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Abstract

The synovium of osteoarthritis (OA) patients can be characterized by an abnormal accumulation
of macrophages originating from extravasated monocytes. Since targeting monocyte extravasation
may represent a promising therapeutic strategy, our aim was to develop an organotypic
microfluidic model recapitulating this process. Synovium and cartilage were modeled by
hydrogel-embedded OA synovial fibroblasts and articular chondrocytes separated by a synovial
fluid channel. The synovium compartment included a perfusable endothelialized channel
dedicated to monocyte injection. Monocyte extravasation in response to chemokines and OA
synovial fluid was quantified. The efficacy of chemokine receptor antagonists, RS-504393 (CCR2
antagonist) and Cenicriviroc (CCR2/CCR5 antagonist) in inhibiting extravasation was tested
pre-incubating monocytes with the antagonists before injection. After designing and fabricating
the chip, culture conditions were optimized to achieve an organotypic model including synovial
fibroblasts, articular chondrocytes, and a continuous endothelial monolayer expressing
intercellular adhesion molecule-1 and vascular cell adhesion molecule-1. A significantly higher
number of monocytes extravasated in response to the chemokine mix (p < 0.01) and OA synovial
fluid (p < 0.01), compared to a control condition. In both cases, endothelium pre-activation
enhanced monocyte extravasation. The simultaneous blocking of CCR2 and CCR5 proved to be
more effective (p < 0.001) in inhibiting monocyte extravasation in response to OA synovial fluid
than blocking of CCR2 only (p < 0.01). The study of extravasation in the model provided direct
evidence that OA synovial fluid induces monocytes to cross the endothelium and invade the
synovial compartment. The model can be exploited either to test molecules antagonizing this
process or to investigate the effect of extravasated monocytes on synovium and cartilage cells.

1. Introduction

https://doi.org/10.1088/1758-5090/ac0c5e

>

Osteoarthritis (OA) is the most common type of arth-
ritis and the fastest growing cause of disability world-
wide [1, 2]. Although articular cartilage has long been
considered the only relevant tissue in OA, a more
recent approach defines OA as a whole-joint dis-
ease [3, 4], recognizing synovial inflammation as an

© 2021 The Author(s). Published by IOP Publishing Ltd

active component of OA [5, 6]. OA synovium can
in fact show pathological changes, such as an abnor-
mal infiltration of macrophages [6, 7] that originate
from circulating monocytes and sustain inflammat-
ory processes [1, 8, 9]. Since disease-modifying OA
drugs (DMOAD:s) still represent an unmet clinical
need, recent evidences linking inflammation and OA
pave the way to inflammation-targeting interventions
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to hamper OA progression [1, 7, 10]. Targeting the
excessive recruitment of monocytes to synovium may
represent a suitable strategy to prevent the negative
effects of macrophage accumulation, as proposed for
other diseases [11]. To this aim, a deeper understand-
ing of monocyte extravasation in the context of OA is
crucial to identify specific chemokine-signaling axes
involved in monocyte recruitment and test molecules
antagonizing this event.

Extravasation is a multi-step process involving
ordered interactions between circulating and
endothelial cells [12]. Lately, 3D organotypic micro-
fluidic models have found broad application to
investigate this process [13, 14]. The advantages
of microfluidic settings comprise the possibility to
model tissues in compartmentalized 3D microen-
vironments including tissue-specific cells and per-
fusable endothelialized channels, control biophysical
and biochemical stimulations, and monitor cell beha-
vior in real-time. Finally, differently from Boyden or
parallel plate flow chambers, the impact of gravity
force on extravasation can be minimized. The vast
majority of microfluidic extravasation models have
been developed to investigate cancer cell and neut-
rophil behavior [13], while monocytes/macrophages
have been applied in very few models related to cancer
research [15, 16]. In fact, to the best of our knowledge,
no microfluidic model has been designed to specific-
ally study monocyte extravasation in the context of
an articular disease, such as OA.

Our aim was to develop a model including
primary human cells and pathological synovial fluid
from OA patients to recapitulate the process of
monocyte extravasation to the synovium. Specific-
ally, we developed a 3D microfluidic organotypic
model reproducing synovial compartments with a
perfusable endothelialized channel, a channel for syn-
ovial fluid injection mimicking the articular cavity,
and a cartilage compartment. Here, we describe the
development of the model and its exploitation to
investigate monocyte extravasation and the ability of
OA synovial fluid to induce this process. Finally, we
show how this model can be used to test molecules
interfering with monocyte extravasation.

2. Materials and methods

2.1. Experimental set-up

To recapitulate the process of monocyte extravasation
to the OA joint (figure 1(a)), we designed a micro-
fluidic chip including synovial and chondral com-
partments, a channel dedicated to the endothelial
monolayer formation, and a channel for synovial
fluid injection (figure 1(b)). The first step of the
experimental set-up is the injection of SFbs and artic-
ular chondrocytes (ACs) embedded in fibrin gel in
their respective gel compartments. Once the gel is
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polymerized, the channel that separates the two syn-
ovial compartments is coated with fibronectin for 1 h
and then endothelial cells are injected. The model is
cultured for 24 h to allow the formation of a continu-
ous endothelial monolayer, which is then subjected to
3 h of preconditioning with fluid flow and inflammat-
ory stimulation. During this timeframe, monocytes
are isolated to be injected in the endothelial chan-
nel as soon as the preconditioning phase is over. Sim-
ultaneously, synovial fluid is injected in the synovial
fluid channel. After 18 h, monocyte extravasation is
assessed by confocal microscopy.

2.2. Microfluidic chip design and fabrication

To satisfy our experimental needs, the final config-
uration of the microfluidic chip designed by CAD
software (AutoCAD, AutoDesk Inc.) included three
gel compartments and two microfluidic channels
(figures 1(c) and (d)). Gel compartments were lined
by regularly spaced trapezoidal posts and a 400 pm
width was selected to minimize gel leakage during
injection. The endothelial channel was sized start-
ing from post-capillary venule dimensions (@: 20—
50 pum) and balancing this desideratum with fab-
rication limits and ease-of-use, which resulted in a
200 pm wide channel. Considering synovial fluid
viscosity, a 400 pm wide channel was designed to
facilitate synovial fluid injection. The optical mask
obtained using Adobe Illustrator CC (Adobe Systems
Inc.) was printed on a polyester film and used to
transfer the patterns on a SU-8 negative photores-
ist spin-coated on a silicon wafer to create the mas-
ter mold. The microfluidic chips were then fabricated
by polydimethylsiloxane replica molding by pour-
ing silicone base and curing agent (10:1 mix) on
molds and curing at 65 °C for 3 h. The fluidic ports
were punched with different size. The inlets and out-
lets of the gel compartments (numbered 1 and 2 in
figure 1(d)) were punched with 1 mm-diameter. The
inlets of the endothelial and synovial fluid channels
(numbered 3 and 5 in figure 1(d)) were also punched
with 1 mm-diameter, while the outlets of the channels
(numbered 4 and 6 in figure 1(d)), which also acted as
medium/synovial fluid reservoirs, were punched with
4 mm-diameter. After punching the fluidic ports,
chips were plasma bonded to glass slides (Harrick
plasma).

2.3. Cell isolation and culture

Synovium, articular cartilage, and synovial fluid
were obtained from OA patients undergoing knee
replacement who signed an informed consent
(inclusion criteria: 60-80 years, Kellgren-Lawrence
>III, presence of synovitis, non-steroidal anti-
inflammatory drugs (NSAID) suspension at least
one week before surgery). Synovium was diges-
ted with 3 mg ml™! collagenase type I (Worthing-
ton Biochemical Corporation) at 37 °C for 2 h.
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Figure 1. Development of a microfluidic organotypic model to study monocyte extravasation. (a) Illustration showing the
articular joint and the process of monocyte extravasation responsible of increased monocyte infiltration in the OA synovium.
(b) The experimental phases develop over a time course of 3 d and include: (1) the generation of the organotypic model, (2) the
injection of monocytes in the endothelialized channel, and (3) the quantification of extravasated monocytes. (c) AutoCAD
drawing of the microfluidic device. Trapezoidal posts are used to confine gel compartments. In evidence, the endothelial channel
and the lower synovial compartment (respective width: 200 and 400 pm). (d) Top-view of the microfluidic device with the
synovium (in red) and cartilage (in green) compartments in evidence. The inset shows a stereomicroscope image of the
microfluidic chip features. The different elements of the chips are indicated by numbers and letters and identified in the lateral
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SFbs were plated (5 x 10° cells cm~2) in complete
medium (CM) composed of Dulbecco’s modified
Eagle medium (Gibco), 10% fetal bovine serum
(FBS, Hyclone), 2 mM L-glutamine, 100 U ml~!
penicillin, 100 pug ml™! streptomycin, 10 mM 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic  acid

(HEPES), 1 mM sodium pyruvate (all from Gibco).
Cartilage was digested with 1.5 mg ml~! colla-
genase type II (Worthington Biochemical Cor-
poration) at 37 °C for 18 h. ACs were plated
(10 x 10° cells cm™—2) in CM supplemented with
0.4 mM L-proline and 50 pg ml~! L-ascorbic
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acid-2-phosphate (Sigma-Aldrich) [17]. Synovial
fluid was centrifuged at 3000 g at 4 °C for 10 min
and supernatant was stored at —80 °C. Primary
green fluorescent protein-expressing human umbil-
ical vein endothelial cells (GFP-HUVECs, Angio-
Proteomie) at passage five were thawed and expan-
ded in Endothelial cell growth medium-2 (EGM-2,
Lonza) before use. Human primary monocytes
were isolated from buffy coats of blood donors
or whole blood of OA patients. After Ficoll (GE
Healthcare) separation, monocytes were isolated by
CD14 microbeads (Miltenyi Biotech) [18], stained
with Vybrant™ Did (Molecular Probe) and sus-
pended in Roswell Park Memorial Institute 1640
Medium (RPMI-1640, Gibco) with 2% FBS, 2 mM
L-glutamine, 100 U ml™! penicillin, 100 pg ml™!
streptomycin for extravasation experiments.

2.4. Optimization of culture conditions in fibrin gel
Different fibrin concentrations (5, 10, 20 mg ml™!)
and cell densities (2.5 x 10%, 5 x 10° cells ml~!) were
tested. For fibrin embedding, cells were suspended
in human thrombin (4 Ul ml~' in 40 mM CaCl,,
Baxter), mixed 1:1 with human fibrinogen (Sigma-
Aldrich), and injected in the chip [19]. After gel poly-
merization (2-7 min, 37 °C), CM was injected into
medium channels and chips were cultured for 48 h.
Cell viability was assessed by Live/Dead assay (Ther-
moFisher Scientific). Images were acquired by fluor-
escence microscopy (Olympus IX-71, Olympus Cor-
poration) and cells were counted by Image].

2.5. Endothelial cell seeding

GFP-HUVECs were used for endothelial mono-
layer formation [20, 21]. After fibrin polymer-
ization, the endothelial channel was incubated
with 10 pg ml™! human fibronectin (Millipore)
for 1 h. Afterwards, endothelial cells suspended
(6 x 10° cells ml™!) in EGM-2 with 20% FBS
were added to the endothelial channel outlet. The
chip was maintained sloping for 10 min to facilit-
ate cell entry using a customized 3D printed sup-
port (supplementary material S1 (available online
at  stacks.iop.org/BF/13/045001/mmedia)). After
20 min, EGM-2 and CM were added to the out-
lets of the endothelial and synovial fluid channels
and chips were cultured for 24 h to allow monolayer
formation.

2.6. Permeability and chemokine diffusion assay

To assess the endothelial monolayer integrity, a
70 kDa Fluorescein isothiocyanate (FITC)-dextran
solution (800 pg ml~!, Sigma-Aldrich) was injec-
ted in the endothelial channel and its diffusion
towards the lower synovial compartment was mon-
itored by fluorescence microscopy [22]. Chemokine
diffusion was modeled injecting a 10 kDa FITC-
dextran solution (800 ug ml~1, Sigma-Aldrich),
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approaching chemokine weight [23], in the syn-
ovial fluid channel and monitoring its diffu-
sion over time. Chips without endothelial cells
were used as control. Images were analyzed by
Image].

2.7. Computational modeling of wall shear stress
The shear stress along the endothelial wall was cal-
culated by computational fluid dynamic (CFD)
simulations (COMSOL Multiphysics 4.3b, AB),
applying Navier—Stokes equations for an incompress-
ible flow (p: density; u: velocity; t: time; p: dynamic
viscosity; p: pressure; F: external forces applied to the
fluid):

p (ZL; + uVu) =V [—pH— % (Vu + (Vu)T>}+F.
(1)

The continuity equation yields:
pVu=0. (2)

The endothelial channel was modeled as a rectangu-
lar domain with a numerical grid containing 2165 240
tetrahedral elements. Modeling the endothelial chan-
nel with a rectangular domain implied an approx-
imation that neglected possible gel deformations in
correspondence of the gaps between adjacent pillars.
However, since gel deformations depend mainly on
fibrin shrinkage and are hardly predictable, mod-
eling the channel with a rectangular domain rep-
resented the most reliable way to get an indication
about the range of shear stress levels applied on
endothelial cells in the different flow conditions. Cul-
ture medium was modeled with p = 1000 kg m > and
1t =0.00082 Pa x s [24]. Boundary conditions were:
(a) p=0Paand u = 0 m s~! in the domain before
starting the simulation; (b) laminar inflow equal to 5,
10, 15, and 30 pl h™! at the inlet; (c) p = 0 Pa at the
outlet.

2.8. Effect of flow and Tumor Necrosis Factor-o
(TNF-«) on endothelial cells

Twenty-four hours after injection, endothelial cells
were perfused at 5, 10, 15, or 30 ul h™! by syr-
inge pump (Harvard Apparatus PHD 2000) or main-
tained in static conditions for 3 h, using EGM-2
added or not with 10 ng ml~! TNF-« (PeproTech).
For immunostaining, samples were fixed with 2%
paraformaldehyde for 10 min, incubated with 1%
bovine serum albumin (Sigma-Aldrich) in Hanks’
balanced salt solution (HBSS, Gibco) for 30 min at
r.t,, and subsequently incubated at 4 °C o.n. with
primary antibodies. Intercellular adhesion molecule
1 (ICAM-1) and vascular cell adhesion molecule-1
(VCAM-1) were detected using a mouse monoclonal
antibody (sc-18853, 1:100, SantaCruz Biotechno-
logy) and a rabbit monoclonal antibody (ab134047,
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1:200, Abcam), respectively. After washing, samples
were incubated 1 h at 37 °C with secondary anti-
bodies: goat anti-mouse AlexaFluor-647 (A21235,
1:1000, ThermoFisher Scientific) and goat anti-rabbit
AlexaFluor-647 (A21244, 1:500, ThermoFisher Sci-
entific). Nuclei were stained with 2.5 uM Syto82
(ThermoFisher Scientific) for 2 min at r.t. Images
were acquired by confocal microscopy (Leica SP8).

2.9. Monocyte extravasation in response to
chemokines

To validate the model, monocyte extravasation in
response to a chemokine mix was quantified. After
preparing the organotypic culture, chips were either
perfused for 3 h at 30 ul h™! in the presence of
10 ng ml~! TNF-a or maintained in static con-
ditions without TNF-a. To assess the integrity of
the endothelial monolayer after preconditioning with
flow and TNF-q, a suspension of red polystyrene
microbeads (1:5 dilution in EGM-2) characterized
by a diameter resembling that of human monocytes
(@ 10 pm) was injected in the endothelial channel
using the same protocol applied for monocyte injec-
tion to verify if the microbeads could invade the sur-
rounding gel compartments due to the presence of
holes in the monolayer. Human primary monocytes
from five bufty coats were used in subsequent extra-
vasation experiments. After isolation and staining,
monocytes were suspended in RPMI-1640 medium
(4 x 10° cells ml~') and added to the endothelial
channel outlet. The device was maintained sloping
for 15 min to facilitate monocyte entry. CM contain-
ing 2% FBS, 50 ng ml~! CCL2, 50 ng ml~! CCL3,
50 ng ml~! CCL4, 50 ng ml~! CCL5 was injected in
the synovial fluid channel to induce monocyte extra-
vasation. CM without chemokines was used in con-
trol chips. After 18 h, pictures were taken by confocal
microscope acquiring the entire channel height and
analyzed by Image] to quantify extravasated mono-
cytes in two ROI representing the two synovial com-
partments. Images were processed by Imaris (Bitplane
Software) to allow a better visualization of extravas-
ated monocytes in the figures.

2.10. Monocyte extravasation in response to OA
synovial fluid

Monocyte extravasation in response to OA synovial
fluid was investigated. Microfluidic chips were pre-
pared by injecting the compartments with plain or
cell-loaded gels. Before fibrin embedding, SFbs and
ACs were respectively stained with Vybrant™ Dil and
DiO (Molecular Probe). Endothelial cells were seeded
in the endothelial channel and cultured for 24 h to
allow monolayer formation. Chips were perfused for
3 hat 30 ul h™! in the presence of 10 ng ml~!
TNF-a or maintained in static conditions without
TNF-c. Primary human monocytes isolated from
seven bufty coats were used in extravasation experi-
ments. A mix of synovial fluids obtained from three
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OA patients was injected in the synovial fluid chan-
nel. CM with 2% FBS was used as control. After
18 h, a z-stack corresponding to the entire chan-
nel height was acquired by confocal microscopy and
monocyte extravasation was quantified. To monitor
extravasation in time lapse, monocytes were injec-
ted in preconditioned endothelial channels, and chips
were maintained o.n. in an environmental chamber,
taking pictures every 10 min.

2.11. Screening of chemokine receptor antagonists
RS-504393, a single antagonist for CCR2, and Cen-
icriviroc (CVC), a CCR2/CCR5 dual antagonist, were
purchased from Tocris and Axon MedChem. Primary
human monocytes were isolated from whole blood
of five OA patients and stained with Vybrant™
Did. Monocytes were incubated 3 h at 37 °C in
RPMI-1640 medium added with vehicle (Dimethyl
sulfoxide, DMSO) or antagonist (RS-504393 or CVC,
1 uM). Unbound inhibitor was washed before adding
monocytes to the endothelial channel inlet. All the
chips injected with monocytes pre-incubated with
RS-504393 or CVC contained a mix of synovial
fluid pooled from three OA patients. Monocytes pre-
incubated with vehicle were injected in chips con-
taining either synovial fluid (positive control) or con-
trol medium (negative control). After 18 h, images
were acquired by confocal microscopy and monocyte
extravasation quantified.

2.12. Statistical analysis

For cell viability and FITC-dextran diffusion exper-
iments, data were obtained from three samples per
condition. In cell viability experiments, Two-Way
ANOVA was applied to evaluate the combined effect
of fibrin density and cell concentration. In FITC-
dextran diffusion experiments, differences between
control and endothelialized chips over time were
tested by means of Two-Way ANOVA for repeated
measures.

Independent extravasation experiments were per-
formed using monocytes isolated from the buffy
coats of five donors in the case of chemokine exper-
iments, monocytes isolated from the buffy coats of
seven donors for synovial fluid experiments, and from
whole blood of five OA patients for the screening
of CCR antagonists. In each experiment, two chips
were prepared for each experimental condition. For
each buffy coat or blood donor, a single value rel-
ative to the number of cells extravasated toward the
upper or lower synovial compartment was obtained
for each experimental condition by averaging the
data obtained from multiple regions of the same
chip and then by averaging the data obtained from
multiple chips representing the same experimental
conditions. In summary, five independent values for
each experimental condition (one for each buffy
coat/blood donor) were used in the statistical analysis
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for chemokine-induced extravasation and CCR ant-
agonist screening and seven independent values for
each experimental condition (one for each buffy coat
donor) were used in the statistical analysis for mono-
cyte extravasation in response to synovial fluid. Dif-
ferences within a single experimental group between
the number of monocytes extravasated in the upper
and lower compartment of the same chip were ana-
lyzed by means of Student’s ¢-test for paired data. The
combined influence of multiple variables on the num-
ber of extravasated monocytes was analyzed by Two-
Way ANOVA. Bonferroni’s post-hoc test was applied
after Two-Way ANOVA. In the antagonist screen-
ing, the number of extravasated monocytes in the
lower compartment was compared among groups by
means of One-Way ANOVA for matched data, match-
ing the data of each monocyte donor. All analyses
were performed using GraphPad Prism (GraphPad
Software).

3. Results

3.1. Optimization of culture conditions

The culture conditions for SFbs and ACs were optim-
ized by assessing cell viability for different fibrin con-
centrations and cell densities (figure 2(a)). In all con-
ditions, live cells clearly prevailed over dead cells,
with about 80% of live cells detected after 48 h
(figure 2(b)). No significant differences in terms of
cell viability were found comparing different fib-
rin concentrations. In some experimental groups,
a significantly higher cell viability was observed
when the lowest cell density was used. Based on
these results, we selected the lowest cell density
(2.5 x 10° cells ml™!) and the intermediate fib-
rin gel concentration (10 mg ml™!) for subsequent
experiments.

3.2. Assessment of endothelial monolayer integrity
In 24 h, a continuous endothelial monolayer formed
with endothelial cells covering all channel sides
(figure 2(c)). A permeability assay was performed by
injecting a fluorescent tracer in the endothelial chan-
nel. Additionally, chemokine diffusion was simulated
to verify that chemokines could reach the abluminal
surface without diffusing in the endothelial channel.
The permeability assay showed that in control chips
(i.e. without endothelial cells) FITC-dextran was free
to diffuse, reaching the synovial compartment soon
after the injection. Conversely, the diffusion of FITC-
dextran was significantly hindered by the endothelial
barrier (figure 2(d)). Coherently, the FITC-dextran
injected in the synovial fluid channel was free to dif-
fuse in control chips, while the endothelial monolayer
hampered its diffusion in the endothelial channel and
induced its accumulation in the lower synovial com-
partment (figure 2(e)).
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3.3. Endothelial monolayer preconditioning

To mimic the in vivo situation, the endothelial
monolayer was preconditioned by biophysical and
biochemical stimulation. Computational simulations
showed that wall shear stress increased with increas-
ing flow rates (figure 3(a)), with maximum shear
stress estimated to be equal to 0.04, 0.07, 0.11, and
0.22 dyne cm~? for flow rates of 5, 10, 15, and
30 ul h™1, respectively. It should be underlined that
these CFD simulations provided only an estimate of
the shear stress levels applied on endothelial cells. In
fact, modeling the endothelial channel with a rect-
angular domain implied an approximation that neg-
lected any possible gel deformation in correspond-
ence of the gaps between adjacent pillars. However,
since gel deformations depended mainly on fibrin
shrinkage and were hardly predictable, modeling the
channel with a rectangular domain represented the
most viable approach to get an indication about shear
stress levels applied in the channel in the different
flow conditions.

Perfusing the endothelial monolayer with flow
rates up to 30 ul h™!' did not interfere with its
integrity (figure 3(b)), whereas higher flow rates
induced endothelial cell detachment (data not
shown). The effect of shear stress on the expression
of ICAM-1 and VCAM-1, two molecules mediating
monocyte-endothelium adhesion, was then investig-
ated. ICAM-1 was not expressed in static condition,
while it was highly upregulated when samples were
exposed to flow rates equal or higher than 10 ul h™!.
Differently, VCAM-1 was more expressed in static
conditions and at low flow rates (figure 3(c), second
row).

To mimic an inflammatory state, endothelial cells
were exposed to TNF-a alone or combined with
flow at 30 ul h=!. ICAM-1 and VCAM-1 expres-
sion increased in the presence of TNF-«, both in
static and dynamic conditions. Specifically, ICAM-1
was strongly upregulated in static samples treated
with TNF-a and a synergic effect of flow and
TNF-a was observed. Interestingly, ICAM-1 was
expressed also by SFbs, especially in response to
TNF-« (figure 3(d), first row). VCAM-1 expression
was also upregulated by TNF-a, in both static and
dynamic samples (figure 3(d), second row). Based
on these results, monocyte extravasation assays were
performed applying a preconditioning with flow at
30 pl h~! and TNF-cu.

3.4. Monocyte extravasation in response to
chemokines

In extravasation experiments, the number of mono-
cytes extravasated in chips with endothelial cells pre-
conditioned or not by flow and TNF-a was com-
pared to assess the effect of endothelial precondi-
tioning on extravasation. To characterize the effect
of endothelial preconditioning, the permeability
of the endothelial monolayer was also evaluated
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Figure 2. Cell culture in the microfluidic model. (a) Live/Dead of SFbs and ACs (2.5 x 10°, 5 x 10° cells ml~!) in different fibrin
concentrations (5, 10, 20 mg ml~1). (b) Viability of SFbs (left graph) and ACs (right graph) expressed as percentage of live and
dead cells in the different conditions (mean + SE; 2.5 x 10° cells ml™! vs 5 x 10° cells ml~!: ***p < 0.001; *p < 0.05).

(c) Images showing the formation of a continuous endothelial monolayer in the channel. (d) Permeability assay and
quantification of fluorescence intensity (FI) detected in center of the lower synovial compartment (FI2), normalized to the FI
detected in the center of the endothelial channel (FI1). (e) Analysis of chemokine diffusion and quantification of FI detected in
the center of the endothelial channel (FI4) normalized to the FI detected in the center of the synovial fluid channel (FI3)

(mean = SE; control vs endothelialized chips: ***p < 0.001; **p < 0.01).
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Figure 3. Endothelial monolayer preconditioning. (a) CFD simulations were performed to calculate the levels of shear stress
achieved in the endothelial channel when perfusing medium at different flow rates (5, 10, 15, 30 ul h™!). (b) Confocal images
showing the appearance of the endothelial monolayer after 3 h of culture either in static conditions or under perfusion.

(c) Expression of the adhesion molecules ICAM-1 and VCAM-1 in endothelial cells subjected to static or perfusion culture.
(d) Expression of ICAM-1 and VCAM-1 in response to TNF-a alone or combined with perfusion at 30 ul h™—!. Pictures
representing VCAM-1 are presented without the green signal of the endothelial cells, since it would hide the magenta signal

specific of the antibody.

(figure 4(a)). The endothelium preconditioned with
flow at 30 ul h™! and TNF-a was characterized by
a slight increase in endothelial permeability com-
pared to the endothelium cultured in static con-
ditions, but it maintained the ability to signific-
antly hamper the diffusion of FITC-dextran from
the endothelial channel compared to chips without

endothelium (***p < 0.001; figure 4(a)). Experiments
conducted injecting microbeads with size compar-
able to that of human monocytes showed that the
endothelial preconditioning did not generate gaps
in the monolayer through which monocytes could
enter the surrounding gel, which would bias the
results of the extravasation assay (figure 4(b)). In
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fact, independently from endothelial precondition-
ing, microbeads injected in the endothelial channel
remained confined in the luminal side, as also shown
by the videos (supplementary materials S2 and S3)
where many microbeads rolling along the endothelial
walls without entering the gel can be observed.

To validate the model, monocyte extravasation
in response to a chemokine mix was quantified
(figure 4(c)). Samples without the chemokine
mix were used as control. Monocytes extravasated
only in the presence of chemokines preferentially
migrating into the lower synovial compartment,
toward the chemokine mix, than to the upper
compartment (*p < 0.05; figure 4(c)), while they
remained mostly confined in the endothelial chan-
nel when chemokines were not added (figure 4(b)).
Endothelial preconditioning significantly promoted
monocyte extravasation. In fact, the difference
between the number of monocytes extravasated
toward the lower compartment in chemokine
and control samples was significant only when
endothelial cells were preconditioned (**p < 0.01;
figure 4(c)).

3.5. Monocyte extravasation in response to OA
synovial fluid

Monocyte extravasation in response to OA syn-
ovial fluid was determined in different conditions,
including presence/absence of endothelial precondi-
tioning and presence/absence of tissue-specific cells
(figure 5(a)). A higher number of extravasated
monocytes was measured in the lower synovial
compartment in synovial fluid compared to con-
trol samples, with significant differences in favor of
the synovial fluid group in almost all conditions
(*p < 0.05, **p < 0.01; figure 5(b)). Consistently,
time-lapse videos (supplementary materials S4 and
S5) showed that monocytes extravasated toward the
lower compartment only in the presence of synovial
fluid, while they remained confined in the endothelial
channel in control samples. Remarkably, albeit some
monocytes extravasated also toward the upper com-
partment, the number of extravasated monocytes in
the lower compartment was significantly higher in
all the synovial fluid groups (*p < 0.05, #p < 0.01;
figure 5(b)).

3.6. Screening of chemokine receptor antagonists

Chemokine receptors antagonists binding either
CCR2 only or both CCR2 and CCRS5 were tested in
the model to assess their ability to inhibit the extra-
vasation of monocytes isolated from OA patients
in response to OA synovial fluid (figure 6(a)). The
results of these experiments confirmed that mono-
cyte extravasation was induced by OA synovial fluid
as demonstrated by the higher number of extravas-
ated monocytes detected in the synovial fluid group
compared to controls (***p < 0.001, figure 6(b)).

C Mondadori et al

The extravasation of monocytes that had been pre-
incubated with either RS-504393 or CVC in response
to OA synovial fluid was significantly reduced com-
pared to monocytes that had been pre-incubated with
the vehicle before injection (**p < 0.01; ***p <0.001).
In particular, the treatment of monocytes with CVC,
which antagonizes both CCR2 and CCRS5, yielded the
most significant reduction with levels of extravasa-
tion like those detected in control samples, where the
synovial fluid was not present.

4, Discussion

The unmet clinical need for DMOADs prompts the
study of inflammation-related events to identify new
potential therapy targets for OA. Here, we developed
a microfluidic organotypic model comprising vascu-
larized synovial and cartilage compartments to study
the extravasation of monocytes, from which infilt-
rating macrophages originate. In the design phase,
we sought for a balance between trying to match the
in vivo complexity and the possibility to obtain repro-
ducible results and manage multiple samples [25, 26].
Since our final goal was to develop a model for testing
anti-chemokine drugs and, in the future, investigat-
ing the effect of infiltrating monocytes/macrophages
on cartilage and synovium cells, we modeled only
these tissues, whose cells are involved in a vicious cycle
that propagates inflammation [1, 7].

Once fabricated the chip, we cultured ACs and
SFbs in fibrin gel to provide cells with a natural
biocompatible matrix [19, 27]. Fibrin finds wide
application for 3D cell culture in microfluidic devices
[13, 28]. In the perspective of extravasation mod-
els, where the endothelial compartment plays a key
role, fibrin provides a physiological substrate con-
ductive to endothelial assembly, as demonstrated in
many in vitro models [29]. Additionally, fibrin mat-
rix combines structural properties that remind those
of collagenous matrix with ease-of-use since poly-
merization requires an activation step via thrombin
cleavage and, hence, can be finely controlled and
tuned [30-32]. Although the relevance of fibrin for
synovial fibroblast and articular chondrocyte cul-
ture may be limited from a biological point of view,
it should be considered that any mono-component
matrix would fail in mimicking the compositional
and structural complexity of native tissues. How-
ever, the intrinsic tendency of fibrin to be gradually
degraded and replaced by extracellular matrix pro-
duced from fibrin-embedded cells [33, 34] combined
with its structural properties and technical advantages
make fibrin a good choice to establish microfluidic
organotypic models.

After selecting the cell and fibrin concentration to
be used in the model, we optimized the protocol to
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achieve a perfusable endothelialized channel, charac-
terized by a continuous monolayer. Monolayer con-
tinuity ensures that monocytes must actively contrib-
ute to cell junction remodeling to extravasate [12],

in combination with the effect of a mediator such as
TNF-« [35] that was applied in extravasation experi-
ments to mimic an inflamed condition. Furthermore,
a continuous monolayer allows creating different
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illustration shows the position of the compartments indicated as ‘upper compartment’ and ‘lower compartment’ in the graph.

microenvironments in the abluminal and luminal
endothelium side, with a higher chemokine con-
centration maintained in the abluminal side over
the entire experimental time course (supplement-
ary material S6). This feature resembles the in vivo
situation where chemokines produced by extravascu-
lar cells reach the abluminal side and are presented
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by endothelial cells to circulating leukocytes in the
luminal side [36]. However, leukocyte extravasation
does not depend only on chemoattractants, but also
on endothelial cell phenotype. The shear stress exer-
ted by fluid flow can directly modulate molecules
mediating the adhesion of circulating cells to the
endothelium during extravasation [37]. Although the
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the endothelialized channel, monocytes were pre-incubated with either the vehicle or the chemokine receptor antagonists.
RS-504393, is a single antagonist for CCR2, while CVC is a double antagonist that binds both CCR2 and CCRS5.

(b) Quantification of monocytes extravasated to the lower synovial compartment towards the synovial fluid channel compared to
monocytes extravasated to the upper synovial compartment in all the tested conditions. (Mean + SE; lower compartment vs
upper compartment: *p < 0.05; **p < 0.001. Control or antagonists vs synovial fluid: **p < 0.01; ***p < 0.001). The illustration
shows the position of the compartments indicated as ‘upper compartment’ and ‘lower compartment’ in the graph.

applied shear stress levels were lower than physiolo-
gical values (1-5 dyne cm™2) [38], our experi-
ments demonstrated that they affected endothelial
cell phenotype. The expression of ICAM-1, almost
absent in static conditions, increased for increas-
ing flow rates, as shear stress levels were getting
closer to physiological values, in line with studies
showing that laminar flow upregulates ICAM-1 in
endothelial cells [39] and subsequently promotes
leukocyte adhesion [40]. On the other hand, VCAM-1
was more expressed in static conditions and at low
flow rates than in response to higher shear stress
levels, in agreement with data showing VCAM-1
downregulation by shear stress [41] and suggesting
that VCAM-1 may mediate leukocyte adhesion low
shear stress regions. Shear stress was combined with
TNF-a to resemble an inflamed condition. TNF-
a was selected as it activates inflammatory path-
ways in endothelial cells via NF-kB and is present
at high levels in OA joints [1, 3]. Accordingly to
data showing the synergic effect of shear stress and
TNF-a on ICAM-1 and the opposite effect of these
factors on VCAM-1 [42], in our experiments ICAM-
1 and VCAM-1 expression was enhanced by TNEF-
o, with TNF-« partially rescuing the negative effect
of shear stress on VCAM-1. Interestingly, TNF-«
increased ICAM-1 expression also in SFbs, in line

with literature showing a dose-dependent effect of
TNF-a on ICAM-1 in this cell type [43].

To test the reliability of the model, as usually
done in standard migration assays [44], we com-
pared the extravasation of monocytes in response to
a chemokine mix with a control group. Chemokines
(CCL2, CCL3, CCL4, and CCL5) with known
chemotactic effect on monocytes were selected
[44, 45]. Remarkably, monocyte extravasation
occurred mainly towards the synovial fluid chan-
nel where the chemokine mix was added, while a
similar and very low number of extravasated cells
was found in both synovial compartments in con-
trol chips where chemokines were not added. We
also demonstrated that endothelial preconditioning
was crucial to promote monocyte extravasation in
response to chemokines. This result is in line with
data from other microfluidic extravasation mod-
els showing that shear stress levels similar to those
applied here promote neutrophil extravasation and
enhance CCL2 effect on monocyte extravasation [46,
47]. When interpreting these results, it should be
underlined that the static condition was merely used
as a negative control to investigate the combined effect
of shear stress and TNF-a on monocyte extravasa-
tion, with these two elements considered as comple-
mentary factors applied to mimic, at least partially,
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the in vivo situation that synovial endothelial cells
encounter in vivo. On the other hand, the static
condition cannot be considered as representative of
any biomimetic situation since in vivo endothelial
cells are always exposed to some level of shear
stress.

As evidenced in the movies (supplementary
materials S4 and S5), monocytes mostly extravas-
ated in the first hours, suggesting that shear stress
and TNF-« may induce a transient activation of
endothelial cells, accordingly with data showing that
VCAM-1 and ICAM-1 expression returns to basal
levels soon after removing the stimulus [42]. The
increase in cell permeability was another transient
effect of the endothelial preconditioning and might
contribute to explain this observation. Together with
permeability experiments performed after the pre-
conditioning phase, experiments conducted to verify
whether the chemokine gradient could be main-
tained over the entire experimental time course (i.e.
18 h) showed a transient difference, which was lost
after 60 min, between chips with preconditioned
endothelium compared to chips in static condi-
tions (supplementary material S6). The increase in
endothelium permeability observed after the precon-
ditioning phase most likely results from the reorgan-
ization of cell junctions and alterations in cell con-
tractility which take place in the initial phases of
monocyte extravasation under inflammatory condi-
tions [35], as the ones that we aimed to model here
using TNF-a. These events together with the steps
that actively involve monocytes and their receptor-
mediated interaction with endothelial cells, such as
rolling and adhesion, as well as the signals generated
by adherent monocytes further contributing to the
dissociation of endothelial cell junctions is part of
the extremely complex process that allows circulating
monocytes to cross the endothelial barrier [12, 35].

To verify our hypothesis that inflammation-
associated molecules released in synovial fluid can
induce monocyte extravasation to the synovium, we
determined extravasation in response to a pool of OA
synovial fluids. OA synovial fluid showed a strong
chemoattractant effect on monocytes, which most
likely depends on the presence of pro-inflammatory
cytokines and chemokines [45, 48], as differences
in monocyte extravasation were observed compar-
ing control and synovial fluid samples, independently
from endothelial preconditioning or from the pres-
ence of tissue-specific cells. Despite the chemoattract-
ant effect of OA synovial fluid on monocyte migration
has been reported previously [49], our results provide
the first direct evidence that OA synovial fluid is
able to induce monocyte extravasation, which implies
not only monocyte migration, but also crossing the
endothelial barrier and invading the extravascular
matrix. Unexpectedly, the number of extravasated
monocytes was higher in samples without tissue-
specific cells. We hypothesized that SFbs and ACs may
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have reduced the local concentration of chemokines
by receptor-binding and decreased the local oxygen
and nutrient concentration contributing to this res-
ult. Albeit it is hard to identify a unique explanation
for this difference, this result indicates that tissue-
specific cells influence monocyte extravasation, sup-
porting the effort to achieve a complex coculture.

Finally, the model was used to screen the abil-
ity of two chemokine receptor antagonists to inhibit
monocyte extravasation. The first compound, RS-
504393, is a potent antagonist for CCR2 that has been
shown to ameliorate pathological changes in articu-
lar cartilage and bone when administered in mouse
DMM models [50, 51]. The second compound, CVC,
is a double antagonist which blocks both CCR2 and
CCR5 and has provided interesting results when used
in mouse models of liver and kidney diseases associ-
ated with an abnormal macrophage infiltration [52].
These antagonists were selected to demonstrate that
the model could be exploited to investigate drug
efficacy in inhibiting monocyte extravasation in an
organotypic setting, bypassing the in vivo complex-
ity. Our experiments demonstrated that both com-
pounds reduce the number of extravasated mono-
cytes in response to synovial fluid, with a stronger
effect observed when both CCR2 and CCR5 were
antagonized. It remains to be clarified if this ability
implies a therapeutic efficacy of these antagonists in
the context of OA, being monocyte infiltration to the
synovium only one of the events that contribute to
joint degeneration.

One of the limitations of this model is the lack of a
compartment mimicking bone, a key element of the
joint. When this study was designed, we considered
including a bone compartment, based on our previ-
ously developed miniaturized 3D bone model [21].
However, adding osteoblasts and osteoclasts to the
coculture would have posed significant complications
to find common culture conditions suitable to all cell
types. Hence, we focused mainly on synovium where
monocyte extravasation takes place and cartilage that
is the direct target of degenerative events triggered by
infiltrating macrophages. Another limitation is that
we have not clarified yet whether the extravasated
monocytes exert a negative effect on the cartilage
compartment. Studying the phenotype of extravas-
ated monocytes in response to OA synovial fluid and
their effect on the synovial and chondral compart-
ment represents indeed one of our next plans.

5. Conclusions

In this study, we have developed and validated the first
joint-on-a-chip model including vascularized syn-
ovium and articular cartilage, specifically designed to
investigate the process of monocyte extravasation to
synovium. Considering the future perspectives, this
model can be used to dissect the biological mech-
anisms responsible for the abnormal macrophage



10P Publishing

Biofabrication 13 (2021) 045001

infiltration in synovium and find application to not
only in the study of OA, but also of rheumatoid
arthritis, where leukocyte infiltration represents a
major disease hallmark. Additionally, the simultan-
eous presence of synovium and cartilage cells will
allow investigating the crosstalk between extravas-
ated monocytes/macrophages and tissue-specific cells
in a microenvironment characterized by pathological
synovial fluid.
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