells (Fig. 4C). We
defined a cell cluster as a micrometastasis with at least 4 cancer cells either in direct contact
or separated by less than one cell body length (assuming average cancer cell diameter ~20
um), consistent with previous studies [18, 61]. The percentage of regions containing
micrometastases was 48.4% (n=31 ROIs were analyzed in 5 independent devices). In total,
38 micrometastases were detected: 6 clusters contained at least 10 cells while 4 were
constituted by more than 35 cells each (Fig. 4C). The number of cancer micrometastases per
gel region was equally distributed among ROIs containing 1 to 4 micrometastases each (Fig.
4D). Notably, large micrometastases (>30 cells) tended to be found in isolation or associated
with another small micrometastasis (Fig. S10).

The average number of cancer cells per device found within the gel regions was 13.8 at day
1, increasing to 17.8 and 34 at days 2 and 3, respectively, and reaching 132 at day 5 (Fig.
S11). While it is possible that all cell types moved around in the system during the culture, it
seems the increased number of cancer cells leading to the formation of clusters is primarily
due to proliferation, since we observed the number of cancer cells increasing exponentially
in each device during 5 days of culture. Moreover, all extravasated cancer cells were shown
to be in active cell cycle within the new colonized microenvironment, as indicated by
positive Ki-67 staining (Fig. 4A and B insets).

Several studies were previously reported to study the generation of metastases to bone and
bone marrow. While these works provided much new insight into cancer cell-parenchyma
cell interactions, they did not address the extravasation process itself. Mastro and VVogler
adapted a bioreactor to grow multiple-cell-layer osteogenic tissues from osteoblast cell lines
analyzing the ossification process over a time period up to 10 months. Breast cancer cells
were added to tissues at different stages of phenotypic maturity and their ability to
proliferate, generate microtumors and degrade the osteoblast-derived matrix were observed
[62]. Lescarbeau and colleagues showed that paracrine factors secreted by hMSCs can
increase prostate cancer cell survival while the interaction with a bone marrow-like ECM
can lead to cancer cell morphological changes, chemoresistance and increased levels in the
phosphorylation of proteins involved in cancer-related signaling pathways [63].

Overall, our data lead us to conclude that breast cancer cells found a receptive
microenvironment that supported their growth, proliferation and formation of
micrometastases. Extrapolating these results, a longer culture time could promote the
generation of much more organized structures secreting chemokines and growth factors
affecting the local microenvironment.

4. Conclusions

We have presented an advanced human organ-specific microfluidic 3D in vitro model to
analyze the extravasation of highly metastatic breast cancer cells into an osteo-cell
conditioned microenvironment. We have provided unique quantitative results concerning the
interplay between a specific "seed and soil couple" by computing extravasation rate and
extravasated distance of breast cancer cells in the presence of an attractive matrix.
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Moreover, we have shown how the molecular pathway involving breast cancer cell surface
receptor CXCR2 and bone-secreted chemokine CXCL5 plays a pivotal role in the
extravasation process of breast cancer cells. Finally, we have observed that extravasated
cancer cells can proliferate and generate micrometastases within the osteo-cell conditioned
microenvironment, thus demonstrating the capabilities of the bone-specific model and
paving the way to the generation of increasingly detailed assays to expand our knowledge of
cancer biology and contribute to the development of more specific and effective anti-cancer
treatments.
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Fig. 1.

Generation of the osteo-cell conditioned microenvironment. (A) hBM-MSCs (brown) were
cultured for 2—-3 weeks within osteogenic medium and seeded within microfluidic devices
where they started depositing extracellular matrix (yellow filaments). After 3 days
endothelial cells (ECs) (red) were seeded and a monolayer covering the media channel was
generated. Finally, cancer cells (green) were introduced after 3 additional days and their
extravasation ability and micrometastasis generation were monitored for 1 to 5 days. (B and
C) Three-dimensional reconstruction of a confocal stack represents a top (B) and a front
view (C) of a single ROI. HUVECs (RFP) completely covered the channel walls while
osteo-differentiated hBM-MSCs were homogeneously distributed within the collagen gel.
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Cells were stained with DAPI (nuclei, blue) and phalloidin (F-actin, green). (D) Alizarin
Red staining of calcium deposits (dark region) within a gel channel (optical microscopy,
bright field). (E) Two-dimensional projection of a confocal stack highlights the ability of
osteo-differentiated hBM-MSCs to secrete osteocalcin (green) within a 3D
microenvironment. Cells were stained with DAPI (nuclei, blue) and phalloidin (F-actin,
yellow). Osteo-differentiated hBM-MSCs are labeled as osteo-cells. Scale bars: 50 um.
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Fig. 2.

Extravasation of cancer cells into the collagen gel matrix with and without osteo-
differentiated hBM-MSCs (labeled as osteo-cells). (A) Three-dimensional confocal
reconstruction shows MDA-MB-231 cancer cells (GFP) transmigrated across the endothelial
monolayer into the collagen gel containing osteo-differentiated hBM-MSCs. VE-cadherin
(red) and DAPI (nuclei, blue) staining. (B) Average percentage of extravasated cancer cells
was significantly higher (n=27(min)-39(max) regions, p<0.005) in the collagen gel with
osteo-differentiated hBM-MSCs. (C) Projected images show extravasated cancer cells
(GFP) travelled farther into the osteo-cell conditioned microenvironment (ii) compared to
the collagen gel-only matrix (i). Cells were stained with (i) DAPI (nuclei, blue) and (ii) VE-
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cadherin (red) + DAPI (nuclei, blue). HUVECs were RFP labeled. (D) Average distance

travelled by extravasated cells into the gel matrix increased significantly in osteo-cell
conditioned microenvironment (n=11(min)-17(max) regions, p<0.05). Scale bars: 50 pm.
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Fig. 3.

Effect of CXCL5 and CXCR2 in cancer cell extravasation. (A) Addition of CXCR2
blocking antibody significantly reduced cancer cell average extravasation within collagen
gel containing osteo-differentiated hBM-MSCs compared to non-treated cancer cells (ctrl)
or 1gG incubated cancer cells (n=9(min)-24(max) regions, p<0.005). (B) Two-dimensional
projection of a confocal stack shows that cancer cells (GFP, white arrows) generally
remained within the endothelial cell (RFP)-coated channel and did not extravasate into the
collagen gel containing osteo-differentiated hBM-MSCs when anti-CXCR2 antibody was
added. Cells were stained with DAPI (nuclei, blue) and phalloidin (F-actin, yellow). (C)
Addition of CXCL5 within collagen gel-only devices significantly enhanced the average
percentage of cancer cell extravasation compared to unconditioned devices (ctrl) and
addition of 1gG (n=9(min)-24(max) regions, p<0.05). (D) Two-dimensional projection of a
confocal stack showing two extravasated cancer cells (GFP, white arrows) inside CXCL5-
conditioned collagen gel-only devices. Cells were stained with DAPI (nuclei, blue) and
phalloidin (F-actin, yellow). HUVECs were RFP labeled. (E) The average extravasation
distance was significantly higher with the addition of CXCL5 (condition) within collagen
gel-only devices compared to unconditioned devices (p<0.05) whereas there was no
significant difference within a osteo-cell conditioned matrix with (condition) or without
(control) cancer cell incubation in CXCR2 blocking antibody (n=11(min)-17(max) regions).
Scale bars: 50 um.
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Fig. 4.

Generation of micrometastases within the osteo-cell conditioned microenvironment. Three-
dimensional confocal images of a single gel region show a representative large (A) and
small (B) cancer cell (GFP) micrometastasis. Ki-67 staining (red) demonstrates all cancer
cells were proliferating within the colonized microenvironment. Cells were stained with
DAPI (nuclei, blue). (C) Histogram showing micrometastasis distribution. Although 4 large
clusters (>35 cells) were detected, micrometastases generally contained fewer than 10 cells.
(D) Histogram represents the number of micrometastases per gel region (n=15 regions).
Scale bars: 50 ym.
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