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Background: Tissue fibrosis is a major healthcare burden that affects various
organs in the body for which no effective treatments exist. An underlying,
emerging theme across organs and tissue types at early stages of fibrosis is the
activation of pericytes and/or fibroblasts in the perivascular space. In hepatic
tissue, it is well known that liver sinusoidal endothelial cells (EC) help maintain the
quiescence of stellate cells, but whether this phenomenon holds true for other
endothelial and perivascular cell types is not well studied.

Methods: The goal of this work was to develop an organ-on-chip microvascular
model to study the effect of EC co-culture on the activation of perivascular cells
perturbed by the pro-fibrotic factor TGFβ1. A high-throughput microfluidic
platform, PREDICT96, that was capable of imparting physiologically relevant
fluid shear stress on the cultured endothelium was utilized.

Results: We first studied the activation response of several perivascular cell types
and selected a cell source, human dermal fibroblasts, that exhibitedmedium-level
activation in response to TGFβ1. We also demonstrated that the PREDICT96 high
flow pump triggered changes in select shear-responsive factors in human EC. We
then found that the activation response of fibroblasts was significantly blunted in
co-culture with EC compared to fibroblast mono-cultures. Subsequent studies
with conditioned media demonstrated that EC-secreted factors play at least a
partial role in suppressing the activation response. A Luminex panel and single cell
RNA-sequencing study provided additional insight into potential EC-derived
factors that could influence fibroblast activation.

Conclusion: Overall, our findings showed that EC can reduce myofibroblast
activation of perivascular cells in response to TGFβ1. Further exploration of EC-
derived factors as potential therapeutic targets in fibrosis is warranted.
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Introduction

Tissue fibrosis is a global healthcare burden which has no
effective treatments for either prevention or resolution of the
fibrotic lesions (Henderson et al., 2020). Fibrosis can occur in
various tissues such as the heart (Frangogiannis, 2020), lung
(Martinez et al., 2017), liver (Hernandez-Gea and Friedman,
2011), and kidney (Duffield, 2014), leading to organ failure, the
need for organ transplant, or, if left untreated, death. It is postulated
that fibrosis is responsible for up to 45% of deaths in the
industrialized world (Henderson et al., 2020). Current research
efforts in fibrosis focus on various aspects of fibrotic progression,
from the influence of circulating and resident immune cells (Huang
et al., 2020), to alterations in the extracellular matrix (ECM)
(Herrera et al., 2018), to the organ-specific cells that initiate the
fibrotic lesion in the perivascular space: pericytes (Schrimpf and
Duffield, 2011) and fibroblasts (Kendall and Feghali-Bostwick,
2014). Perivascular cells in healthy organs are involved in tissue
support and normal wound healing (Bainbridge, 2013); however in a
fibrotic disease context they undergo a myofibroblast transition and
produce excessive ECM (Greenhalgh et al., 2013). While numerous
anti-fibrotic approaches have been attempted, from disrupting the
inflammatory pathways that lead to upregulation of TGFβ1 to
targeting the collagen that has been deposited by the activated
cells (e.g., LOXL2), no significant clinical successes have yet been
achieved (Zhao et al., 2022). Given the complexity of the fibrotic
milieu, a better understanding of perivascular cell interactions with
their local microenvironment is paramount to finding an effective
treatment for tissue fibrosis.

Across many fibrotic diseases, the central role of transforming
growth factor beta 1 (TGFβ1) in the pro-fibrotic activation of the
ECM-producing cells has been noted (Kim et al., 2018). Specifically,
studies have shown that TGFβ1 is a strong activator of perivascular
cells such as hepatic stellate cells (Dewidar et al., 2019), renal
fibroblasts and pericytes (Lin et al., 2008), and lung fibroblasts
and pericytes (Hung et al., 2013). Similarly, in both preclinical
animal models and in human disease samples, the
TGFβ1 pathway is upregulated relative to healthy controls
(Ramachandran et al., 2019; 2020). In an in vitro setting,
TGFβ1 activation is characterized by key transcriptional and
proteomic changes, but among the most notable hallmarks are
the de novo expression of α-smooth muscle actin (SMA)
expression and deposition of collagen I (Abdalla et al., 2013;
Hinz, 2016).

While the role of pericytes and fibroblasts in fibrogenesis is well
accepted, it is crucial to consider the influence of other cell types in
modulating the activation response. Numerous studies and reviews
to date have focused on pericyte/fibroblast interactions with organ-
specific epithelial cells (Sakai and Tager, 2013; Wu et al., 2013;
Prestigiacomo et al., 2017) and immune cells (O’Reilly et al., 2012;
Pincha et al., 2018; Carter and Friedman, 2022). However, given the
proximity of fibroblasts and pericytes to microvascular endothelial
cells (EC) within these organs, their interactions with EC should also
be considered. It is well-known that EC cross-talk with other cell

types is important for the health of various organs, such as the heart
(Colliva et al., 2020). Of particular relevance, liver sinusoidal EC are
known to maintain the quiescence of hepatic stellate cells (DeLeve
et al., 2008; Poisson et al., 2017). Notably, fibrosis tends to initiate
around the microvasculature (Lin et al., 2008; Ytrehus et al., 2018)
and aberrant angiogenesis is an early event in fibrosis (Park et al.,
2015; Liu et al., 2017). Taken together, these phenomena point to the
potential role of EC in modulating early fibrotic signaling and
events.

Although animal models have yielded invaluable insights into
fibrosis (Padmanabhan et al., 2019), the systematic study of cell-cell
interactions and cellular mechanisms in vivo is challenging.
Simplified culture systems lack control over cell interactions and/
or important biophysical cues such as fluid flow. Complex in vitro
culture platforms such as microphysiological systems or organ-on-
chip models can help address these challenges by providing precise
spatial and/or temporal control over variables of interest, including
specific cell types, ECM components, fluid flow, and pro-fibrotic
perturbations. Complex in vitro systems also offer promise for drug
discovery and testing, such as models of the human liver for
interrogating nonalcoholic steatohepatitis (Feaver et al., 2016)
and human cardiac fibrosis-on-chip (Mastikhina et al., 2020).
While some complex models include EC, their role in fibrotic
responses is generally not studied.

Fluid flow, and in particular, fluid shear stress (FSS), becomes a
key variable when considering models that include vascular
endothelium. FSS is a critical regulator of EC health and disease,
and can influence EC morphology (Malek and Izumo, 1996),
proliferation (Kadohama et al., 2007), phenotype (Topper and Jr,
1999), barrier function (Buchanan et al., 2014), gene expression
(Braddock et al., 1998), and secreted factors (Galbusera et al., 1997;
Yu et al., 2002; Dardik et al., 2005; Chung et al., 2022). Interestingly,
a few studies have investigated the role of FSS in the activation
responses of fibroblasts and stellate cells (Lei et al., 2020; Swain et al.,
2022), but not EC. A model of EC-perivascular cell interactions in
the presence of pro-fibrotic perturbations should include
physiologically relevant FSS applied to the endothelial layer to
better mimic in vivo conditions.

The goal of this work was to investigate the influence of EC on
the response of perivascular cells to the pro-fibrotic factor TGFβ1
(Figure 1). Our approach was to use a high throughput organ-on-
chip platform, PREDICT96 (Azizgolshani et al., 2021), consisting
of 1) a plate containing 96 bilayer microfluidic devices ideal
for studying co-culture interactions (Rogers et al., 2021) and 2)
a high flow pump lid that can achieve a range of fluid shear stress
(FSS) levels that are relevant for human vascular endothelium
(Hathcock, 2006). We first studied the response of lung fibroblasts,
dermal fibroblasts, and retinal pericytes to TGFβ1 and found that
these different perivascular cell sources had varying sensitivity to
TGFβ1 activation as measured by SMA expression. We then
validated the shear-responsiveness of human EC in the
PREDICT96 system when subjected to “low” (0.5 dyn/cm2) and
“high” (7 dyn/cm2) physiological FSS conditions. Next, we
investigated the TGFβ1 activation response of fibroblasts when
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co-cultured with EC. Interestingly, co-culture with EC induced low
level basal activation in a fraction of fibroblasts, but exogenous
TGFβ1 stimulation resulted in significantly lower activation in co-
cultured fibroblasts compared to mono-cultures. Conditioned
media from ECs also blunted activation of fibroblast mono-
cultures, suggesting that the effect is at least partially mediated
by EC-secreted factors. A Luminex panel and single cell RNA-
sequencing (scRNA-seq) study yielded additional insight into
potential factors that are differentially expressed in the EC that
could affect myofibroblast activation response. Overall, these
insights warrant deeper investigation in future studies to
identify novel EC-derived factors as potential therapeutic targets
in fibrosis.

Materials and methods

Fabrication of PREDICT96 plates and high
flow pump

The PREDICT96 plates and the high flow pump were fabricated
in-house at Draper as previously described (Azizgolshani et al.,

2021). The PREDICT96 microfluidic culture plates consisted of
96 arrayed bilayer devices with channels of 240 µm depth separated
by a 20 µm thick microporous polycarbonate membrane (AR
Brown) with 1 µm diameter pores. This pore size was chosen to
facilitate cell-cell communication while preventing cell migration
across the membrane. The high flow pump consisted of a lid
containing 96 individual micro-pumps. The pump lid had 2-
region control such that the left 48 and right 48 pumps could
run at different flow rates. The pump was calibrated as described
previously (Azizgolshani et al., 2021) to determine the average stroke
volume across the 96 micro-pumps, and used to set the desired flow
rates for the experiments.

Cell culture

Vendor and donor details for the cell types used in this work are
provided in Table 1. All cells were expanded according to their
respective manufacturer’s protocols to establish baseline frozen
stocks; this ensured consistent procedures and passage numbers
across experiments. Primary human retinal microvascular EC were
purchased from Angio-Proteomie (Boston, MA) and expanded in

FIGURE 1
Overview of the perivascular fibrosis/activation model. (A)Many soft tissues and organs are subject to fibrosis. Activation of pericytes and fibroblasts
to a myofibroblast phenotype plays a key role in pathogenesis across tissue types. Given the proximity of these cell types to capillaries, how might
endothelial cells influence the response to pro-fibrotic factors? (B) Schematic of single PREDICT96 device and the endothelial-perivascular cell co-
culture model. (C)Overview of the experimental timeline used. EC = endothelial cell; FB = fibroblast; PC = pericyte; FSS = fluid shear stress. Panel A
created with BioRender.com.

TABLE 1 Cell source information.

Cell type Vendor Catalog # Donor Characteristics Passage # used

Retinal MVECs Angio-Proteomie cAP-0010 Female, 25 years old P7

Retinal Pericytes Angio-Proteomie cAP-0025 hTERT-immortalized from primary source P6

hDF Lonza CC-2509 Male, neonatal P6

NHLF Lonza CC-2512 Male, 12 years old P6
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the manufacturer’s Endothelial Growth Medium. This EC source
was used for all co-culture studies conducted. Primary human
dermal fibroblasts and normal human lung fibroblasts were
purchased from Lonza (Basel, Switzerland) and expanded in the
manufacturer’s recommended medium, Fibroblast Growth
Medium-2 (FGM-2, catalog # CC-3132; comprised of FBM™
Basal Medium and FGM™-2 SingleQuots™ supplements).
Immortalized human retinal pericytes were generated by Pfizer
from primary cells acquired from Angio-Proteomie and
expanded in Angio-Proteomie’s Pericyte Growth Medium.

For the experiments described in this study, cells were thawed
into flasks with either EGM-2MV (Lonza, catalog # CC-3202) for EC
or FGM-2 for fibroblasts and pericytes. Media was changed the next
day. Cells typically reached 70%–80% confluence within 2–4 days
and were harvested for seeding in PREDICT96 plates as described
below.

Cell seeding in PREDICT96

Immediately prior to cell seeding, PREDICT96 plates were plasma
treated for 120 s to render the device channels hydrophilic. Devices
were then washed with 70% ethanol for 5 min, distilled water twice,
and phosphate buffered saline (PBS) once, followed by coating with
5 μg/mL of fibronectin (Millipore Sigma) for 2 h at 37°C. Afterward,
the plates were primed with MCDB131 Complete Media (composed
of MCDB131 base media, 1x Microvascular Growth Supplement, 1x
Gibco GlutaMAX Supplement, and 1x penicillin-streptomycin, all
purchased from Thermo Fisher Scientific). EC were seeded into the
bottom channels at 1.8 × 106 cells/mL with an inlet-outlet volume
differential of 35–15 µL. The volume differential was used to ensure
flow-through of cells into the device channels. Once the port volumes
equilibrated (~2 min), the plates were flipped upside down to allow
the cells to settle on the underside of the membrane. The plates were
incubated in this configuration for 2 h at 37°C. Afterward, the plates
were carefully flipped right side up, the media was aspirated and
replenished with fresh MCDB131 Complete, and the
PREDICT96 plates were placed in the incubator overnight. FSS
was applied to the bottom channels the next day, as described in
the sub-section below.

Three days after EC seeding, fibroblasts were seeded into the top
channel at 250,000 cells/mL in Co-Culture Media composed of
MCDB131 base media supplemented with 0.5% fetal bovine serum,
1x Chemically Defined Lipid Concentrate (Thermo Fisher
Scientific), 1x Insulin-Transferrin-Selenium (Thermo Fisher
Scientific), 1x Gibco GlutaMAX Supplement (Thermo Fisher
Scientific), 1x Penicillin-Streptomycin (Thermo Fisher Scientific),
and 100 µM ascorbic acid (2-O-a-D-Glucopyranosyl-L-ascorbic
acid, Sigma).

Note that for mono-culture conditions, the cells were seeded in
the same channels as would have been used in co-culture models:
fibroblasts in the top channel of devices, EC in the bottom channel.

Application of fluid shear stress

The two-region high flow pump was sterilized with ethylene
oxide and then degassed in a vacuum chamber for at least 1 week

prior to use. The pump was removed from the sterilization bag in a
biosafety cabinet and pneumatic connectors were set up as
previously described (Azizgolshani et al., 2021). The pump was
primed by pumping for 5 min in a reservoir containing 70% ethanol,
followed by twice with distilled water. Prior to putting the pump on
the PREDICT96 plate, the pumps were primed in culture media. At
24 h after seeding the EC, FSS was applied to the EC-containing
channel. A first order approximation of FSS in a rectangular channel
was calculated, with channel depth of 240 μm, channel length of
7.6 mm, and media viscosity of 0.653 mPa*s. Low FSS was initiated
at 0.5 dyn/cm2 (48 μL/min) in one-half of the PREDICT96 plate
while high FSS was set at 7 dyn/cm2 (600 μL/min) in the other half.
Intermediate FSS were also used for a sub-set of experiments
described below: 2 dyn/cm2 (175 μL/min) and 4 dyn/cm2

(350 μL/min).

Validation of endothelial cell response to
fluid shear stress

Human EC response to FSS applied with the PREDICT96 vascular
pump was validated using a KF2 reporter cell line (Slegtenhorst et al.,
2018) and measurement of the expression of shear-responsive genes,
KLF4 and PECAM1/CD31 (Fleming et al., 2005; Tzima et al., 2005;
Hamik et al., 2007; Fan et al., 2017; Xie et al., 2020) in the retinal
microvascular EC described above. KLF2 reporter cells were generated
as previously described (Slegtenhorst et al., 2018). Briefly, human
umbilical vein endothelial cells were infected with a lentivirus
encoding the KLF2-GFP construct, and then were sorted based on
the level of GFP expression. A homogenous GFP-expressing
population (GFPlow) was sorted by exclusion of GFP negative cells
(GFP−) and the brightest expressers (GFPhigh). These KLF2 reporter
cells were seeded into PREDICT96 devices as described above and
cultured in Lonza EGM-2MV media for the duration of the
experiment. FSS was applied for 48 h at 0.5 and 7.5 dyn/cm2 in the
left and right halves of the plate, respectively. The cell nuclei were
stained with Hoechst 33342 and then a sub-set of devices were imaged
immediately on a Zeiss LSM700 confocal microscope with Zen Black
software to assess KLF2 expression. FSS was then resumed for another
48 h at 2 and 4 dyn/cm2 and imaged. A near static, feeder flow
condition (10 μL/min) was imaged at the beginning and end of the
experiment to calibrate baseline fluorescence. A FSS “dose response”
curve was then generated from the percentage of KLF2+ reporter cells
across conditions. The KLF2 reporter cells were only used for this FSS
response validation study. KLF4 and PECAM1 gene expression were
determined for retinal microvascular EC subjected to low and high
physiological FSS according to RT-qPCR methods described below. In
addition, we examined the ultrastructure of these EC subjected to low
and high FSS via transmission electronmicroscopy, as described below.

Activation with TGFβ1

Fibroblasts and pericytes in mono-culture or co-culture were
activated with recombinant human TGFβ1 (R&D Systems) at 24 h
post-seeding. Dose response curves were determined for mono-
cultures of normal human lung fibroblasts (NHLFs), human dermal
fibroblasts (hDFs), retinal pericytes (RPC), and retinal
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microvascular EC. For co-culture studies of ECs and fibroblasts
(hDF), 10 ng/mL TGFβ1 was used. In all cases, TGFβ1 was added at
a single time point to the top channels of devices containing the
pericyte or fibroblast cell type and incubated for 72 h. TGFβ1 stock
solution was made fresh for each experiment in a vehicle solution
containing 0.5% bovine serum albumin (BSA, Sigma) and 4 mM
HCl (Sigma). The high flow pump was stopped for less than 30 min
for dosing.

Immunocytochemistry and imaging

At 72 h post-activation, PREDICT96 devices or mono-cultures
in 96 well plates were fixed with cold 95% methanol/5% acetic acid
(vol/vol) for 12 min at 4°C. After washing three times with PBS, the
samples were blocked with 3% normal goat serum (NGS, Thermo
Fisher) for 1 h at room temperature (RT). Primary antibodies were
then added in 3% NGS and incubated for 2 h at RT, as follows:
ERG1 at 1:250 (rabbit polyclonal, Abcam) or PECAM1 at 1:150
(rabbit polyclonal, Abcam) to label EC and SMA at 1:250 dilution
(mouse monoclonal, 1A4, Sigma) to label activated myofibroblasts.
The samples were washed three times with PBS for at least 5 min
each and then incubated in secondary antibody solution in 3% NGS
for 1 h at RT, as follows: Alexa Fluor 488 goat anti-rabbit IgG at 1:
250 (Thermo Fisher), Alexa Fluor 568 goat anti-mouse IgG at 1:250,
and Hoechst 33342 at 4 μg/mL (Thermo Fisher). After washing
three times with PBS, the stained plates were stored wrapped in foil
at 4°C until imaging.

Images of PREDICT96 devices or wells were captured with a
Zeiss LSM700 confocal microscope and Zen Black 2012 software
(version 14.0.17.201). Imaging parameters were adjusted manually
for each color channel and then held constant across the experiment.
Tile scans of PREDICT96 channel overlap area or 96 wells were
acquired with a ×10 objective lens and 0.5 digital zoom. Raw images
were analyzed in ImageJ Fiji to measure mean fluorescence intensity
(MFI) of SMA or collagen. Normalization of MFI for each
experiment is described in the respective figure captions, where a
maximum responder or designated control was assumed to be 100%
activation. The rationale for this method of analysis was to provide a
standard normalization approach to allow for relative comparisons
across conditions and experiments, as absolute values of MFI can

fluctuate experiment to experiment due to variations in biological or
technical parameters.

Reverse transcription quantitative
polymerase chain reaction

Cells in devices were washed twice with PBS and then detached
by treating with Accutase for 5 min. Devices were then washed twice
with media and the samples were collected into 1.5 mL
microcentrifuge tubes, noting that cells from each device channel
were collected in separate tubes to analyze the EC and fibroblast
populations separately. Cells were spun down at 2000 rpm and the
supernatant was removed. The cell pellets were lysed with RLT lysis
buffer (Qiagen, cat # 79216) and stored at −80°C until further
processing. Samples were processed using RNEasy Micro Kits
(Qiagen, cat # 74004). cDNA was made using SuperScript IV
Vilo Mix (Thermo Fisher). Reverse transcription quantitative
polymerase chain reaction (RT-qPCR) was performed using
Taqman Gene Expression Assays (Thermo Fisher, Table 2) and
Taqman Fast AdvancedMaster Mix (Thermo Fisher, cat # 4444557).
The reaction was run on an Applied Biosystems QuantStudio 7 Flex
System (Thermo Scientific). Transcript expression was quantified by
using the method described by Schmittgen and Livak (Livak and
Schmittgen, 2001), utilizing the Comparative cycle threshold (Ct)
values and GAPDH as the reference gene. Samples extracted from
n = 4 devices per condition were tested in technical duplicates. Ct
values of samples from the same condition were averaged during
analysis. Details on the genes of interest are provided in Table 2.

Immunogold labeling and transmission
electron microscopy

To examine cellular ultrastructure in the devices,
transmission electron microscopy was used. The experiment
included EC cultured under low and high FSS. At the
conclusion of the experiment (7 days under FSS), all labeling
methods were carried out over ice (0–4OC). The media was
aspirated from the channels of the devices and the cells were
washed with PBS. Nonspecific labeling was blocked by incubating
the cells with non-related antibody (Aurion Goat Gold
Conjugate) in PBS for 30 min. Cells were washed with fresh
PBS/BSA-concentrate prior to incubation with the primary
antibody (anti-CD31 antibody diluted at 1:10, 1:50, 1:100) for
2 h. Washing steps with PBS/BSA-c followed the primary
antibody incubation and preceded incubation with the
secondary immunogold labeled antibody (Goat anti-rabbit IgG
15 nM, diluted 1:10) for 2 h. Additional washes preceded fixation
with Karnovsky’s fixative containing 0.1 M phosphate-buffer, 2%
paraformaldehyde and 2.5% glutaraldehyde. Cells in channels
were fixed for 2 h then transferred to 0.1 M Sorensen’s phosphate
buffer and refrigerated overnight.

All devices were post-fixed in 0.1 M phosphate-buffered 1%
osmium tetroxide, dehydrated in graded ethanol series, and
embedded in epoxy resin. Select channels from the
PREDICT96 plate were manually extracted using a blade.
Prepared tissue blocks were trimmed and semi-thin (0.6 mm)

TABLE 2 Genes analyzed.

Gene/Probe Catalog number, thermo
Fisher

Purpose/
Function

ACTA2 Hs00426835_g1 TGFβ1 activation

COL1A1 Hs00164004_m1 TGFβ1 activation

TGFBR1 Hs00610319_m1 TGFβ1 activation

TGFBR2 Hs00559661_m1 TGFβ1 activation

KLF4 Hs00358836_m1 EC, shear responsive

PECAM1 Hs01065279_m1 EC, shear responsive

GAPDH Hs02786624_g1 Housekeeping

Frontiers in Molecular Biosciences frontiersin.org05

Luu et al. 10.3389/fmolb.2023.1160851

https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2023.1160851


sections were prepared from select specimens, mounted to glass
slides, stained with 1% toluidine blue, and examined via light
microscopy. These semi-thin sections were used to locate the
area of the membrane and cell layers of interest, and selected
blocks were further trimmed to these sub-regions. Thin sections
(~90 nm) of the sub-regions were prepared, stained, and
examined using a Hitachi H 7100 transmission electron
microscope. Digital micrographs (Advanced Microscopy
Techniques, Corp.,) of representative areas were collected.

Conditioned media experiments

In some experiments, conditioned media were added
simultaneously with TGFβ1 to assess the potential inhibitory
effects of cell-secreted factors. For these studies, EC mono-
cultures, EC and hDF co-cultures, and hDF mono-cultures were
established in PREDICT96 devices for 72 h under high FSS. The
media was then collected from respective cell type channels and
pooled for conditioned media stocks (EC mono-culture, EC co-
culture, hDF mono-culture, hDF co-culture). The collected
conditioned media were used immediately on hDF mono-
cultures in 96 well plates. The hDF mono-cultures, seeded at
7,500 cells per well in co-culture media, were treated with
conditioned media with or without TGFβ1 at 10 ng/mL for 72 h.
Control conditions were hDF mono-cultures treated with non-
conditioned co-culture media, with or without TGFβ1. After
72 h, a fluorescent collagen probe was added to each condition in
fresh media and incubated for an additional 24 h before fixing and
staining for SMA and Hoechst.

Fluorescent collagen probe

In hDF mono-culture experiments, a live fluorescent collagen
probe was used to label mature collagen synthesized by the cells.
CNA35 probes have high affinity and selectivity for collagen (Krahn
et al., 2006; Aper et al., 2014), and were created according to
previously published methods (Tan et al., 2019), and described
briefly here. The pET28a-EGFP-CNA35 vector was a gift from
Maarten Merkx (Addgene plasmid #61603; http://n2t.net/
addgene:61603; RRID:Addgene_61603). This vector contains the
CNA35 collagen probe, created by fusing the collagen binding
domain of Staphylococcus aureus collagen binding adhesin CNA
with GFP. The vector was transformed into BL21 (DE3) E. coli.
Protein production was induced with 1 mM Isopropyl ß-D-1-
thiogalactopyranoside (IPTG) after which cultures were grown
overnight with shaking at 37°C. Cells were recovered by
centrifugation and resuspended in 20 mM Tris-HCl (pH 7.9), 0.
5 M NaCl, 30 mM imidazole. Cells were lysed using an LM-10
microfluidizer (Microfluidics International Corp, Westwood, MA)
and purified using Ni-NTA agarose (ThermoFisher, catalog #
88222), pre-equilibrated and washed with resuspension buffer.
Protein was eluted using 0.5 M imidazole and dialyzed in 50 mM
Tris-HCl (pH 8.0), 100 mM NaCl. Purification and dialysis were
shielded from light exposure using aluminum foil. After purification,
samples were incubated in the dark at 37°C to allow complete
chromophore maturation. Proteins were quantified and diluted to

10 µM final concentration. Aliquots were stored at −80°C and
thawed on ice immediately prior to use. The probe was added to
the cultures at a dilution of 1:50 and allowed to bind overnight.
Samples were then fixed and stained according to the methods
described above.

Luminex panel for secreted factors

In order to identify potential secreted factors of interest from EC
and hDF, media was collected from the top and bottom channels of
individual PREDICT96 devices and immediately frozen at −80°C
until use. Cytokine secretion was quantified using a Human XL
Cytokine Magnetic Luminex Performance Assay 45-plex Fixed
Panel (R&D Systems, catalog # LKTM014). The samples were
processed by following the manufacturer’s protocol and analyzed
with a Luminex FLEXMAP 3D System. The data collected were used
to generate standard curves for each analyte using the
manufacturer’s specified point curve-fit for each analyte. The
concentration of the secreted factors was determined for each
individual PREDICT96 device channel. Devices derived from the
same experimental conditions were averaged (n = 4). Samples that
were below the limit of detection of the kit were removed from the
averaged analysis, but included on the graphs for comparison
(represented by triangles).

Cytokine and growth factor treatments

For activation studies involving individual factors identified in
EC channels by Luminex, hDF mono-cultures were seeded into
96 well plates as described above. At 3 h post-seeding, the media was
refreshed and dosed with respective factors of interest to simulate
exposure to these factors during co-culture. All factors were
reconstituted into stock solutions according to the manufacturer’s
instructions and used at 1 or 10 ng/mL. At 24 h post-seeding, the
media was refreshed with individual factors plus TGFβ1 at 10 ng/
mL. After 72 h, the media was refreshed with the fluorescent
collagen probe added. The next day, the samples were fixed and
stained for SMA and Hoechst. Details on the growth factors and
cytokines used are provided in Supplementary Table S1.

Single cell RNA sequencing

Single cell RNA sequencing (scRNA-seq) was run on a set of
control and TGFβ1-treated samples subjected to high FSS. EC
mono-cultures, hDF mono-cultures, and EC-hDF co-cultures
were extracted from devices using Accutase and checked for cell
count and viability by flow cytometry using acridine orange and
propidium iodide. One device per condition was also stained for
CD31 and SMA to ensure the models responded as expected.

Single cell RNA sequencing libraries were prepared from >90%
live EC and hDF, freshly isolated from PREDICT96 devices using a
10X Chromium 3’ reagent kit (v3.1). Target recovery was
10,000 cells. The final library was sequenced on a NovaSeq SP
flow cell with a yield of 772M 150 bp reads. After pseudoalignment
(Melsted et al., 2019) to the GRCh38 reference genome, 72% of the
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reads were retained (561M aligned reads, ~50 k per cell average),
and ~10,000 non-empty droplets were identified (inflection point of
UMI distribution plot). After removing empty droplets, averages of
~28,000 UMIs and ~5,000 genes were detected per cell. Low-quality
cells were filtered using relatively stringent criteria. Cells
with <2,000 genes detected and a >20% fraction of mitochondrial
gene UMIs detected were removed prior to further analysis.

For cell clustering, the top 20% most variable genes were
identified using scran (Lun et al., 2016). Principal components
(10 dims) and UMAP projections (2 dims) (McInnes et al., 2018)
were constructed using monocle3 (Cao et al., 2019). Cells were
clustered using the Leiden community detection (Traag et al., 2019)
method at a resolution of 0.001. Marker genes for each cluster were
identified in two passes, first by a Jensen-Shannon specificity score,
followed by a likelihood ratio test against a reference sample of cells,
both implemented in the top_markers function of monocle3. To
specifically look at how gene expression changed between clusters of
cells, sets of genes with spatially correlated patterns of expression
were identified using graph autocorrelation analysis (implemented
in monocle3 by functions graph_test and find_gene_modules).
Genes with highly localized expression patterns within clusters
and abrupt changes in expression between clusters were selected
for further analysis. Gene enrichment analysis was performed using
the GSEA method (Subramanian et al., 2005) with the hallmark and
transcription factor target gene sets from MSigDB (Liberzon et al.,
2015). Genes identified previously were grouped by enriched terms,
and average gene expression for each term was calculated for each
cluster. Heatmaps of average log counts of each term within each
cluster were plotted using pheatmap.

Statistical analysis

Statistical analyses were performed in GraphPad Prism (version
9.3.1). Ordinary one- or two-way analysis of variance (ANOVA)
with Tukey’s or Sidak’s post hoc tests were used where appropriate
and are noted in the figure legends. For the Luminex panel, multiple
unpaired t-tests were used to compare EC vs hDF channel-specific
factors. Note that due to the complexity of the statistics, only those
most relevant to the results and discussion are indicated on the
graphs for p-values <0.05. In addition, we determined intra- and
inter-plate variability by calculating the coefficient of variance for
SMA MFI across four conditions (hDF mono-culture without
TGFβ1, hDF mono-culture with TGFβ1, hDF co-culture without
TGFβ1, hDF mono-culture with TGFβ1) within a single
PREDICT96 plate and across 3 independent PREDICT96 plates.

Results

Different perivascular cell sources
demonstrate variable sensitivity to TGFβ
activation

Given that multiple organs within the human body can
undergo fibrosis, we first studied TGFβ1-induced activation of
several perivascular cell types derived from different human
tissues. Dose response curves were generated for 2 fibroblast

types (NHLF and hDF), pericytes (RPCs), and primary human
retinal microvascular endothelial cells (EC). We chose retinal
microvascular EC as the EC source for our model due to their
high blood EC population (Nakao et al., 2012) compared to
microvascular EC sourced from other organs which often
contain lymphatic EC (Kriehuber et al., 2001). We found that
different donors and organ sources of perivascular cells had
varying sensitivities to TGFβ1, but all responded with
increased SMA expression in a dose-dependent manner
(Figure 2). NHLF had the highest activation as measured
by SMA expression, followed by hDF. RPC had very low
response to TGFβ1 compared to NHLF and hDF. The EC
source used for these experiments did not express SMA even
at the highest dose of TGFβ1 tested. For the remainder of the
studies, we focused on the medium-responsive hDF as the
perivascular cell type.

Development and validation of endothelial
cells under fluid shear stress

Fluid shear stress (FSS) is a critical biomechanical cue for EC
health and disease (Baeyens et al., 2016; Gimbrone and Garcia-
Cardena, 2016). Prior to initiating the co-culture studies, we
validated the ability of the high flow pump to modulate human
EC response to fluid flow. The high flow pump (Figure 3A) had
an average stroke volume of 11.7 µL (CV = 4.8%) and provided
recirculating flow in one channel of each of the 96 dual-channel
PREDICT96 devices. Independent control on the left and right
halves of the pump allowed the study of two FSS regimes within
a single experiment. In previous work, we have demonstrated
alignment of EC with high FSS (Azizgolshani et al., 2021) and
high viability of the co-culture model up to 2 weeks (Rogers
et al., 2021). Here, we first validated the system using a reporter
EC line which had been engineered to express fluorescently
tagged KLF2, a well-known shear-responsive transcription
factor (Slegtenhorst et al., 2018). Reporter EC were cultured
under varying flow rates resulting in 0, 0.5, 2, 4, and 7.5 dyn/cm2

FSS for 48 h and then immediately imaged. KLF2 expression
increased in a “dose-dependent” manner with increasing FSS
(Figures 3B–D). We then analyzed the shear-responsive genes
KLF4 and PECAM1 by RT-qPCR in the primary retinal
microvascular EC to be used in co-culture studies after
exposure to 0.5 dyn/cm2 and 7 dyn/cm2. KLF4 was
significantly upregulated while PECAM1 was significantly
downregulated in 7 dyn/cm2 compared to 0.5 dyn/cm2

conditions (Figure 3E).
Ultrastructural evaluation of cultured primary retinal

microvascular EC in the PREDICT96 platform was
successfully conducted using gold-particle labeling and
electron microscopy. These experiments provided initial
insights into the morphologic features of ECs that would be
expected under different physiological conditions. EC under low
FSS had a mixture of organelles including mitochondria, rough
endoplasmic reticulum (RER), and Golgi (Figure 3F). When high
FSS conditions were applied, the relative proportion of RER
increased in relation to the other organelles such as the
mitochondria and Golgi, and electron-dense bodies consistent
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with lipid were more prominent (Figure 3G). These observations
are consistent with reorientation of the cells (Davies, 2009) and
increased production of proteins such as VE-cadherin (Noria
et al., 1999) associated with FSS.

Overall, these findings showed that the PREDICT96 system was
capable of inducing a physiologically relevant range of FSS for our
vascular model, as indicated by the differential responses of EC to
low vs high FSS. We then defined 0.5 dyn/cm2 as “low” FSS and

FIGURE 2
Dose response of different perivascular cell types and EC to TGFβ1 stimulation in mono-culture. (A) Representative images of cells stained for
Hoechst 33342 (blue) and SMA (green). Images show PREDICT96 device channel overlap area (3 mm × 1 mm). (B) Quantification of SMA mean
fluorescence intensity (MFI) normalized to themaximum responder (NHLF at highest TGFβ1 dose of 30 ng/mL, assumed 100% activation) as a function of
TGFβ1 concentration. NHLF were the most responsive to TGFβ1; hDF had a mid-level response, and RPC had very low activation in response to
TGFβ1. EC did not express SMA. NHLF = normal human lung fibroblast; hDF = human dermal fibroblast; RPC = retinal pericyte; EC = endothelial cell.

FIGURE 3
Validation of high flow pump and EC response to FSS. (A) Photo of the pneumatically actuated PREDICT96 high flow pump lid showing 96 arrayed
micro-pumps. (B) Representative images of Hoechst stain and KLF2-GFP expression in reporter EC subjected to different FSS conditions. Insets show
close-up of KLF2 for select conditions. Quantification of (C) total nuclei and (D) KLF2 expression as a function of FSS. **p < 0.005, ****p < 0.0001 for one-
way ANOVA with Tukey’s post hoc test for n = 4-8 devices per condition. (E) Comparative gene expression for shear-responsive genes in retinal
microvascular ECs; positive values indicate upregulation with exposure to high FSS (7 dyn/cm2) relative to low FSS (0.5 dyn/cm2), while negative fold
change indicates downregulation. (F) Electron micrograph showing ultrastructure of retinal microvascular EC under low FSS, exemplified with
cytoplasmic organelles, including rough endoplasmic reticulum (RER; #), Golgi (+), andmitochondria (white arrow). (G) Electronmicrograph of EC under
physiological FSSwithmore abundant RER and electron dense bodies consistent with lipids are observed. Gold particle labeling indicated by black arrows.
Images at x7000 magnification.
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7 dyn/cm2 as “high” FSS conditions for the remaining experiments.
All remaining studies were conducted with the retinal microvascular
EC and/or hDF.

Altered activation response of perivascular
cells in co-culture

After selecting the perivascular cells and FSS conditions for
further study, we then characterized the response of the EC-hDF
co-culture model to TGFβ1 stimulation. A representative experiment
is depicted in Figure 4 and representative images of cell nuclei are
provided in Supplementary Figure S1. hDF, which were not directly
exposed to FSS, did not exhibit any obvious orientation response. EC
under low FSS had disorganized nuclei while under high FSS, nuclei
became more uniform and oriented with the direction of flow. We
next noted several interesting observations in the co-culture model
compared to the hDF mono-cultures. First, there was often basal
activation in the co-culture control conditions, in which no exogenous
TGFβ1 had been added. However, despite basal effects, exogenous
TGFβ1-stimulated activation of the hDF in co-culture with EC was
significantly blunted compared to hDF mono-cultures. This
observation was measured across multiple perivascular cell sources
and independent experiments (data not shown). Furthermore, the
effect was not altered by low vs high FSS (Figure 4B), suggesting that
the presence of EC was the dominant factor in the response. In
addition to quantification of SMA staining, we further corroborated
the effect of co-culture by RT-qPCR (Figure 4C). Analysis of hDF gene
expression in mono-culture and in co-culture with EC revealed that

the col1a1 gene was significantly upregulated in co-culture compared
to mono-culture while the acta2 gene (encoding SMA protein) was
significantly downregulated. Of additional note, the genes for TGFβ
receptors 1 and 2 were similar in mono- and co-cultured hDF,
suggesting that reduced activation in co-culture was not due to
alterations in receptor expression.

Endothelial-derived secreted factors reduce
activation of perivascular cell mono-
cultures

Intercellular cross-talk can occur via direct contacts or signaling
via secreted factors (Méndez-Barbero et al., 2021). We examined
whether soluble factors derived from EC may cause basal activation
without TGFβ1 and/or blunted activation in the presence of TGFβ1.
We collected conditioned media from EC mono-cultures, EC co-
cultures, hDF mono-cultures, and hDF co-cultures exposed to high
FSS and compared the activation responses of hDF mono-cultures
treated with these various conditioned media (Figure 5). Interestingly,
we found slight increased basal activation of hDF subjected to EC-
derived conditioned media both in terms of SMA expression and
collagen deposition compared to hDF conditioned media (Figures 5B,
D gray), similar to our co-culture studies. In the presence of
exogenous TGFβ1, SMA expression was significantly reduced in
EC-derived conditioned media compared to hDF conditioned
media and control (non-conditioned) media (Figures 5A, B blue).
Collagen was slightly but significantly increased in all conditioned
media compared to control media (Figures 5C, D blue).

FIGURE 4
The response of fibroblasts to TGFB1 stimulation in co-culture with EC. (A) Representative immunofluorescence images of fibroblast mono- and
co-culture conditions showing SMA (activated fibroblasts, red), ERG (EC nuclei, green), and Hoechst stain (all nuclei, blue). The images show primarily the
device channel overlap region (4 mm× 1 mm), but fibroblasts can also be observed in the arms of the top channel (top corners of images) and EC nuclei in
the arms of the bottom channel (bottom corners of images). (−) no TGFβ1 (+) 10 ng/mL TGFβ1. (B) Quantification of SMA mean fluorescence
intensity (MFI) normalized to fibroblast mono-culture high FSS controls, which had the highest signal and assumed 100% activation.^p < 0.05 for TGFβ1-
treated condition with respect to its untreated control, *p < 0.05 shown for additional comparisons of interest, two-way ANOVA with Sidak’s multiple
comparisons test, n = 4 per condition. (C) Comparative gene expression for fibroblasts in mono-culture (black bars) and in co-culture with EC (red bars).
Positive fold-change values indicate upregulation in TGFβ1-treated conditions with respect to controls; negative values indicate downregulation.
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We then sought to identify which EC-derived factors might
affect the perivascular cell activation response. First, we considered
that low level myofibroblast activation in control conditions could
have been due to active TGFβ1 produced by the co-culture model, as
described by previous studies (Sato et al., 1993). We found that EC
produced significantly more TGFβ1 compared to hDF
(Supplementary Figure S2) and at levels sufficient to induce
activation, such as shown in Figure 2. The endogenous
production of low levels of TGFβ1 by the EC likely explained the
basal activation observed in the co-culture model in the absence of
exogenous TGFβ1 stimulation.

We then analyzed a 45-plex Luminex panel of secreted factors
across our mono- and co-culture conditions to identify factors that
may be unique to or enriched in the EC. Media was collected
separately from the EC- and hDF-containing channels for
analysis. Of the 45 factors analyzed, 26 produced detectable levels
in the EC or hDF channel-derived media (Figure 6). Of these,
19 were significantly higher in the EC channel compared to the
hDF channel: Gro-α, IL-6, CD40 Ligand, Fractalkine, Gro-β, G-CSF,
PDGF-AA, Flt-3 Ligand, GM-CSF, PD-L1/B7-H1, MIP-3β, MIP-3α,
EGF, Granzyme B, Interferon γ, IL-15, IL-3, PDGF-AB/BB, and
TGFα. We ran experiments with hDF mono-cultures and
recombinant human proteins to determine if the highly expressed
factors from Figures 6A, B affected activation. There was no
significant effect on SMA expression and only a modest, albeit

significant, effect on collagen deposition in the presence of GRO-β,
GRO-α, and Flt-3 Ligand (Supplementary Figure S3).

In addition, we identified differentially expressed genes in the
EC vs hDF populations from our scRNA-seq data (Table 3). Note
that 6 of the 9 highly expressed factors identified in the Luminex
panel also had significant gene upregulation in EC vs hDF
populations: CXCL2/GRO-β, CXCL1/GRO-α, CSF3/G-CSF,
PDGFA, CD40, CX3CL1/Fractalkine. The TGFβ1 gene was also
enriched in the EC population, in agreement with our ELISA study
demonstrating increased TGFβ1 production by EC. However, a
number of other factors and families were identified, such as
members of the TNF super family, FGFs, and interleukins.

scRNA-seq reveals sub-populations of EC
and hDFs, including acta2-enriched clusters

To examine the physiological status of cells within the model
and to identify potential crosstalk between cell types, we employed
scRNA-seq. While not as sensitive as bulk RNA sequencing, scRNA-
seq is well-suited for identifying and quantifying cellular
heterogeneity within tissues (Patel et al., 2014; Choi and Kim,
2019). The vascular models were constructed with co-cultured
EC and hDF, as well as mono-cultures of EC and hDF. Some of
the samples were treated with TGFβ1. We isolated cells from the

FIGURE 5
The effects of conditioned media on fibroblast activation in mono-culture. (A) Representative images of SMA staining for control media and
conditioned media from hDF and EC, with or without 10 ng/mL TGFβ1. (B) Quantification of mean fluorescence intensity for SMA. (C) Representative
images of fluorescent collagen probe for control media and conditioned media from hDF and EC, with or without 10 ng/mL TGFβ1. (D)Quantification of
mean fluorescence intensity for collagen. For both graphs in B and D, data are normalized to the hDF in control media treated with TGFβ1, assumed
100% activation.^p < 0.05 for TGFβ1-treated conditions with respect to its untreated control, *p < 0.05 compared to the control media with TGFβ1, two-
way ANOVA with Tukey’s multiple comparisons test, n = 4 per condition.
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devices at 5 days post-TGFβ1 stimulation and performed scRNA-
seq on the mixed populations. First, we confirmed sufficient cell
numbers and viability (Supplementary Figure S4). Extractions
typically yielded 1,500–3,500 cells per channel, with >75%
viability in most cases. We anticipated heterogeneous gene
expression within the EC and hDF cell populations from the
various conditions, reflecting their responses to changes in the
local signaling environment induced by co-culture and/or
TGFβ1 stimulation.

Both cell types clustered into distinct cell sub-populations
with different characteristics (Figure 7). The number of clusters
correlated with the expected heterogeneity of the cell types. EC
formed four clusters while hDF formed nine clusters (Figures 7A,
B). Each cell type had at least one cluster expressing markers of
proliferation (TOP2A, BIRC5, TK1, and/or CDC20) (Figures 7C,
D). The non-proliferating populations of each cell type expressed
signature genes consistent with responses to extracellular cues.
Non-proliferating EC separated into two cell clusters. The EC
subpopulation in cluster #1 expressed cytokines such as MDK,
CCL2, and GDF15 which control cell growth and differentiation,
and promote angiogenesis. The EC subpopulation in cluster
#2 expressed genes such as CAV1, ADAM15, and ERK
signaling targets such as VIM and CCDN3 which control cell
proliferation, migration, and responses to stress. The observation

of these two distinct EC subpopulations is reminiscent of
angiogenesis and neovascularization, two EC-dependent
processes controlled by many extracellular factors, including
TGFβ1 and VEGF.

The hDF cell subpopulation had clusters expressing acta2 and
ECM-related genes, clusters #5 and #9, that were distinct from
separate clusters of proliferating cells (Figure 8). In addition, there
were clusters of cells that appeared largely quiescent (clusters #3 and
#4). Non-proliferating and non-activated hDF formed a supercluster
expressing high levels of DCN and collagen precursors.
Interestingly, while one part of the supercluster, cluster #4, was
strongly quiescent, marked by downregulation of cell proliferation
and cytoskeletal rearrangement genes, neighboring clusters #1 and
#2 expressed genes related to complement activation (C1R, C1S,
CLEC3B). This latter set of cells also expressed higher levels of ECM-
associated genes, such as ITGB1, MMP2, and SERPINE2, suggesting
a possible link between activation of innate immunity and onset of
fibrosis.

Discussion

The activation of perivascular cells to a myofibroblast phenotype
is an early event in fibrosis that is common across organ types

FIGURE 6
Secreted proteins detected inmedia from EC and hDF channels. A custom Luminex panel was used to detect secreted cytokines and growth factors.
Media was harvested from the EC and hDF channels to determine cell type-enriched factors. Data is separated by (A) high, (B) medium, and (C) low
concentration in the EC channel. Multiple unpaired t-tests were used to determine whether a factor was significantly enriched in the EC vs hDF-derived
media. **p < 0.01, ***p < 0.001, ****p < 0.0001, N = 4 per condition. Blue triangles indicate conditions in which the analytes were below the limit of
detection and not included in statistical analyses.
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TABLE 3 Differentially expressed genes in EC–cytokines and growth factors.

Gene short name Entrez gene ID Number of EC expressing log2 fold change

KDR 3791 1001 7.2

PDGFB 5155 666 6.4

JAG2 3714 1012 6.2

CSF2RB 1439 496 5.5

TNFSF15 9966 605 5.4

BMP6 654 518 5.2

LTB 4050 153 5.2

TNFSF4 7292 606 5.2

TNFRSF4 7293 249 4.7

TNFSF10 8743 506 4.6

IL3RA 3563 230 4.4

ACVRL1 94 4872 4.3

GDF3 9573 190 4.3

TNFRSF25 8718 1061 4.1

EFEMP1 2202 742 4.0

TNFRSF21 27242 2177 3.8

FLT1 2321 1,340 3.7

CCL2 6347 3234 3.6

BMP4 652 2747 3.5

CXCL8 3576 636 3.4

PDGFD 80310 1584 3.4

IL4R 3566 1469 3.3

PGF 5228 4276 3.3

HBEGF 1839 1,132 3.1

BMP2 650 517 3.0

TNFSF9 8744 510 3.0

CCN2 1490 4617 2.9

TNFRSF10A 8797 1188 2.8

KIT 3815 118 2.7

CXCL2 2920 636 2.6

NRG3 10718 52 2.6

TNFRSF10C 8794 693 2.6

TGFBR2 7048 5625 2.6

TNFRSF11A 8792 145 2.5

IL1A 3552 204 2.5

CXCL1 2919 2277 2.4

TNFSF18 8995 120 2.4

TNFRSF1B 7133 1,059 2.4

(Continued on following page)
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TABLE 3 (Continued) Differentially expressed genes in EC–cytokines and growth factors.

Gene short name Entrez gene ID Number of EC expressing log2 fold change

FLT4 2324 65 2.4

FGF12 2257 77 2.4

GDF7 151449 282 2.3

CSF3 1440 72 2.2

IL6ST 3572 7464 2.1

IL18R1 8809 127 2.0

GMFG 9535 230 2.0

JAG1 182 1712 1.9

TNFRSF10B 8795 4765 1.9

EPOR 2057 771 1.9

BMPR2 659 5647 1.8

PDGFA 5154 2593 1.8

CD40 958 876 1.8

AMH 268 161 1.8

TGFB2 7042 674 1.8

NRG1 3084 1,673 1.8

OSGIN2 734 2061 1.8

FGF18 8817 206 1.8

TNFRSF10D 8793 2247 1.7

MET 4233 1,642 1.7

IL6R 3570 418 1.7

TGFB1 7040 6463 1.7

GDF15 9518 4070 1.7

OSGIN1 29948 1,413 1.7

MDK 4192 8472 1.6

GRN 2896 8524 1.6

CXCL16 58191 555 1.6

PLEKHO2 80301 2411 1.6

CX3CL1 6376 16 1.6

BMPR1B 658 89 1.5

ACVR1B 91 806 1.5

IFNAR2 3455 3562 1.4

INHBA 3624 2181 1.4

PSPN 5623 117 1.4

TNFRSF14 8764 3355 1.3

IL13RA1 3597 4604 1.3

RELT 84957 626 1.3

RABEP2 79874 2912 1.3

(Continued on following page)
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(Greenhalgh et al., 2013). While perivascular cells have been of
particular interest as targets of novel therapeutics, other cell types
that interact with pro-fibrotic perivascular cells should be
considered, particularly those that could limit a pathogenic

response. Studies of liver fibrosis have revealed the importance of
liver sinusoidal EC in maintaining stellate cell quiescence (DeLeve
et al., 2008; Poisson et al., 2017). The goal of this work was to
determine whether this phenomenon was generalizable

TABLE 3 (Continued) Differentially expressed genes in EC–cytokines and growth factors.

Gene short name Entrez gene ID Number of EC expressing log2 fold change

NRG2 9542 74 1.2

ADA2 51816 579 1.1

HDGFL3 50810 3645 1.1

LIFR 3977 1,437 1.1

IFNGR2 3460 689 1.1

ADA2 51816 579 1.1

HDGFL3 50810 3645 1.1

CD320 51293 5948 1.0

FIGURE 7
Identification of EC and hDF sub-populations by scRNA-seq. EC and hDF were isolated from co-culture models, encapsulated using a 10X
Chromium flow cell, and sequenced. Cell types were identified from gene expression signatures by clustering on highly-variable genes (see methods).
Distinct cell subpopulations for both (A) EC and (B) hDF were observed. Markers for the clusters within (C) EC and (D) hDF sub-populations highlight
significant phenotypic heterogeneity, including proliferation, differentiation, and wound repair. Distinct gene programs co-expressed within each
cluster for (E) EC and (F) hDF enrich MsigDB terms that suggest both unique and overlapping biological processes as cells within each subpopulation
adapt and respond to their microenvironment.
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(i.e., occurring in other types of EC-perivascular cell interactions)
and to gain insight into potential mechanisms. The key findings of
our study are as follows: 1) We found that co-culture of hDF with
microvascular EC reduced TGFβ1-induced myofibroblast
activation. Specifically, SMA expression was reduced at the
protein and gene expression levels as determined by
immunofluorescence staining and RT-qPCR, respectively. 2) The
effect of EC was at least partially due to secreted factors as
determined by conditioned media studies, although the specific
factor(s) remain elusive. 3) Single cell RNA-seq studies revealed a
number of differentially expressed factors in EC vs hDF that could
be explored in future work. In addition, scRNA-seq identified
subpopulations of EC and hDF, most notably acta2-and collagen-
expressing hDF clusters indicative of the myofibroblast activated
state as well as quiescent hDF subpopulations.

The vascular model and experimental workflow was designed to
achieve some level of activation in the both the hDF mono-culture
and EC-hDF co-cultures. This goal required optimization of the co-
culture media, order of cell seeding, and timing of
TGFβ1 stimulation. In our initial studies, we explored various
sources of perivascular cells: lung fibroblasts, dermal fibroblasts,
and retinal pericytes. Interestingly, not all of these cell sources had
the same response to TGFβ1, with lung fibroblasts being “high”
responders, hDF being “mid” responders, and RPC being “low”
responders (Figure 2). These differential responses could be due to
variations across donors, ages, and/or tissue sources. We were also
able to rule out potential EC activation (endothelial to mesenchymal
transition) as we saw no TGFβ1-induced expression of SMA in the
EC source selected for this study. Interestingly, we also found that
the model was difficult to perturb if TGFβ1 was added more than

24–30 h after seeding the perivascular cells. Therefore, in early
experiments we selected the approach of seeding the EC first so
that the perivascular cell source could be treated with TGFβ1 within
an optimal time frame. We also explored methods to enhance
myofibroblast activation in co-culture by attempting to
simultaneously induce EC injury with TNFα or thrombin.
However, these approaches did not affect hDF activation.
Additionally, we found that FSS was required for reproducible
outcomes in the co-culture model, as statically cultured models
tended to have high basal activation and/or inconsistent responses to
exogenous TGFβ1 (data not shown).

The PREDICT96 high flow pump is unique in that it can apply
physiologically relevant FSS to 96 independent microfluidic vascular
tissues in the PREDICT96 plate. We confirmed that EC were
responsive to FSS using a KLF2 reporter cell line, morphological
changes (qualitative elongation and alignment with the direction of
fluid flow), ultrastructural changes, and the expression of two shear-
responsive genes (Figure 3). KLF2 and KLF4 are known to increase
with physiological FSS (Hamik et al., 2007; Fan et al., 2017). Others
have reported that low FSS can induce an inflammatory or
atheroprone state in ECs, while high FSS promotes a healthy
phenotype (Dai et al., 2004; Ruze et al., 2018; Xie et al., 2020).
Accordingly, PECAM1 (CD31), an inflammatory and shear-
responsive molecule in EC (Woodfin et al., 2007) was
downregulated with high FSS compared to low FSS. Of note, we
found that FSS, at least at the two flow rates studied, did not appear
to be a major factor in the hDF activation response: activation was
similarly blunted in low and high FSS co-culture models compared
to hDF mono-cultures (Figure 4). This result suggested that the
presence of EC was the most significant variable affecting the hDF

FIGURE 8
Expression of acta2 and col1a1 in hDF sub-populations. Localized expression of markers of fibroblast activation are observed in the hDF cell
subpopulation by scRNA-seq. (A) The gene for alpha smoothmuscle actin (ACTA2) expression is highly specific for clusters #5 and #9. (B)Collagen type 1
(COL1A1) is co-expressedwith ACTA2 in clusters #5 and #9 consistent with an activatedmyofibroblast phenotype. Other COL1A1 expressing cells are not
expressing ACTA2, suggesting differentiated matrix-producing fibroblasts that have not fully transitioned to a myofibroblast phenotype.
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activation response. However, given the considerable range of
physiological FSS in the human vascular system (Hathcock,
2006), it is possible that different levels of FSS could have a
significant effect and would be interesting to study in future
work. Furthermore, we acknowledge that other potentially
relevant variables may change with flow, such as mixing,
oxygenation, or transport of nutrients, which could also affect
cell response.

The primary discovery of this work was that TGFβ1-induced
activation of hDF in co-culture with EC was consistently blunted
compared to the hDF mono-culture response. We measured
variability in our platform for key conditions within and across
plates (Supplementary Table S1) and generally found it to be low or
within acceptable ranges for biological systems (4%–18%), with the
highest variability observed in hDF mono-cultures without TGFβ1.
Considering the methods of cell-cell communication, the potential
mechanisms could be via secreted factors (paracrine or autocrine) or
via direct cell-cell contacts. Due to limitations of electron microscopy,
we were unable to observe whether the two cell types could make direct
contact through the microporous membrane. However, in preliminary
studies of direct contact co-culture with both cell types in well plates,
hDF had significant and robust activation without the addition of
exogenous TGFβ1 (data not shown). Others have found that EC-
smooth muscle cell co-cultures produce active TGFβ1 (Sato et al., 1993)
which may explain this phenomenon in our own direct co-culture
studies, as well as the low basal activation observed in the “indirect” co-
culture configuration in PREDICT96 devices. Therefore, we cannot rule
out direct contact through the microporous membrane as a potential,
but likely minor, mechanism of EC-hDF communication in our model.

Our conditioned media studies revealed that EC-derived media,
regardless of mono- or co-culture, consistently blunted hDF mono-
culture activation to similar levels observed in the co-culture model
(Figures 4, 5). In contrast, hDF-conditioned media, regardless of
mono- or co-culture, had no effect on hDF activation in mono-
culture. Taken together, this data suggested that the blunted
activation effect was due to paracrine signaling from the EC and
did not appear to involve autocrine signaling from the hDF.We note
that the studies of mono-cultured fibroblast response to conditioned
media were carried out in 96 well plates for simplicity. Although
preliminary mono-culture experiments did not indicate a difference
in activation behavior in 96 well plates vs PREDICT96, we have not
completed detailed comparisons of these culture formats, but believe
it could be valuable in future work. In addition, we did not include
fibroblast-fibroblast co-cultures, which could also provide additional
insights in future studies.

We then identified potential EC-derived factors by Luminex and
scRNA-seq. The Luminex panel identified 19 factors that were
significantly enriched in EC channel-derived media compared to
hDF-derived media. Of these, two factors (GROα, IL-6) were highly
expressed at ~2,280–12,500 pg/mL, seven factors (CD40,
Fractalkine, GROβ, G-CSF, PDGF-AA, Flt-3 Ligand, GM-CSF)
were mid-range at 173–1,285 pg/mL, and the remaining
10 factors were low abundance at < 100 pg/mL. Interestingly,
some of these growth factors and cytokines have been associated
with fibrosis, such as PDGF (Cesta et al., 2010; Borkham-Kamphorst
and Weiskirchen, 2016; Wang et al., 2017), GROα/CXCL1, and
GROβ/CXCL2 (Wynn, 2011; Wu et al., 2021), although we note that
many of these studies have been carried out in animal models. Other

factors, such as G-CSF and GM-CSF, are associated with inhibition
of fibrosis (Moore et al., 2000; Zhao et al., 2020). However, we found
that none of the 9 high to mid-range EC-derived factors significantly
affected SMA expression in hDF mono-cultures stimulated with
TGFβ1, although GROβ, GROα, and Flt-3 Ligand hadmodest effects
on deposited collagen. It is possible that lower abundance factors
such as TNFα and FGF-2, which are known to reduce myofibroblast
activation (Arancibia et al., 2013; Dolivo et al., 2017), could be
playing a role and potentially in concert with other low abundance
factors. It is also possible that EC-secreted factors not identified by
the Luminex panel (additional growth factors or cytokines, soluble
receptors (Smith et al., 1999), additional isoforms of TGFβ or
members of the TGFβ superfamily, microRNAs, lipids, ECM-
derived or sequestered factors) are responsible for the effects on
hDF, but a more comprehensive experimental study was beyond the
scope of this work.

The scRNA-seq data offers an opportunity to generate additional
hypotheses where expression of SMA by hDF could be modulated by
cross-talk between EC and hDF. By looking at differential gene
expression between EC and hDF, we identified a set of EC-specific
genes expressed in co-culture. We then subset this list of EC-specific
genes to those expected to be involved in cellular cross-talk
mechanisms: cytokines, growth factors, and ECM proteins (Table 3).
While some of the genes corroborated the Luminex data, two
compelling alternative hypotheses also emerged. Heparin binding
EGF-like growth factor (HBEGF) is moderately expressed by EC
and is known to induce proliferation in fibroblasts, which could
inhibit SMA expression (Kirkland et al., 1998). In addition, JAG2 is
highly expressed by EC and regulates cell fate decisions via Notch
signaling. JAG1 and JAG2 have been shown to have distinct biological
activities in rapidly proliferating cells (Choi et al., 2009), and the
NOTCH3 receptor is selectively expressed by hDF in our model
(Supplementary Figure S5). NOTCH3 has been shown to control
fibroblast differentiation and mediate inflammation (Wei et al.,
2020). While neither of these hypotheses can definitively rule out
more complex mechanisms, they exemplify some of the ways that a
co-culture model such as ours can be used to investigate mechanisms of
cellular cross-talk and their influences on complex disease states,
especially at early stages of pathogenesis.

In addition to the limitations described above, we note the following
aspects of our model which could be explored in future work. The cells
used were not donor-, age-, or sex-matched due to what was
commercially available at the time the work was carried out.
Although some of our preliminary work with the microvascular EC
and RPC were tissue source-matched (retinal), most of our studies used
the “mid-responding” hDF and thus were not tissue-matched. It is well-
known that organ-specific EC have unique phenotypes that may
influence cellular and tissue responses (Aird, 2012; Jambusaria et al.,
2020; Gunawardana et al., 2021), which would be interesting to study in
the future. In particular, expanding the platform to include tissue-
matched EC-perivascular cell co-cultures would provide mechanistic
insights into either organ-agnostic or tissue-specific responses to pro-
fibrotic perturbations. Regarding fibroblasts, these cells are a diverse
population within and across organs (Lendahl et al., 2022), and can take
on many states or phenotypes. Our studies focused on the evaluation of
activation via SMA and collagen, although we acknowledge that the
impact of EC on fibroblast behavior could very well extend beyond these
measurements. Most of our experiments used SMA expression as

Frontiers in Molecular Biosciences frontiersin.org16

Luu et al. 10.3389/fmolb.2023.1160851

https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2023.1160851


measure of activation, which did not always correlate with collagen
deposition. Given that these studies were conducted over a
relatively short timeframe post-TGFβ1 exposure (72–96 h),
longer-term effects on ECM deposition should be measured to
further characterize myofibroblast state, as well as other indicators
such as gene expression profiles or contractility. In addition, our
model did not include immune cells, and we note that
macrophages would be an important next step for the model,
given their role in fibrosis (Wynn and Barron, 2010). We believe
that earlier time points or a time course study utilizing scRNA-seq
analyses would also provide further valuable insight into the
influence of EC and cellular cross-talk in myofibroblast activation.

In summary, we have developed a human vascular organ-on-chip
co-culturemodelwith physiological FSS that has provided insight into the
role of EC in modulating the early TGFβ1-induced activation responses
of perivascular cells. The throughput nature of the PREDICT96 platform
could enable exploration of age and sex differences, and organ-specific
pairings of microvascular EC and pericytes/fibroblasts (heart, lung, skin,
liver, etc.) in future work. Given the influence of EC on myofibroblast
activation, EC-derived factors warrant further investigation for anti-
fibrotic therapies.
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