Highlighting a research work from the Disease
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A soft-stiff patterned bioengineering model reveals kinase
pathways driving directional cell migration in pulmonary
arterial hypertension

This study introduces a patterned “zebra-crossing” hydrogel
that mimics the mechanical landscape of pulmonary arterial
hypertension (PAH). When exposed to alternating soft-stiff
stripes, PAH smooth muscle cells migrate directionally—
revealing a stiffness-guided behavior regulated by
JAK/STAT signaling. These findings highlight druggable
kinase pathways behind mechanosensitive migration and
open new avenues for targeting stiffness-driven vascular
disease.

Image reproduced by permission of Taslim A. Al-Hilal from
Biomater. Sci., 2025, 13, 5671.
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1. Introduction

A soft-stiff patterned bioengineering model
reveals kinase pathways driving directional cell
migration in pulmonary arterial hypertension
Tamanna Islam,? Jacob Hooper,” Xiaojun Zhang, Clarissa Garcia,”

Md Mahedi Hasan,? David H. Drewry,“® Mohammad Anwar Hossain
Taslim A. Al-Hilal (= **¢

*< and

Directional cell migration by pulmonary arterial cells (PACs) is one of the important features of diseases
involving arterial remodeling, such as pulmonary arterial hypertension (PAH), a disease that is often
characterized by reduced arterial compliance and increased extracellular matrix (ECM) stiffening.
However, there are no therapeutics that can halt the directional cell migration of PACs in PAH. The
inability to identify drug targets or drugs against the directional cell migration during PAH pathogenesis
stems from an incomplete understanding of the process and a lack of effective translational models for
screening of candidate small molecules. Here, for the first time, we introduce a bioengineered platform
suitable for screening small molecule inhibitors targeting kinase pathways that are potentially linked to
ECM-mediated directed cell migration in PAH. We used a photolithographic technique to develop
mechanically patterned hydrogels with alternative stripes of soft and stiff bars representing the alternating
stiffness regions of PAH ECM. Employing our bioengineered platform, we demonstrated the directional
cell migration capacity of PACs and found that PAH-smooth muscle cells (SMCs) showed the highest
ability to migrate from soft-stiff regions. Screening of different kinase inhibitors identified the role of JAK/
STAT as a mechanosensor in the PAH-SMC-specific directional cell migration. Our study highlighted the
use of a mechanically patterned bioengineering platform to identify new drug targets specific to the
machinery involved in directional cell migration in PAH.

higher pulmonary resistance and muscularization (presence of
PAH-SMCs in the distal arterioles).** The excessive buildup of

Pulmonary arterial hypertension (PAH) is a rare disease that
affects people of all ages and genders. If left untreated, PAH
patients die within ~12 months of diagnosis, with only a 45%
survival rate after 3 years of diagnosis."” Pathological recruit-
ment of arterial cells to sites of vascular remodeling and sub-
sequent activation or dedifferentiation are critical steps in the
progression of PAH.> During remodeling, excessive extracellu-
lar matrix (ECM) deposition causes fibrosis, while uncon-
trolled proliferation and migration of pulmonary cells result in
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matrix components leads to spatiotemporal variations in ECM
stiffness that can significantly influence regular cellular
activity.” Cell phenotypes in PAH are substantially impacted by
the changes in the stiffness and content of ECM, shifting from
a contractile non-disease phenotype to a migratory synthetic
disease phenotype.® Recent progress in developing bioengi-
neered matrices with stiffness variations has facilitated the
study of cell migratory phenotype in vitro,” " demonstrating
various forms of directional cell migration capacity of stem
cells, tumor, stromal, vascular, epithelial, and immune cells.
Despite the demonstration of the directional migration of
various vascular cells, there are no tools to identify potential
drug targets or screen compound sets against the directional
cell migration of PAH.

The first pathological alteration that occurs at the begin-
ning of PAH is early-stage small pulmonary arterial stiffening,
which sets off mechanobiological remodeling at the distal
arterioles.”” The mechanical stiffness progressively increases
from distal-to-proximal arteries, ranging from 1-10 kPa, and is
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often elevated in severe PAH." Cells respond to this mechani-
cal perturbation due to the changing ECM stiffness and sub-
sequently activate the signaling molecules involved in detect-
ing stiffness-induced mechanotransduction, a process con-
trolled by integrins and several kinases, e.g., focal adhesion
kinases, JAK/STAT kinases, and hippocampal signaling
networks.”*™® During PAH, endothelial cells (ECs), smooth
muscle cells (SMCs), and pericytes migrate from their own
layer to different layers and cause arterial remodeling.'®"”
Pulmonary arteriole sections are usually classified as proximal,
middle, and distal segments and are defined based on the dia-
meter of the arterial lumen. Their diameter varies from >75 to
(75-25) to <25 pm, and both proximal and middle regions
consist of layers of SMCs, whereas the distal section extending
from the middle to capillaries only contains a single layer of
ECs. SMCs are known to cross the border, muscularize distal
arteries, and subsequently proliferate, which leads to vascular
remodeling.">'*'%2% While several biochemical factors are
known to regulate the movement of PAH cells,”® our under-
standing of the involvement of mechanosensors in PAH arter-
ial remodeling is still unclear. To better understand cellular
mechanobiology, several attempts have been made over the
last two decades to create cell culture substrates with mechani-
cally defined matrix rigidity that mimics natural tissue
stiffness throughout healthy and diseased situations.
Nevertheless, we are still lacking tools that can be used to
study the stiffness-induced directional migration of PAH cells
and that allow us to screen for compounds that can halt the
activation of mechanosensors and the movement of PAH cells
before arterial remodeling.

Overall, we are still lacking tools that can be used to study
the stiffness-induced directional migration of PAH cells and
that allow us to screen for compounds that can halt the acti-
vation of mechanosensors and the movement of PAH cells
before arterial remodeling. To this end, in this work, we have
created a hydrogel-based bioengineered model with an alter-
nating matrix stiffness lining to investigate the directional cell
migration of pulmonary arterial cells taken from PAH patients,
namely endothelial cell (PAH-EC), smooth muscle -cell
(PAH-SMC), and adventitial cell (PAH-ADC). The migration
index of each PAH cell type was established. Based on the
assessment of the cell migration in the soft-stiff patterned
model, we screened a wide range of small-molecule kinase
inhibitors (KIs) to identify the kinases (mechanosensors)
involved in the directional cell migration of PAH cells.

2. Methods

2.1. Key cell line

The primary pulmonary arterial cell lines used were normal
endothelial cells (N-ECs), N-SMCs, fatal donor adventitial cells
(FD-ADCs), PAH-ECs, PAH-SMCs, and PAH adventitial fibro-
blast cells (PAH-ADCs). The N-ECs, N-SMCs, and PAH-ADC
were obtained from both healthy male and female donors. The
PAH-stemmed ECs, SMCs, and ADCs were obtained from both
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male and female patients who were diagnosed with idiopathic
pulmonary arterial hypertension. All cells were acquired from
the Pulmonary Hypertension Breakthrough Initiatives (PHBI)
specimen bank (https:/www.ipahresearch.org) and used as
provided. All experiments were performed in accordance with
the guidelines of the ethical standards of the University of
Utah Institutional Review Board (IRB). As the cells were
obtained from an external biorepository, the study was
reviewed for compliance with University of Utah’s policies on
human tissue transfer and use of de-identified biospecimens.
A Material Transfer Agreement (MTA) was executed through
the University of Utah’s PIVOT Center, ensuring that the use of
these samples adhered to all applicable federal, state, and
institutional regulations. No identifiable donor information
was accessed or used in this study, and all data were handled
in accordance with HIPAA and University of Utah IRB guide-
lines. The cells were stored in liquid nitrogen upon receiving.
MV2 and Vasculife-SMC growth medium with 10% sup-
plement and 1% antibiotic were used for cell culturing. For all
experiments, passages 3-6 were used.

2.2. Step-by-step preparation of the micropatterned soft/stiff
gel platform

2.2.1. Preparation of the quartz-based micropatterned
array (master mold). The micropatterned array model (master
mold) consisting of 200 pm stripes, each separated by a
100 pm distance, was designed using AutoCAD (Autodesk).
The model was transferred to a chrome-covered quartz trans-
parency mask using high-resolution printing (Advance
Reproductions Corporation, MA) following photolithography
techniques. This photolithographically patterned microarray
structure was later used to create soft-to-stiff gel patterns on
the 12 mm diameter glass coverslips.

2.2.2. Pretreatment of glass slide and coverslips. Prior to
the preparation of the alternating gel pattern, the glass slides
that were used to attach coverslips for soft gel coating under-
went rigorous pretreatment processes. The glass slides were
initially soaked in 5% Dimethyldichlorosilane (DMC) solution
for 15 minutes, followed by drying at RT for 20 minutes and
removing excess DMC through washing with methanol. This
pretreatment produced an oily coating on the glass surface
necessary for easily detaining the coverslips. This pretreated
glass slide can also be reused as many as ten times for cover-
slip attachment before it loses the DMC coating.

Glass coverslips were initially UV-treated for 5 minutes on
each side using a UVP Transilluminator (Bio-Rad, CA). A solu-
tion of 1% methacrylate was prepared by mixing 200 pL meth-
acrylate, 600 pL of acetic acid (initially diluted in deionized
water at a ratio of 10: 1), and 20 mL of 100% ethanol. After UV
curing, the coverslips were soaked in the methacrylate solution
for 5 minutes, then washed with absolute ethanol twice and
dried using high-purity nitrogen. Once the coverslips were
dried, these were used for soft gel coating.

2.2.3. Preparation of soft gel layer. A solution of polyacryl-
amide gel with an expected stiffness of 1 kPa was prepared fol-
lowing a previously prepared protocol.>! Briefly, a mixture of

This journal is © The Royal Society of Chemistry 2025
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200 UL 2% bis-acrylamide (0.4%) (Thermo Fisher Scientific,
Inc., USA), 100 pL of 40% acrylamide solution (4%) (Thermo
Fisher Scientific, Inc. USA), and 700 puL PBS was prepared.
Then 5% of UV active IrgaCure® (Sigma-Aldrich, Inc., MO)
(w/v - 0.05 mg mL™" in ethanol) was added to the solution.
Once the solution was ready, a 9 pL of the solution was drop-
casted on the pretreated glass slide. The pretreated coverslips
were then carefully placed on the glass slide containing the gel
drop. The solution was spread evenly throughout the entire
coverslip placed on the glass slide due to fluid tension
between the glass slide and the cover slip. Once the coverslips
were placed, they were exposed to UV light for 7-10 minutes
for gel polymerization. After UV exposure, a razor blade was
used to detach the coverslips from the glass slide carefully.
The coverslips were then placed in a heater with the gel side
facing upward and heated at 30 °C for 30 minutes.

2.2.4. Preparation of stiff gel pattern. A solution of poly-
acrylamide gel of stiffness 10 kPa was prepared following the
same protocol.”’ Briefly, a solution of 200 pL 2% bis-acryl-
amide (0.4%), 120 pL of 40% acrylamide solution, and 680 pL
PBS were prepared in which 1% of IrgaCure® (w/v — 0.05 mg
mL " in ethanol) was added. A 9 pL gel solution was added to
the micropatterned array (master mold). The soft gel-coated
coverslips were then carefully placed onto the drop with the
gel side facing down so no bubbles were created between the
glass side and the coverslips. The gel was then UV-cured for
7-10 minutes. After UV curing, 1 mL of PBS was added on top
of the coverslips; then, using the razor blade, the coverslips
were gently detached and peeled off from the master mold.
The pre-made soft/stiff gel-coated coverslips were washed twice
with sterile PBS to remove the excess uncured gel. The final
soft/stiff gel-coated coverslips were stored in 24 wells at 4 °C
containing PBS until further use.

2.2.5. Preparation of collagen I embedded soft and stiff
gel. A 100 pg mL™" of collagen I was added in the soft and stiff
gel solutions to prepare the collagen embedded gels. To get
this concentration 29 pL of collagen I was added in both soft
and stiff gels from a 3.47 mg mL™" collagen I (Corning®, USA)
solution. For the soft gel briefly, a mixture of 200 pL 2% bis-
acrylamide (0.4%) (Thermo Fisher Scientific, Inc., USA),
100 pL of 40% acrylamide solution (4%) (Thermo Fisher
Scientific, Inc. USA), 29 pL collagen I (Corning®, USA), and
671 pL PBS was prepared. Then 5% of UV active IrgaCure®
(Sigma-Aldrich, Inc., MO) (w/v - 0.05 mg mL™" in ethanol) was
added to the solution. For the stiff gel briefly, a solution of
200 pL 2% bis-acrylamide (0.4%), 120 pL of 40% acrylamide
solution, 29 pL collagen I (Corning®, USA), and 651 pL PBS
were prepared in which 1% of IrgaCure® (w/v - 0.05 mg mL ™
in ethanol) was added. The gels were prepared on cover slides
following the protocol described in previous sections (sections
2.2.3 and 2.2.4).

2.6. Directed cell migration assay

A 10 mM solution of sulfo-SANPAH (Thermo Fisher Scientific,
Inc., USA) was prepared and added to the wells to activate the
gel surface for cell seeding. Then, the coverslips were exposed
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to UV light for 15 minutes. After UV exposure, the sulfo-
SANPAH solution showed a visible color change from purple to
red, indicating complete UV curing. After the sulfo-SANPAH
treatment, the solution was aspirated, and the wells were
washed with sterile PBS until all residue color disappeared. A
10 pg mL™" collagen type I solution was prepared in sterile
PBS and added to a new 24 wells, 500 pL each. After washing,
the coverslips were carefully transferred to the new 24 wells
containing collagen solution using a tweezer with the gel side
facing upward. Afterward, the coverslips were incubated over-
night in collagen solution before cell seeding. Before cell
seeding in the soft/stiff gel platform, cells were cultured in
their respective media in polystyrene flasks. When the cell con-
fluency reached 70-80%, they were trypsinized and counted.
Approximately 1500-5000 cells were seeded per well containing
the micropatterned soft/stiff gel-coated coverslips. After
24 hours of cell seeding, growth media was carefully aspirated
without touching the gel, and 4% paraformaldehyde (PFA) was
added to the wells. After 20 minutes of cell fixation with PFA,
the solution was removed and washed with PBS twice. Next,
the coverslips were incubated with cell permeabilization buffer
(0.5% TritonX in PBS) for 15 minutes at 4 °C and washed once.
The coverslips were then incubated with a blocking buffer
(53% bovine serum albumin BSA in PBS) for 45 minutes at
4 °C. After blocking, the coverslips were washed once with
PBS. A diluted solution of phalloidin (5 pL in 500 pL of PBS
with 1% PBS) was added to the well and incubated for
30 minutes in a covered container at RT. After staining, the
solution was carefully aspirated and washed twice with PBS.
Finally, the coverslips were mounted on the glass slides using
DAPI mounting media with the gel side facing down and
imaged.

2.7. Directed cell migration assay for whole coverslip

After 22 hours of cell seeding to the 24 wells containing the
gel-coated coverslips, the PAH-SMCs were incubated with
CellTracker™ green CMFDA dye (Invitrogen™, USA) (with
growth media) for 2 hours. Afterward, the cells were washed
with PBS twice to remove excess dye and fixed with 4% PFA for
20 minutes at 4 °C. After fixation, the coverslips were washed
once with PBS and mounted on the glass side for imaging.

2.8. Radial plot

Percentage of cells vs. angle (radial plot) was plotted to deter-
mine the angular distribution of cells with respect to the stiff
bars. The angle of each cell was measured against the stiff bar
representing vertical 90 degree. The closer the angle value to
90 degrees, the better the directionality toward stiff gel.

2.9. JAKS3 siRNA transfection

JAK3 siRNA (JAK3 Human siRNA Oligo Duplex, Locus ID 3718,
OriGene Inc. USA) transfection in PAH-SMCs was obtained by fol-
lowing the manufacturer protocol. Briefly, the lypholized siRNA
was reconstituted in sterilized duplex buffer supplied by the man-
ufacturer. Approximately 50 nM siRNA was prepared by diluting
the stock siRNA in 1x transfection buffer (cat# TT320001)

Biomater. Sci, 2025, 13, 5671-5684 | 5673
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supplied by the manufacturer. Before adding to the cell, cells
were freshly seeded in a 6 well plate (100 000 cells per well). After
24 hours of cell seeding, the diluted siRNA solution with
optimum amount of transfection agent (Trans 2.0, cat#TT320001,
OriGene Inc.) was added. After 24 hours of post transfection, the
cells were collected and seeded on the micropatterned platform
for studying directional cell migration. For control, cells were
given scrambled siRNA, diluted in transfection buffer following
the same method mentioned above.

2.10. gRT-PCR

RNA extraction was conducted using the TRIzol reagent
(Thermofisher, Cat# 15596026), yielding samples with A,eo/
A, ratios between 2.0 and 2.10. The extracted RNA was then
reverse transcribed into cDNA utilizing the AccuPower®
RocketScript™ Cycle RT PreMix (Bioneer, Cat#f K-2201), follow-
ing the manufacturer’s protocol for the BIO-RAD CFX96 C1000
system. To evaluate relative mRNA expression levels, RT-PCR
was performed using the Applied Biosystems™ PowerUp™
SYBR™ Green Master Mix (Applied Biosystems™, Cat#
A25742) on the BIO-RAD CFX96 C1000 ¢-PCR system. The
primer sequences utilized are human JAK3 gene (F = CCA GAT
GGA AAC TGT TCG CTC AG and R = GAG GTT GGT ACA TCA
GAA ACA CC) and housekeeping gene GAPDH (F = GTC TCC
TCT GAC TTC AAC AGC G, and R = ACC ACC CTG TTG CTG
TAG CCA A). Data analysis was performed using Prism -
GraphPad version 9.5.0, utilizing Welch’s test for comprehen-
sive statistical evaluation.

2.11. Cytotoxicity study

We employed live and dead cell imaging kits (Thermo Fisher
Scientific) to determine the number of live and dead cells after
KI treatment. The assay was performed following the com-
pany’s instructions. Briefly, both green (A) and red vials (B)
were thawed and mixed. After the KI treatment with various
concentrations, the mixture of A and B was added to the cell
and incubated for 15-20 minutes. After incubation, cells were
imaged under the microscope.

2.12. Anti-migration assay for drug screening

Initially, a 10 mM concentration of KIs was prepared in DMSO
and stored at 20 °C before use. The working KIs were diluted
from the stock concentration in the growth media. The
dilutions were carefully made so the volume of DMSO was as
minimal as possible in the wells. After seeding cells in the
wells, the growth media containing the KI was added to the
wells and incubated for 24 hours. Afterward, the cells were
washed once with PBS to remove the KIs, fixed, permeabilized,
blocked, and stained with phalloidin using the same instruc-
tions discussed in the directed cell migration assay section.
Then, the coverslips were mounted on glass slides for
imaging.

2.13. Single gel preparation

Single soft/stiff gel-coated coverslips (25 mm diameter) with
expected Young’s modules of 1 and 40 kPa were prepared fol-
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lowing the previously published protocol.”” Briefly, a solution
of 1 kPa stiffness was prepared by mixing 750 pL of 40% acryl-
amide, 500 pL of 2% bis-acrylamide, 100 pL of 10% APS, and
10 pL of TEMED in DI to make a 10 mL solution. For the solu-
tion of stiffness 40 kPa, a mixture of 2 mL of 40% acrylamide,
2.4 mL of 2% bis-acrylamide, 100 pL of 10% APS, and 10 pL of
TEMED was prepared in DI to make a 10 mL solution. Then
13 pL of the respective solution was drop-casted on the pre-
treated glass slide upon which coverslips (after treating with
methacrylate solution) were placed. Then the solution was
allowed to spread through the entire coverslip. Then the gel
was allowed to polymerize at RT. Once the gel was formed, the
coverslips were carefully detached from the glass slide using a
tweezer and stored in a 6-well plate containing sterile PBS at
4 °C before further use. Before cell seeding, the coverslips were
sterilized under UV for 5 minutes and then incubated with col-
lagen (10 pg mL™) solution overnight. After incubation, the
collagen solution was carefully aspirated, and cell suspension
was added for culturing.

2.14. Western blot analysis

The cell lysate from single gel-cultured PAH-SMCs was pre-
pared using the lysis buffer and protease inhibitor. Depending
on the molecular weight of the protein, a 7.5% concentrated
polyacrylamide gel was used for protein separation from the
cell lysates. Approximately 20-70 pg protein (20 pg for GAPDH,
30-50 pg for STAT3, and 70-80 pg for JAK3) was loaded onto
the gel. The protein concentration in the cell lysate was calcu-
lated using a BCA protein quantification assay (Pierce,
ThermoFisher, CA). The absorbance was recorded at 594 nm
using a synergy MX2 plate reader (Bio-Tek, Burlington, VT).
After separating the protein loaded on the gel via electrophor-
esis, the samples were transferred to 0.45 pm polyvinylidene
difluoride (PVDF) membranes (IPVH00010, Millipore).
Afterward, the membranes were blocked in 5% BSA (in TBST
buffer) for one hour. Then, the membrane was incubated in
their respective primary antibody solution with a dilution of
1:1500, which was prepared in a 5% BSA solution. The anti-
bodies used are anti-JAK3 (#8827s, Cell Signaling Technology
Inc.), anti-phospho JAK3 (#5031, Cell Signaling Technology
Inc.), anti-STAT3 (#12640, Cell Signaling Technology Inc.), anti-
phospho STAT3 (#9145, Cell Signaling Technology Inc.), and
anti-GAPDH (#MAB5718SP, R&D Systems, Inc.). Afterward, the
membrane was washed with TBST buffer three times and incu-
bated with the respective HRP conjugated secondary antibody
(mouse IgG HRP, #HAF018, and rabbit IgG HRP, #HAF008,
R&D Systems, Inc.) with dilution 1:2000 in 5% BSA blocking
buffer. The membranes were then incubated with
WesternSure® Enhanced Chemiluminescent substrate (LI-COR
Biosciences, Lincoln, NE) for 1 minute and visualized using a
ChemDoc XRS System (Bio-Rad Laboratories, Hercules, CA).

2.15. Statistical analysis

We performed the statistical analysis at a = 0.05 (95% confi-
dence interval) with GraphPad Prism (version 10.02, GraphPad
Software, San Diego, CA) using t-test as applicable.

This journal is © The Royal Society of Chemistry 2025
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3. Results

3.1. Development of micropatterned soft/stiff bioengineering
model

To investigate the process of stiffness-directed cell migration
influenced by the altering ECM, we designed a photolithogra-
phically lined polyacrylamide-based hydrogel system as a
model ECM, consisting of 100 pm width stripes, each stamped
200 pm apart (Fig. 1). Initially, we designed a base micropat-
terned array using photolithography technique (Fig. 1A). Later,
we UV-polymerized a polyacrylamide solution (PA1, 1 pg mL™",
1 kPa) on a 12 mm pre-treated coverslip, followed by incu-
bation at 30-35 degrees for 30 minutes. Then, using the pre-
designed micropatterned array, a second polyacrylamide solu-
tion (PA2, 10 pg mL™", 10 kPa) was UV-crosslinked on the soft
gel layer and, thus, created alternating stripes of soft-stiff gels
over an approximate distance of 200 pm (Fig. 1B). The final
model consisted of mechanically patterned “step” gels consist-
ing of soft and stiff stripes with widths of 200 um and 100 pm,
respectively. Once the soft/stiff stripes were lined and cross-
linked, we carefully removed the coverslips from the photo-
mask and stored them in 24 wells for the directional cell
migration assay. Our platform allows the analysis of 24
samples simultaneously, making it highly efficient and suit-
able for low throughput screening of inhibitors that can affect
directed cell migration.

3.2. Stiffness promotes directional PAH cell migration in
soft/stiff patterned gel

In PAH, arterial remodeling is characterized by the migration
of ECs, SMCs, and ADCs. To understand if the changes in

(A) Micropatterned array model
UV light
Photoresist
coating

Photomask

Solid stripe
(200 pm)
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ECM rigidity cause directional cell movement of PAH cells,
we used our soft/stiff patterned model. We studied the
directional cell migration of four distinct arterial cells: normal
and PAH endothelial cells: N-ECs, PAH-ECs; smooth muscle
cells: N-SMCs, PAH-SMCs; and adventitial cells: N-ADCs,
PAH-ADCs collected from different patients ( Table S1). The
capability of cells to migrate from soft-to-stiff stripes was
assessed after 24 hours of cell seeding, and the directional
migration index (DMiX) was determined by quantifying the
number of cells accumulated on the stiff versus soft stripes
based on the color profile of the pre-labeled cells (Fig. 2A). The
higher the DMiX value, the stronger the cell migration from
soft-to-stiff hydrogels. While we observed some patient-to-
patient variability among the PAH cell types, PAH-ECs seemed
to have the lowest and comparable DMiX than their healthy
counterparts (Fig. 2B and C). On the other hand, PAH-SMCs
and PAH-ADCs showed higher DMiX than their controls
despite having some patient variability (Fig. 2D and E). Among
different PAH cell types, we found that PAH-SMCs showed the
highest DMiX (Fig. 2F). To further confirm, we have also
analyzed the radial plot of angular distribution for each cell
variable (Fig. 2G). The center of each stiff bar was chosen for
determining the angular position of the cells, with the stiff bar
as the vertical 90-degree orientation (along the Y axis).
Approximately 20 positions, 5 positions for each stiff bar, were
selected for cellular angle determination. We observed that the
PAH-SMCs mostly aligned at 90° while N-ECs and PAH-ECs
exhibited randomized angular distribution. PAH-ADCs
also demonstrated profound alignment remaining at 90°.
These results demonstrate the directional migration of PAH-
cells, where PAH-SMCs show the highest migration along with
stiffness.

Transparent
Stripe (100 pm)

Micropatterned array

(B) Mechanically patterned soft/stiff gel platform
PA2 (~ 10kPa)

12 mm PA1
coverslip ) UV light coated )
- N v
g Sl S = > —
PA1 (~ 1kPa) Micropatterned array

*PA1-Soft gel, PA2-Stiff gel

uv |Ight Patterned % !
gel B!

- e ///Z//_' S8 ’\ => ' | | ;
PAt~200pm  24wells [T
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Fig. 2

Investigation of the DCM of pulmonary arterial cells using the soft/stiff gel platform. (A) Schematics showing the steps followed while per-

forming DCM. (B) Microscopic images recorded after 24 hours of cell incubation for four different cells (red-phalloidin, blue-DAPI, green-back-
ground). (C, D, and E) The plot of DMiX vs. the type of cells: HUVEC, healthy donor-derived ECs, SMCs, ADC, and PAH patient-derived ECs, SMCs,
and ADCs. (F) Bar plot showing the DMiX of the cells (N-EC, PAH-EC, PAH-SMC, and PAH-ADC) obtained after DCM. (G) Radial plot showing the
angular distribution of cells (shown in B) from the stiff bar (n = 20) (p-values calculated using Kruskal—Wallis test; *p < 0.05, **p < 0.01, ***p < 0.001,

and ****p < 0.0001).

With a goal in mind to screen compounds, we set up a
robust semi-automated method to facilitate the calculation of
the DMiX using a simplified process. Pre-labeled cells can be
imaged right after the time point (24 hours of incubation)
without performing the cell staining process. Initially, we con-
firmed the migration efficiency of PAH-SMCs for different cell
densities ranging from 1500 to 5000 cells per well. We
observed no differences in the DMiX values across all cells
counts and staining methods ( Fig. S1). Next, we analyzed the
entire patterned gel by taking images of seven different
regions at a lower magnification. We received similar results
demonstrating that PAH-SMCs exhibited stiff ECM-directed
migration throughout the entire patterned structure ( Fig. S2),
resulting in almost unidirectional movement from soft-to-stiff
stripes. This also substantiates our bioengineered model’s val-
idity for studying cell-specific ECM stiffness-directed
migration. We utilized collagen type I containing acrylamide
gel with two different stiffness mimicking real ECM compo-
sition to study cellular migration. Our observations showed no
difference in the directional migration of PAH-SMCs, regard-
less of the presence or absence of collagen ( Fig. S3). Our
results indicate that ECM stiffness alone is a key factor in
adhesion formation, as cells tend to form larger adhesions on
stiffer surfaces. This variation in adhesion strength, driven by
increased actomyosin contractility, may promote migration
from softer to stiffer substrates, thereby influencing directional
cell movement.>*

5676 | Biomater. Sci, 2025, 13, 5671-5684

3.3. Screening of kinase inhibitors using the soft/stiff
patterned gel

Cell migration is known to be modulated by many kinases that
are activated at the focal adhesion sites, assisting the movement
of cells from one location to another. To investigate the effects of
different kinase pathways in ECM stiffness-directed cell
migration, we screened a wide range of KIs targeting JAK/STAT,
STK3/MST2, Rho kinase, and TBK1 based on their known role in
PAH pathology and cellular migration.”®>® Utilizing our assay
method that employs our soft/stiff patterned model, we screened
21 compounds to study their inhibitory effects on the DMiX of
PAH-SMCs (Fig. 3A and Table S2). All the compounds were
screened at 1 pM concentration. After 24 hours of plating with
KIs, PAH-SMCs were immediately imaged, and DMiX was calcu-
lated. If the median DMiX value of any KI had a similar value to
that of the N-SMCs, which is less than 2 (cutoff), we considered
that as a hit compound. Several KiIs targeting the JAK/STAT
pathway (JAK3-in-6 and PF06700841 inhibitors) and the STK/MST
pathway (UNC-BE4-017, UNC-BE4-018, UNC-BE4-040, and
XMU-MP-1) showed DMiX lower than the cutoff (Fig. 3B, Fig. S4
and Table 1). Our results identify JAK/STAT and MST2 kinases as
mechanosensors that may be involved in the ECM-stiffness-
directed migration of PAH-SMCs.

We focused on the JAK/STAT pathway targeting JAK-in-6 and
PF06700841 inhibitors for downstream anti-migration analysis
of PAH-SMCs (Fig. 3C). Fig. 3D demonstrates the representative

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Study of the molecular kinase pathways associated with the DCM of PAH-SMCs using kinase targeting small molecules. (A) Schematics
representing the steps involved in the treatment process with kinase targeting small molecules in the DCM of PAH-SMCs. (B) Dot plot showing the
DMiX obtained after treating PAH-SMCs with 21 different small molecules targeting JAK3/STAT3, Hippo, and Rock kinase pathway. (C) The chemical
structures of JAK3-in-6 and PF06700841 inhibitors. (D) Representative microscopic images showing the DCM of PAH-SMCs for control, JAK3-in-6,
PF06700841 compounds, and JAK3 siRNA treated PAH-SMCs (red-phalloidin, blue-DAPI, green-background). (E) Representative radial plots
showing the angular distribution of PAH-SMCs (shown in D) before, after treatment with Kls, and siRNA treated PAH-SMCs (n = 20). (F) The cell tra-
jectory plot obtained from live cell imaging for both treated (JAK3-in-6 and PF06700841) and untreated PAH-SMCs (G) DMiX values were obtained
for treating PAH-SMCs with different concentrations of JAK3-in-6 and PF06700841 inhibitors (concentrations used: 0.5, 1.5, and 5 uM) (p-values
calculated using Kruskal—Wallis test; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).

Table 1 List of inhibitors targeting JAK/STAT, STK/MST and STK3/MST pathways, the average DMiX, and ICsq values

Targeting pathway Compounds DMiX* JAK1 (ICs) JAK2 (ICs) JAK3 (ICs0) Ref.
Control 5.6 +1.8

JAK/STAT kinase inhibitors Momelotinib 2.29 £1.04 11 nM 18 nM 155 nM 56
AT9283 3.74 + 2.85 = 1.2 nM 1.1 nM 57
Pacritinib 4.79 £1.72 1280 nM 23 nM 520 nM 58
JAK3-in-6 1.46 £ 0.71 640 nM 1500 nM 0.15 nM 59
PF06700841 (Brepocitinib) 1.87 +0.58 17 nM 77 nM 6.5 nM 60
LY2784544 (Gandotinib) 2.1 +0.46 — 3 nM 48 nM 61
GLPG0634 (Filgotinib) 2.4 +0.95 10 nM 28 nM 810 nM 62
GDC-046 2.21 +0.84 0.7 nM 0.7 nM 0.4 nM 63

MST1/STK4 MST2/STK3

STK3/MST2 kinase inhibitor UNC-BE4-036-1 3.16 £ 0.99 NT 124 nM 64
UNC-BE4-035-1 2.3 £0.96 NT 7 nM 64
UNC-BE4-036 2.29 £ 0.64 NT NT 64
UNC-BE4-017 1.91 + 1.07 NT 41 nM 64
UNC-BE4-018 1.85 £ 0.65 NT 195 nM 64
UNC-BE-4-040 1.77 £ 0.54 NT 391 nM 64
XMU-MP-1 1.84 £ 0.43 71.1 nM 38.1 nM 65
UNC-SOB5-19 2.57 £0.72 NT 33 nM 64
UNC-SOB5-47 5.07£7.5 NT 28 nM 64
UNC-SOB5-33 34+19 NT 57 nM 64
UNC-SOB5-32 1.89+1.9 NT 142 nM 64

TBK1 AA-CS-6-005 2.24 + 0.75 TBK1: IC5, = 100 nM

Rho kinase inhibitor Y-27632 2.6 +1.09 ROCK1: Ki = 200 nM 66

“DMIX = ratio of cells in the stiff to soft gel; ICs, = half-maximal inhibitory concentration; JAK1 = Janus kinase 1; JAK2 = Janus kinase 2; JAK3 =
Janus kinase 3; STK = serine/threonine-protein kinase; MST = Mammalian STE20-like protein; NT = not tested.

This journal is © The Royal Society of Chemistry 2025
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images for directed migration of PAH-SMCs before and after
compound treatment, indicating the inhibition of cell migration.
Since JAK3-in-6 or PF06700841 may block kinases beyond JAK/
STAT pathway, we tested the ability of directed migration in JAK3
knockdown PAH-SMCs. The siRNA-transfected PAH-SMCs
exhibited a similar reduction in directional migration as
observed with the kinase inhibitors (Fig. 3D and Fig. S5).
Further analysis of cell alignment patterns confirmed the
effective suppression of directional migration in both JAK3
knockdown cells and PAH-SMCs treated with these compounds
(Fig. 3E). We next investigated the effect of kinase inhibitors on
PAH-SMC’s random motility through real time imaging for up to
24 hours. Neither JAK3-in-6 nor PF06700841 affected random
motility of PAH-SMCs, as indicated by similar mean track speed
and track length compared to the vehicle control (Fig. 3F, Fig. S6
and Videos S1-S3). The observed tracking speed of PAH-SMCs
was consistent with previously reported findings.'® Overall, our
findings suggest that the JAK/STAT pathway primarily influences
directed cell migration rather than the random motility of
PAH-SMCs. Next, we investigated the dose dependent lowering
of DMiX of two JAK/STAT KIs: JAK3-in-6 and PF06700841. To
determine the dose dependency, we tested the DMiX of JAK3-in-
6 and PF06700841 using three different concentrations at 0.5,
1.5, and 5 pM. The DMiX of each tested KI decreased with
increasing concentrations (Fig. 3F and Fig. S7). These obser-
vations imply that the KIs are capable of exhibiting dose-depen-
dent inhibition of the JAK/STAT pathway.

3.4. JAK3-in-6 and PF06700841 show drug-like properties
with low cytotoxicity

JAK3-in-6 and PF06700841 have drug-like properties with
appropriate lipophilicity (clog P), topological polar surface area

JAK3-in-6, 0.5 JAK3-in-6, 1.5

(A)

JAK3-in-6, 10

View Article Online

Biomaterials Science

(tPSA), and intrinsic solubility (logS) as well as potent inhi-
bition (ICs,) for several Janus kinases. Both KIs have drug-like
properties in generally accepted appropriate ranges, with MW
< 400, clog P < 3.5, tPSA < 120, and log S > —3.25.>%° Both are
potent JAK3 inhibitors, although JAK3-in-6 is more potent
(ICso = 0.15 nM) than PF06700841 (ICs, = 6.5 nM) for JAK3
(Table 1). The formation of stable microtubules is an impor-
tant step for creating a strong focal adhesion, even for mitotic
cell division, and KIs can exert their effect through the destabi-
lization of microtubules, and this may be toxic to the cells at
certain concentrations.*’ To determine the cytotoxicity of
JAK3-in-6 and PF06700841, we treated the PAH-SMCs at four
different concentrations (0.5, 5, 10, and 100 pM) at two time
points (2 and 48 hours). DMSO (0.01%) was used as a vehicle
control. We observed no cytotoxicity of JAK3-in-6 and
PF06700841 at 2 hours: cell viability was above 90% at 100 pM
(Fig. 4A and B). At 48 hours, both JAK3-in-6 and PF06700841
showed up to 75% of cell viability with the highest concen-
tration. Importantly, up to 10 pM, none of the KIs showed any
comparable toxicity at 2 and 48 hours (Fig. 4A and B). This
result indicates that JAK3-in-6 and PF06700841 have drug-like
properties and potent kinase inhibitory activity while exhibit-
ing low toxicity for PAH-SMCs.

3.5. JAK3-in-6 and PF06700841 inhibitors suppress the
stiffness-induced phosphorylation of JAK3 and STAT3

Different JAK/STAT isoforms are overactivated in pulmonary
arterial cells of PAH arteries. Among Janus and other kinases,
JAK3 had the highest phosphorylation pattern in human
PAH-SMCs compared to N-SMCs.>® While the role of the JAK2/
STAT3 pathway in PAH has been studied, the activation of the
JAK3/STAT3 pathway or other JAK isoforms is highly unknown
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Fig. 4 Cytotoxicity study of JAK3-in-6 and PF06700841 inhibitors using different concentrations and times for incubation. (A) Microscopic images
showing the number of live/dead cells obtained after treating cells with the respective inhibitors. Green-live and red-dead cells. (B) Cell viability per-

centage was obtained for different concentrations and incubation times.
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in the context of stiffness-induced changes in PAH cells. Thus,
we explored how the dynamics of JAK3/STAT3 activation
changes due to stiffness and whether JAK3-in-6 and
PF06700841 would effectively block the stiffness-induced JAK3/
STAT3 activation. We first determined the phosphorylation pat-
terns of JAK3 and STAT3 in PAH-SMCs after culturing them in
Petri dishes, which are known to be very stiff, and treating the
cells with JAK3-in-6 and PF06700841 at different concen-
trations and time points. The main objective of this experi-
mental design was to optimize the time point and dose. Both
JAK3-in-6 and PF06700841 effectively inhibited the phos-
phorylation of JAK3 and STAT3 only after 30 minutes of treat-
ment ( Fig. S8A and C). Although we observed some variations,
the inhibition of JAK3 and STAT3 phosphorylation by JAK3-in-
6 and PF06700841 was dose-dependent ( Fig. S8B and D). We
next aimed to understand how changing ECM stiffness influ-
ences the activation patterns of JAK3/STAT3 kinase that can be
correlated with the directional migration of PAH-SMCs.

We cultured the PAH-SMCs in two different hydrogels with
stiffness of 1 kPa (soft) and 10 kPa (stiff). Achieving 90% con-
fluency, we treated the cells with JAK3-in-6 and PF06700841
and checked the phosphorylation of JAK3 and STAT3. Stiff gel
induced higher phosphorylation of JAK3 and STAT3 than the
soft gel (Fig. 5A and Fig. S9), indicating that increasing ECM
rigidity can induce the activation of JAK3/STAT3 kinase.
Moreover, JAK3-in-6 and PF06700841 reversed the phosphoryl-
ation of JAK3 and STAT3 in PAH-SMCs at a stiff gel that
showed similar patterns with their basal level at soft gels
(Fig. 5A and B). Our results suggest that JAK3-in-6 and
PF06700841 have the potential to modulate the stiffness-
induced changes of PAH-SMCs, and thus, they can be used to
target the directional PAH-SMCs migration.
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Fig. 5
treated with JAK3-in-6 (JAK3) and PF06700841 (PF) (5 uM, n = 3).

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

4. Discussion

Arterial remodeling is one of the main features of PAH where
directional cell migration plays an important role. Pulmonary
arterial muscularization is linked with SMC or pericyte
migration from existing arteries. PAH-SMCs are also known to
proliferate and migrate within their own medial layer and
cause medial thickening. Our findings also confirm the ability
of the vascular PAH vascular cells to be more responsive to
directed cell migration driven by the ECM stiffness gradient.
This behavior is largely driven by their elevated contractility
and mechanosensitivity. Through actomyosin interactions,
SMCs generate substantial traction forces, enabling them to
detect and respond effectively to substrate stiffness.’?
Additionally, SMCs form stable focal adhesions, which support
directional migration on stiffer matrices.’” In contrast, ECs are
more attuned to shear stress, adapting to hemodynamic forces
within blood vessels.>®* ADCs reside in the outermost layer of
blood vessels, known as the adventitia, where they contribute
to vascular integrity by synthesizing collagen and other extra-
cellular matrix components. In response to inflammatory
stimuli or vascular injury, ADCs can undergo phenotypic trans-
formation into myofibroblasts, a process marked by the
expression of alpha-smooth muscle actin. This shift not only
imparts contractile capabilities akin to SMCs but also
enhances their migratory potential, enabling them to partici-
pate actively in vascular remodeling and repair.***°

Another mechanical feature of PAH is the increased stiffen-
ing of arteries due to the deposition of excessive ECM. In PAH,
ECM stiffening sustains cellular growth and induces migration
by linking mechanical stimuli to the cell migratory
machinery.>3°® However, there are no targeted drugs that can
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(A) Western blot and (B) quantitative analysis of pJAK3 and pSTAT3 expressions obtained from PAH-SMCs cultured in soft versus stiff gels and
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block the directional migration of PAH cells under different
external stimuli, such as stiffness or hypoxia. Although the
PAH animal models with genetic tools*” and recently coined
PAH-on-chip models®®*° have greatly enhanced our under-
standing on the knowledge of specific facets of PAH-biology,
there is no tool that allows for the study of the activation of
different mechanosensors during directional migration of PAH
cells or allows for compound screening against this phenotype.
Our research adds to the growing body of literature on
mechanically defined matrix rigidity-driven cellular mechano-
transduction, which replicates the stiffness of natural
tissues.*® Various polymer materials, such as poly(ethylene
glycol)-based artificial extracellular matrices and polydimethyl-
siloxane (PDMS) micropost arrays, have been developed to
examine how matrix stiffness influences 3D cell migration, as
well as migration under different confinement and surface
coating conditions.*"** Hydrogel stiffness can be modulated
by altering the precursor polymer concentration, allowing the
creation of matrices with a range of mechanical properties. A
collagen-based gel system has been used to study the effect of
externally induced force gradients on angiogenic sprouting of
human microvascular endothelial cells. Additionally, magnetic
beads bioconjugated with collagen type I have been incorpor-
ated into the ECM to investigate mechanical signaling.*’
Among various gel systems, PA gels offer significant advances
due to their chemical inertness and easily adjustable mechani-
cal properties. By controlling acrylamide concentration, PAA
gels can mimic the stiffness of natural tissues while maintain-
ing biochemical consistency, as stiffness changes only affect
gel crosslinking. Furthermore, PAA gels can be modified with
natural ECM components such as collagen, laminin, fibronec-
tin, and vitronectin to study integrin-dependent cell adhesion
to the ECM. To this end, we created a micropatterned bioengi-
neering model that consists of stripes with varying stiffness,
which closely imitate the natural variations of stiffness seen in
PAH arteries. Using the model, we have shown that PAH-SMC
cells are highly susceptible to directional migration. We also
showed the utility of this platform by screening different Kis,
and the data generated suggests that the JAK/STAT pathway
may play a role as a mechanosensor for PAH-SMCs stiffness-
induced directional migration.

Directional cell migration is a fundamental process that
begins with the sensing of stiffness variations by different cel-
lular mechanosensory machineries. FAK is a crucial regulator
of this process, and it is overexpressed in the lungs of
patients.** However, the transition from FAK activation to the
formation of FAK cytoskeletons that interact with the ECM
involves the simultaneous activation of multiple pathways. The
JAK/STAT and Hippo signaling pathways are two important
modulators of cellular migration that also show important
functions in PAH-SMC biology.*>*” The JAK/STAT system is a
rapid signaling channel that transmits signals from the cell
membrane to the nucleus. It activates the production of essen-
tial mediators and plays a role in the stability of microtubules
during directional cell migration.** While the canonical
pathway of MST2 involves the transcriptional inactivation of
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YAP/TAZ and thus the inhibition of cellular proliferation, pre-
vious studies observed no effect of MST1/2 on TAP/TAZ in
PAH-SMCs.* On the contrary, a non-canonical Hippo/MST-sig-
naling pathway drives the growth and survival of PAH-SMCs.>”
Using KIs, we found that the JAK/STAT and Hippo/MST signal-
ing pathways are involved in the stiffness-induced directional
PAH-SMC migration. The JAK/STAT pathway was prioritized
over STK/MST despite some kinase inhibitors showing lower
DMiX values due to its well-established role in PAH pathophy-
siology and mechanotransduction. JAK3 exhibited the highest
phosphorylation levels in PAH-SMCs, making it a strong candi-
date for further investigation.® This study suggests that the
stiffness-induced activation of JAK3/STAT3 represents a useful
target to modulate PAH-SMCs directional migration. While
STK/MST inhibitors showed promise, their role in stiffness-
mediated migration remains less understood, requiring
further research. Whether the JAK/STAT and Hippo/MST sig-
naling pathways operate in conjunction or independently
during the PAH-SMCs migration also remains unclear. Future
studies will be needed to investigate the underlying mecha-
nisms of these pathways and their potential synergistic effects
on the collective directional migration of PAH-SMCs.

While we screened a moderate number of compounds in
our micropatterned bioengineering platform, our model holds
great potential for utility. With the recent advent of 3D-print-
ing techniques, we could scale from the current 24-well-based
format to 96-well-based high-throughput platform. The semi-
automated method to visualize and count the pre-labeled cells
before and after compound screening also makes it feasible to
perform the assay robustly. To show the utility of our micropat-
terned model, we used polyacrylamide as the soft or stiff gel
mimicking the stiffness variations of PAH arteries. However,
the alternating soft or stiff stripes can be easily fabricated
using gels that more closely mimic ECM, such as collagen or
laminins, as shown here. Among all PAH cell types, PAH-SMCs
demonstrated the highest DMiX, indicating a strong prefer-
ence for stiffness-driven migration. While overall high trends
were observed in stiffness-mediated directional cell migration
patterns, some variability existed among patients, which could
be attributed to genetic differences, disease severity, and prior
treatments. Differences in PAH-SMC behavior suggest that not
all patients respond similarly to stiffness-induced migration
cues, which could influence therapeutic targeting strategies.
Investigating the molecular basis of these variabilities could
lead to patient-specific therapeutic strategies, possibly linking
mechanosensor activation to genetic or epigenetic differences.
We believe our soft-stiff micropatterned model provides a plat-
form that can support ongoing efforts to identify the newfound
role of different kinases in the stiffness-induced directional
migration of PAH cells and, thus, to further explore their role
in PAH arterial remodeling. Screening of different KIs with
different cell types, e.g., PAH-SMCs, pericytes, or PAH-ADCs
that also show high DMiX in our model, may also identify cell-
specific mechanosensors that are involved in directional
migration. The hydrogel gradient generated by this micropat-
terned structure ranges from a few to several hundred kPa,

This journal is © The Royal Society of Chemistry 2025
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making it well-suited for replicating the mechanical properties
of pathological conditions. The structured or randomized
orientations of the soft/stiff gel patterns can be adjusted to
mimic the varying diameters of pulmonary arterioles across
the proximal, middle, and distal sections by modifying stripe
widths. However, further research exploiting a new design that
incorporates varying stripe distances, stripe widths, and curva-
tures can be done in future to study their effects on PAH-SMC
cell migration.

Our screening platform is designed to identify kinase inhibi-
tors that target stiffness-induced PAH cell migration—a key
process in arterial remodeling in PAH. While sotatercept, an
ActRIIA-Fc fusion protein, has demonstrated efficacy in rever-
sing vascular remodeling by neutralizing activin-class ligands
and restoring BMP signaling,’>>' its mechanism appears dis-
tinct from that of stiffness-mediated migration. Although
activin A has chemotactic effects in immune and stromal cells
via both canonical (SMAD2/3) and non-canonical (PI3K/Akt,
MAPK/ERK) pathways,”>>* studies indicate that neither activin
A nor ActRIIA-Fc ligands influence PAH-SMC migration.”® This
distinction highlights the utility of our platform in dissecting
alternative migration-specific signaling pathways, such as JAK/
STAT and MST, which are not directly targeted by sotatercept.
Therefore, our model could be leveraged to explore combi-
nation strategies where sotatercept’s antiproliferative effects are
complemented by KIs that directly block SMC migration. This
approach could provide a synergistic therapeutic benefit by tar-
geting both structural remodeling and the dynamic cellular
behaviors driving disease progression in PAH.

In summary, this research underscores the importance of
employing innovative bioengineering models to address unre-
solved issues related to the pathophysiology of PAH driven by
ECM stiffness. The stiffening of the ECM may set off a positive
feedback loop that favors an enhanced directional cell
migration that is documented in PAH pulmonary arterial
remodeling. Developing therapeutics that target the stiffness-
activated mechanosensors for directional cell migration could
play a crucial role in preventing the progression of PAH.
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