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Abstract:

For an airway or a blood vessel to narrow, there must be a connected path that links the smooth muscle (SM) cells
with each other, and transmits forces around the organ, causing it to constrict. Currently, we know very little about
the mechanisms that regulate force transmission pathways in a multicellular SM ensemble. Here, we used extracellular
matrix (ECM) micropatterning to study force transmission in a two-cell ensemble of SM cells. Using the two-SM cell
ensemble, we demonstrate (a) that ECM stiffness acts as a switch that regulates whether SM force is transmitted
through the ECM or through cell-cell connections. (b) Fluorescent imaging for adherens junctions and focal adhesions
show the progressive loss of cell-cell borders and the appearance of focal adhesions with the increase in ECM stiffness
(confirming our mechanical measurements). (c) At the same ECM stiffness, we show that the presence of a cell-cell
border substantially decreases the overall contractility of the SM cell ensemble. Our results demonstrate that
connectivity among SM cells is a critical factor to consider in the development of diseases such as asthma and

hypertension.

Introduction:

Asthma, Crohn's disease, and hypertension are widespread chronic diseases that affect the airways, the gut. and blood
vessels respectively. Although they are very different diseases, physiologically they share one common feature: they
are all characterized by excessive narrowing of the luminal area of a hollow, tubular organ. Traditionally, these changes
have been viewed as diseases of the smooth muscle (SM) and treatment strategies have focused on identifying and
targeting molecular pathways that control force generation inside the SM cell'™*. However, it is becoming increasingly
clear that the etiology of excessive narrowing of airways and blood vessels cannot be explained by considering the SM
cell in isolation from its native environment® 9. In order to generate enough force to effect a change in the luminal
area, the contractile apparatus of individual SM cells must physically connect with each other to form a force
transmission pathway that wraps around the circumference of the tube. Clearly, the number of SM cells that form
this connected path as well as the stiffness of the cell-cell and cell-extracellular matrix interactions will dictate how
much luminal constriction is achieved for a given level of SM activation. Currently, we know very little about how

these connections among SM cells are achieved in a multicellular SM ensemble.

At the cellular level, SM cells can form direct connections with their neighboring cells through cadherin-mediated
adherens junctions!'?. They can also connect to the extracellular matrix (ECM) through integrin-mediated focal
adhesions!!. Focal adhesions allow SM cells to indirectly connect with other SM cells over long distances through the
ECM!213. As such, SM cells in vivo have multiple options available to them to make connections among themselves
and transmit their force. The factors that dictate the choice of force transmission pathways used by SM cells in
healthy and diseased tissue is still unclear. Both focal adhesions and adherens junctions are mechanosensitive structures
through which cells can respond to and probe the stiffness and ligands present in their surrounding environment. Focal
adhesions size and maturation rates have been shown to depend on cytoskeletal tension!4 and ECM stiffness!®.
Similarly, in cell-cell cadherin junctions, the cadherin-catenin complex/actin filament binding in adherens junctions

has been shown to exhibit catch bond characteristics up to 10pN after which it transitions into a slip bond!0. Based
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on these data, we hypothesize that mechanical cues such as ECM stiffness can alter the nature of force transmission

pathways (cell-cell vs cellECM) in a multicellular ensemble of human SM cells.

To test this hypothesis, we applied ECM micropatterning techniques to create islands of two human airway smooth
muscle (ASM) cells and measured the effect of changing ECM stiffness on the ASM force transmitted through cell-
cell coupling!™18, We report direct measurement of forces exerted by an ASM cell on its neighbor, and on the ECM
for substrates with stiffness matching healthy (Young’s modulus, E=300Pa) and remodeled tissue (Young’s modulus,
E=13 kPa). On substrates with the stiffness matching that of healthy tissue, we find that ASM cells exert more of
their longitudinal tension on their neighboring ASM cells compared to the ECM. On soft substrates, imaging reveals
the presence of well defined adherens junctions connecting ASM cells indicating that there is strong coupling between
the cells in healthy tissue. As the substrate stiffness is increased to match that of remodeled tissue, ASM-ASM coupling
weakens and more of the ASM force is exerted on the matrix. Imaging confirms the gradual loss of adherens junctions
and replacement by focal adhesions as the ECM stiffens. These experiments indicate that as the ECM remodels and
its stiffness increases, ASM cells switch their force transmission pathway from a cell-cell connected path to an ECM
based connection. This means that with the onset of ECM remodeling, not only are the SM cells generating more

tension, the ASM cells are now interconnected through a stiffer extracellular matrix.

Results:

Creating a two-cell ensemble of human airway smooth muscle cells: In order to measure the forces that SM
cells exert on their neighbour and on the ECM, we adapted an experimental system that has been previously described
for similar measurements in cardiac myocytes!?. Briefly, the method involves creating a rectangular shaped “micro
tissue” with exactly two cells in contact with each other. In the case of ASM cells, we wanted the cells to be elongated
and aligned in a manner that was consistent with how ASM cells are organized in vivo'®. To this end, we used a novel
UV activated ECM patterning technique (Primo, Alvéole, France) to create rectangular shaped islands of gelatin on
a dimethylpolysiloxane (PDMS) substrate?Y. To facilitate measurement of cellular traction forces, a layer of fluorescent
beads was spin-coated on the surface of the gel substrate prior to gelatin patterning. The PDMS substrate material
used in this study was NuSil20, an optically clear, non-porous material whose stiffness can be tuned in the range
Young’s modulus, E =300Pa-40kPa. A substrate stiffness of E=300Pa was used to mimic the ECM stiffness of healthy
human airways. With the onset of airway remodeling, there is collagen deposition in the airways and the stiffness of
the ECM increases?l. A substrate stiffness of E=13kPa was used to mimic remodeled ECM. The length of the
rectangular pattern of gelatin was specified to match the length of ASM cells plated on non-patterned NuSil gels (150
nm) and the breadth (15 pum) was set by trial and error to allow for enough space within the rectangle to fit exactly
two ASM cells. Fig 1A shows a composite image with the phase contrast image of a two-ASM cell ensemble
superimposed on fluorescent images of their nuclei stained in blue using DAPI and the 150 pm x15 pm rectangular
micro-pattern of the Nusil gel surface using fluorescent gelatin (green). A phase contrast image of a two ASM cell
ensemble with displacement fields generated from the fluorescent beads overlaid on top is shown in Fig. 1B. We found
that these dimensions (150 pm x15 pm) gave the cells enough area to spread and form a well-defined border between
them. A detailed description of the protocols used for cell culture, gel manufacture and the ECM micro-patterning can
be found in the Methods section.

ASM-ASM coupling strength decreases with increasing ECM stiffness: Using the beads embedded in the
NuSil gel, we measured traction forces exerted by the two cell ensemble of ASM cells on the substrate. To measure
the forces exerted by each ASM cell on its neighbor, we manually outlined the cell-cell junction from phase contrast

images and used this to separate the two-ASM cell ensemble into two distinct regions corresponding to the each ASM
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cell. (Fig. 2A). This allowed us to directly calculate the force exerted by each cell on the cell-cell junction Fj ;e as the

unbalanced traction force in each celll8:22,

F}' cell; = Z Tn D
cell;

where Fj ey, is the force exerted by the i cell (i=1,2) on the cell-cell boundary. T, is the traction force vector

corresponding to computational grid n within the i cell. The average magnitude of the force exerted on the cell-cell
junction, ||F ceu,, Ficen,|| is plotted in Fig. 2C for healthy and remodeled ECM. We found that as the ECM stiffness
increases, the force on the cell-cell junction increased significantly from 0.02240.009 pN to 0.179-+0.073 uN (p<0.05,
t-test). In Fig. 2B we show changes in the contractile moment of the two-cell pair at E =300 Pa and 13kPa. Several
previous studies have noted that cellular traction forces increase with the increase in ECM stiffness?324. 'We confirm
that within the range of ECM stiffness that is of interest to this study, the contractile moment of our two cell pairs
increase significantly from 6.24+2.6 pNm to 15.945.9 pNm (p<0.05, t-test). Consequently, the force exerted on the
cell-cell junction is not a reliable indicator of cell-cell coupling strength, as this quantity will always increase as traction
forces ||7"n || increase. To normalize for this effect, we calculate a dimensionless ratio ( W) which is indicative of the

mechanical coupling between cells'” and is defined as:
|15 ce, | N |15 ceu, | @
Nxxcelll Nxxcellz

Where Nxx.;; is the average longitudinal tension given by:

Y =05

1
Nxx;e = Looi g Tx,n Txn (3)
ce

Cell
In these calculations, the z-axis was assumed to be aligned with the long axis of the rectangular pattern with the origin
at the cell-cell border such that r, = 0 at the cell-cell junction. The length of the cell L..; was measured manually
from phase contrast images as the length parallel to the x-azis (the direction in which the ASM cells are aligned).
From Eqn. 2, the ASM-ASM coupling strength, ¥ is a dimensionless ratio which measures the fraction of the cell’s
longitudinal tension that it exerts on the boundary. For ASM cells, ¥ decreased significantly from 0.514+0.18 to
0.284-0.05 (p<0.05, t-test) as substrate stiffness was increased from 300Pa to 13kPa (Fig. 2D) indicating that the ASM
cells can potentially physically decouple from each other as ECM stiffness is increased. To verify this result from
mechanical measurements, we imaged the cells after fluorescently staining for markers of cell-cell and cell-ECM

adhesion.

With the onset of remodeling cell-cell adherens junctions are progressively replaced by cell-ECM focal
adhesions: To verify our mechanical measurements of cell-cell coupling strength, we imaged our two-ASM cell
ensembles after staining for B-catenin (an adherens junction marker), vinculin (focal adhesion marker), and the nucleus
(DAPI). Images of cells stained at three different stiffnesses are shown in Fig. 3. On substrates mimicking ECM
stiffness of healthy tissue E =300Pa (Fig. 3A), the border between ASM cells is well defined by the B-catenin stain
indicating the presence of adherens junctions at the ASM-ASM cell border. As ECM stiffness increases to E=13kPa,
well defined focal adhesions (green: Fig. 3B) start to develop at the ASM-ASM cell border (yellow arrows in Panel B).
This structural change is reflected in our mechanical measurements of W which indicate a significant decrease in cell-

cell coupling strength (Fig. 2). At E =40kPa, the adherens junctions and the cell-cell border completely disappear,
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and focal adhesions can be seen at the border (yellow arrows Fig. 3C). Now, the two ASM cell ensemble separates into
2 individual ASM cells that are connected to the ECM. There is no functional border (of adherens junctions) between
the ASM cells at E=40kPa. It should be noted that vinculin can also appear in adherens junctions, but if it does, it
would spatially co-localize with (-catenin—which is not the case here. Hence, we can be certain that the vinculin

(green) in Figs. 3A-C represents focal adhesions.

To test whether the loss of adherens junctions between 0.3kPa and 13kPa was significant, we selected the fluorescence
channels for focal adhesions (green) and adherens junctions (red). These images were first thresholded based on
grayscale intensity to identify focal adhesions and adherens junctions. To avoid counting regions produced by
background fluorescence and noise, we manually masked out such artifacts. The total area of focal adhesions and
adherens junctions were then measured by counting the number of pixels and then converting the area in pixels to
units of pm? using the appropriate scaling factors. Figs 3D and 3E show the change in total area of focal adhesions
and adherens junctions respectively. There was a statistically significant increase in focal adhesion area as E was
increased from 0.3kPa to 13kPa from 49.3 4+ 3.7 pm? to 80.7 + 9.1 pm? (p<0.05, t-test). Concurrently, the cell-cell
adherens junction area underwent a statistically significant decrease in size from 50.1 + 13.6 pm?2 to 30.2 + 5.2 pm?
(p<0.05, t-test). These quantitative measurements correspond to qualitative visual observations from fluorescent
images (Figs 3A&B). Images at E=40kPa are not included in this comparison because at E =40kPa, there were no
discernable adherens junctions that could be clearly identified by thresholding. Additionally, the bead displacements

at E=40kPa were too low for reliable measurement of cellular traction forces.

Clarifying the confounding effect of ECM stiffness on the interpretation of data: Our results thus far give
a strong indication that in a remodeled extracellular environment, the ASM cells change their connectivity from ASM-
ASM connections to ASM-ECM connections and the net force of the ASM ensemble increases significantly. However,
there is considerable evidence that changes in ECM stiffness can also influence cell mechanics even in single cells2>27
and so cell-ECM interactions can be a potential confounding factor in interpreting our experimental findings. To isolate
the effect of ASM-ASM coupling from ASM-ECM coupling on our results, we needed an independent means to verify
that, at the same ECM stiffness, an ensemble of ASM cells that form strong adherens junctions among themselves
would behave differently from an ensemble of adjoined ASM cells that do not form cell-cell adherens junctions at all.
In other words, we wanted to find out whether physical connections between cells in an ensemble would influence their
overall contractility. Experimentally disrupting the cell-cell border??28 by calcium depletion or knock down f-catenin
affect cell viability and introduce additional confounding factors. Therefore, we constructed a simple mechanical
equivalent of a two-ASM cell ensemble with no cell-cell contacts. In order to do this, we considered isolated, single
ASM cells cultured on the rectangular patterns as before. The traction fields for each single cell was first calculated
independently. Then, we translated the coordinate system from the two independent traction force vector fields, such
that the two ASM cells were adjoint and aligned in the same direction. The vector fields at matching grids were added
up vectorially to create the new traction field of this theoretical ensemble. We then calculated the contractile moment
of this theoretical two-cell pair (with no cell-cell borders) and compared this to the contractile moment from our two
cell pairs at 300Pa and 13 kPa (Fig. 4). We found that at E=0.3kPa (healthy ECM, where the ASM-ASM cell coupling
was maximum: see Fig. 3A and Fig. 2D), a connected two ASM cell ensemble has statistically significantly lower
contractile strength (6.242.6 pNm) in comparison to two non-interacting ASM cells (17.9 +7.4 pNm; p<0.05; t-test,
Fig. 4). This shows that ASM-ASM connections via adherens junctions are not merely a pathway for transmitting
ASM force. Adherens junctions allow the contractile apparatus of individual cells to interact in such a way that the
contractile strength of a multicellular ensemble is significantly lower than an equivalent ensemble which connects
through cell-ECM focal adhesions rather than cell-cell adherens junctions. Comparing these results to the same scenario
on E=13kPa (remodeled ECM, where the ASM-ASM coupling was significantly lower. see Figs. 3B &2D), the net
contractility of a connected two ASM cell ensemble (15.94+5.9 pNm) was still lower than that of than two non-
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interacting ASM cells (27.7+£14.1 pNm), but the difference was not statistically significant (p=0.127; t-test). As ASM-
ASM coupling decreases, each ASM cell in the ensemble starts to behave like a single cell connected to a stiffer ECM

and the net contractile moment increases significantly.

Discussion:

It is well understood by now that diseases such as hypertension, asthma and Chron’s are also accompanied by a
substantial change in the extracellular matrix that surrounds, and connects to the smooth muscle cells”. The impact
of such matrix remodeling on the excessive luminal narrowing of airways and blood vessels is not well understood. In
this study, we measured the effect of ECM stiffness on the mechanical coupling between smooth muscle cells. We
found that at low ECM stiffness mimicking healthy tissue (E=300Pa), ASM cells form cell-cell adherens junctions
which create a well-defined border between the cells. Our force measurements showed that there is a strong mechanical
coupling between the SM cells in the two cell ensemble at this stiffness(Figs. 2D & 3A) As ECM stiffness was increased
(E=13kPa), we found that there was a significant decrease in cell-cell coupling strength. Imaging confirmed a gradual
loss of cell-cell adherens junctions in favor of celllECM focal adhesions with increased ECM stiffness. On very stiff
ECM (E=40kPa), the cell-cell border completely disappeared and well-defined focal adhesions were observed. These
measurements show that ECM remodeling can not only increase the force generated by the individual SM cells but
also alter the connectivity among cells within the smooth muscle layer, with cells favoring a force transmission pathway
that runs through the ECM.

We wanted to understand whether changes in connectivity among SM cells at the same ECM stiffness could alter the
overall contractile properties of the multicellular SM ensemble. This is extremely difficult (if not impossible) to test
experimentally without introducing additional confounding effects?2:2. Hence, we created a virtual mimic of our two-
cell ASM ensemble by repositioning two isolated single ASM cells to create an aligned dipole with no cell-cell contacts
as described in Section 1.2. Our results demonstrate that even at the same ECM stiffness, a change in connectivity
among cells within the smooth muscle layer from cell-cell contacts to cell-lECM contacts would increase the overall
contractile strength of the SM ensemble. We acknowledge the limitations that come with the theoretical nature of this

calculation. Until this result can be better tested experimentally, this remains a prediction.

Our studies were limited to a two-cell ensemble system. In vivo, the airway SM cells are organized as a single layer of
cells that spiral around the airways with a spiral pitch angle of 10 degrees 1929, These cells are constantly subjected to
periodic stretch associated with breathing. To what extent each these mechanical cues might impact our primary
findings is therefore of great interest but is beyond the scope of the current work. Another area of future interest is to
understand how SM cells respond to both contractile and relaxant stimuli. To this end, we are combining our
approaches with concomitant measurements of pharmacological changes, to be performed in high-throughput, as is

enabled by contractile force screening2030

Here we used a novel UV based ECM patterning technique to create rectangular islands of gelatin on which we plated
ASM cells to create our two-cell ensemble. The technique was able to accurately reproduce a prescribed pattern on a
PDMS substrate with a resolution of down to 2 microns. We also used a newly developed PDMS substrate, NuSil
instead of polyacrylamide (PAA) gels which are commonly used in traction force microscopy measurements. NuSil has
several advantages compared to PAA gels. NuSil allows for direct photopatterning of ECM proteins on its surface as
opposed to an indirect transfer of protein using glass coverslips3l:32, NuSil is also nonporous and optically clear
(refractive index ~1.4). Most importantly, the stiffness of these substrates could be tuned within a range of Young’s
modulus E=300 Pa-40kPa which allowed us to mimic the stiffness of healthy and remodeled human airway ECM

stiffness. A detailed characterization of the mechanical properties of NuSil gels can be found in Yoshie et al. 20,
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In this study, we found that increasing ECM stiffness from E=300Pa to 13kPa results in loss of cell-cell adhesions and
weakening of the cell-cell coupling between airway smooth muscle cells. Comparing this result to previously published
measurements in other cell types, the present findings appear to be cell-type dependent. Our results are consistent
with disruption of bovine, canine and human endothelial cell monolayers due to substrate stiffening®334, but not with
measurements that show an increase in cell-cell coupling observed in myocardiocytes with an increase in matrix
stiffness!”. The cadherin-catenin complex/actin filament bonds that are at the core of cell-cell contacts have lifetimes
that depend on force in a biphasic manner. The bond lifetimes increase with force up to 10pN (catch bonds/cell-cell
adhesion is stabilized by force), after which the bond lifetimes decrease with increasing force (slip bonds/cell-cell
adhesion is destabilized by force)!6. This suggests that it is reasonable to expect the cell-cell coupling strength (W) to
depend on the contractility of cells considered, the range of ECM stiffness, the composition of the ECM and the specific
focal adhesion & cell-cell adhesion proteins expressed in each cell type. We also note the complementary nature of cell-
cell and cell-ECM contacts expressed by SM cells in an ensemble. A decrease in the area occupied by cadherin based
cell-cell junctions was always accompanied by an increase in the total area occupied by focal adhesions. This

observation is consistent with previous studies in other adherent cell types?.

In most existing models of luminal constriction®6:37, the smooth muscle cells are lumped into one continuous layer in
the cylindrical wall that generates the tension necessary for constricting the lumen while the extracellular matrix acts
as the load against which the muscle constricts. In reality, these smooth muscle cells are organized in bundles and are
able to dynamically adjust their connectivity with each other depending on extracellular mechanical factors such as
matrix stiffness!??9. Here we have shown that the ECM stiffness can act as a switch that regulates whether forces are
transmitted via the ECM or through cell-cell contacts. The change in connectivity can also significantly change the
overall contractile strength of the ensemble. Excessive contraction of airways and bloodvesels can therefore emerge as
a result of change in connectiviity among SM cells driven by extracellular matrix remodeling. Our results highlight

the need to develop new therapies for asthma and hypertension that target extracellular matrix remodeling.

Methods

Fabrication of NuSil Gel: NuSil (NuSil Silicone Technologies, Carpinteria, CA) parts A and B were mixed in a 1:1
ratio (by volume). An appropriate volume of part B crosslinker (V/V) from Sylgard 184 (Dow Corning, Midland, MTI)
kit was added to the solution to increase substrate stiffness to desired levels. The relationship between substrate
stiffness and % of Sylgard 184 part B crosslinker to be added can be found in Yoshie 2018%°. In our study 0.36% (V/V)
of Sylgard 184 part B was added to create substrates with E=13kPa. Approximately 1mL of the mixture was placed
on top of a 30mm coverslip and was spun coat onto the surface at 00RPM (Fig. 5A,B). Next, the coated coverslip
was baked in an oven overnight at 60°C. Coverslips could then be coated with a thin layer of NuSil containing 1pm
fluorescent beads for traction force microscopy (Fig 5C). The thin NuSil layer with beads was created by adding 1mlL
solution of 2pm fluorescent beads in a silicone solution (courtesy of Allen J. Ehrlicher, McGill University, Montreal,
Canada) to the NuSil solution of a stiffness matching mixture. About 500nL of solution was added to the surface of

the gel and spun coat at 2600RPM. The bead coated coverslip was again baked in an oven overnight at 60°C.

Photopatterning NuSil: NuSil gels were photopatterned using the Primo (Alveolé, Paris, France) micropatterning
system. A schematic of the patterning process is illustrated in Fig. 5. The NuSil was coated with 0.1% Poly-L-Lysine
(PLL; Sigma Aldrich, St. Louis, MO) for 1h at room temperature (Fig. 5D). After, the PLL was rinsed 3x with 1x
PBS at pH7.2, followed by 3x of 10mM HEPES buffer at pH 8.2. Then, mPEG-SVA, MW 5kD (Laysan Bio; Arab,
AL) was diluted to 50mg/mL in 10mM HEPES buffer at pH 8.2. The solution was added to the surface of gel and
incubated for 1h (Fig. 5E). After incubation, the surface was rinsed with PBS. Then, PLPP at a concentration of 14.5
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mg/mL (Alveolé) was added to the surface of the gel prior to patterning. The UV system was used to pattern 15 pm
x 150 pm at a dosage of 1700 mW /mm? (Fig. 5F) for traction force experiments. After patterning, the gel was then
rinsed with 1xPBS and incubated with 0.1% gelatin (ECM protein used here) for 1h (Fig 5G). The samples were
washed with 1x PBS, leaving gelatin only in the area patterned. A typical pattern obatined using this protocol is

shown in Fig. 5H. Samples were then stored in the refrigerator until seeded.

Cell Culture & Seeding Cells on Gel: Primary human airway smooth muscle cells (HASMCs) were acquired
through the Gift of Hope Foundation (via Dr Julian Solway, University of Chicago). This is a publically available
source and the donor remains anonymous and cannot be identified directly or indirectly through identifiers linked to
the subject. This study meets NIH guidelines for protection of human subjects and no informed consent is necessary
from this vendor as all donor identifiers are removed. All protocols used were reviewed and approved by the
Institutional Biosafety Committee, Northeastern University. Cells were grown at 37 °C and 5% COz2 and utilized prior
to passage 7 for traction force experiments and for staining experiments. Cells were cultured in 10% fetal bovine serum,
DMEM/F12, 1x penicillin/streptomycin, 1x MEM non-essential amino acid solution, and 250 png/L. Amphotericin B.
Prior to measuring traction forces, the HASMCs were incubated in serum free medium for a minimum of 24 hours.
The serum free medium was comprised of Ham’s F-12 media, 1x penicillin / streptomycin, 50pg/L Amphotericin B,
1x L-glutamine, 1.7mM CaCls, 1x Insulin-Transferrin-Selenium Growth Supplement (Corning Life Sciences;
Tewksbury, MA), and 12mM NaOH.

Cell Traction Experiment: The protein coated gels were placed into 35 or 40mm interchangeable coverslip dishes
(Bioptechs, Butler, PA). The gels were UV sterilized for 30 mins. Cells were seeded at a density of 2400 cells/well in
10% serum media for 15 mins. After 15 mins, non-adherent cells were removed by rinsing with 1x PBS and the media
was replaced with serum free media. After 24h, cell traction forces were recorded by imaging the fluorescent beads
using a Leica DMI8 microscope, a Leica DFC9000 camera and a Lumencore Sola SEIT LED light source at 37°C with
a 40x objective. Cells were then labeled with NucBlue (Fisher Scientific) live nuclear stain to determine the number
of cells in the ensemble. After imaging, the cells were removed using RLT Lysis Buffer (Qiagen, Hilden, Germany).
Cell traction forces were calculated using Fourier Traction Force Microscopy via a custom MATLAB (Mathworks,
Natick, MA) software program?®.

Fluorescent Labeling of f-catenin and Vinculin: Cells were fluorescently labeled for vinculin (ab196454; Abcam,
Cambridge, UK) and B-catenin (ab194119). Cells were fixed for 10min with 4% formaldehyde in PBS at room
temperature. Cells were then permeabilized with 0.3% TRX-100 for 5min in PBS. Then, cells were blocked with 5%
bovine serum albumen for 1h. They were then stained simultaneously for vinculin and 3 -catenin for 2h, both at 1:200
dilution ratios in 1XPBS.

Statistical testing: Sigmastat (Systat Software, San Jose, CA) was used to perform statistical tests. The specific
tests used to compare different data sets and the p-value are described along with the corresponding results. A p-value

of 0.05 was used as the threshold for a statistically significant difference between data sets.
Acknowledgements: This work was supported by NIH grants HL129468 and HLL.122513, and HL123552 (RK).

Author contributions statement: HP, RK and SP contributed to the experimental design, SP & SS conducted
the experiments, SS, SP, RK, and HP analysed the results. All authors contributed to manuscript preparation.

Competing Interests: The authors declare no competing interests.

Data availability: The datasets that support the findings of this study are available from the corresponding author

on reasonable request.


https://doi.org/10.1101/402842

bioRxiv preprint doi: https://doi.org/10.1101/402842; this version posted August 29, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

References

1. Sears MR, Taylor DR, Print CG, et al. Regular inhaled beta-agonist treatment in bronchial asthma. Lancet
(London, England). 1990;336(8728):1391-6.

2. Whelton PK, Carey RM, Aronow WS, et al. 2017
ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA Guideline for the Prevention, Detection,
Evaluation, and Management of High Blood Pressure in Adults: A Report of the American College of
Cardiology/American Heart Association Task Force on Clinical Pr. Hypertens (Dallas, Tex 1979). 2018;71(6):e13~

ell5.

3. Severi C, Sferra R, Scirocco A, et al. Contribution of intestinal smooth muscle to Crohn’s disease fibrogenesis. Fur
J Histochem. 2014;58(4):2457.

4. An SS, Bai TR, Bates JHT, et al. Airway smooth muscle dynamics: a common pathway of airway obstruction in
asthma. Eur Respir J Off J Eur Soc Clin Respir Physiol. 2007 [cited 2010 Jul 11];29(5):834-60.

5. Briones AM, Arribas SM, Salaices M. Role of extracellular matrix in vascular remodeling of hypertension. Curr
Opin Nephrol Hypertens. 2010;19(2):187-94.

6. Lemarié CA, Tharaux P-L, Lehoux S. Extracellular matrix alterations in hypertensive vascular remodeling. J Mol
Cell Cardiol. 2010;48(3):433-9.

7. Araujo BB, Dolhnikoff M, Silva LFF, et al. Extracellular matrix components and regulators in the airway smooth
muscle in asthma. Eur Respir J Off J Fur Soc Clin Respir Physiol. 2008 [cited 2013 Apr 3];32(1):61-9.

8. Bossé Y, Riesenfeld EP, Paré PD, Irvin CG. It’s not all smooth muscle: non-smooth-muscle elements in control of
resistance to airflow. Annu Rev Physiol. 2010;72:437—-462.

9. Bossé Y, Chapman DG, Paré PD, King GG, Salome CM. A “Good” muscle in a “Bad” environment: the

importance of airway smooth muscle force adaptation to airway hyperresponsiveness. Respir Physiol Neurobiol.
2011;179(2-3):269-275.

10. Sun Z, Parrish AR, Hill MA, Meininger GA. N-cadherin, a vascular smooth muscle cell-cell adhesion molecule:
function and signaling for vasomotor control. Microcirculation. 2014;21(3):208-18.

11. Sun Z, Martinez-Lemus LA, Hill MA, Meininger GA. Extracellular matrix-specific focal adhesions in vascular
smooth muscle produce mechanically active adhesion sites. Am J Physiol Cell Physiol. 2008;295(1):C268-78.
12. Ma X, Schickel ME, Stevenson MD, et al. Fibers in the extracellular matrix enable long-range stress transmission

between cells. Biophys J. 2013;104(7):1410-8.

13. Wang H, Abhilash AS, Chen CS, Wells RG, Shenoy VB. Long-range force transmission in fibrous matrices enabled
by tension-driven alignment of fibers. Biophys J. 2014;107(11):2592-603.

14. Stricker J, Aratyn-Schaus Y, Oakes PW, Gardel ML. Spatiotemporal constraints on the force-dependent growth of
focal adhesions. Biophys J. 2011 [cited 2012 Jul 13];100(12):2883-93.

15. Yeh Y-C, Ling J-Y, Chen W-C, Lin H-H, Tang M-J. Mechanotransduction of matrix stiffness in regulation of focal
adhesion size and number: reciprocal regulation of caveolin-1 and 1 integrin. Sci Rep. 2017;7(1):15008.

16. Buckley CD, Tan J, Anderson KL, et al. Cell adhesion. The minimal cadherin-catenin complex binds to actin
filaments under force. Science. 2014;346(6209):1254211.

17. McCain ML, Lee H, Aratyn-Schaus Y, Kléber AG, Parker KK. Cooperative coupling of cell-matrix and cell-cell
adhesions in cardiac muscle. Proc Natl Acad Sci U S A. 2012 [cited 2013 Mar 16];109(25):9881-6.

18. Liu Z, Tan JL, Cohen DM, et al. Mechanical tugging force regulates the size of cell-cell junctions. Proc Natl Acad
Sei U S A. 2010;107(22):9944-9.

19. Smiley-Jewell SM, Tran MU, Weir a J, Johnson Z a, Winkle LLS Van, Plopper CG. Three-dimensional mapping of
smooth muscle in the distal conducting airways of mouse, rabbit, and monkey. J Appl Physiol. 2002;93(4):1506—
1514.

20. Yoshie H, Koushki N, Kaviani R, et al. Traction Force Screening Enabled by Compliant PDMS Elastomers.
Biophys J. 2018;114(9):2194-2199.

21. Wilson JW, Li X, Pain MC. The lack of distensibility of asthmatic airways. Am Rev Respir Dis. 1993;148(3):806—
809.

22. Maruthamuthu V, Sabass B, Schwarz US, Gardel ML. Cell-ECM traction force modulates endogenous tension at
cell-cell contacts. Proc Natl Acad Sci U S A. 2011 [cited 2013 Feb 28];108(12):4708-13.

23. Krishnan R, Park CY, Lin Y-C, et al. Reinforcement versus fluidization in cytoskeletal mechanoresponsiveness.
PLoS One. 2009 [cited 2012 Mar 10];4(5):e5486.

24. An SS, Mitzner W, Tang W-Y, et al. An inflammation-independent contraction mechanophenotype of airway


https://doi.org/10.1101/402842

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

bioRxiv preprint doi: https://doi.org/10.1101/402842; this version posted August 29, 2018. The copyright holder for this preprint (which was not

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

smooth muscle in asthma. J Allergy Clin Immunol. 2016;138(1):294-297.e4.

Mitrossilis D, Fouchard J, Guiroy A, et al. Single-cell response to stiffness exhibits muscle-like behavior. Proc Natl
Acad Sci U S A. 2009 [cited 2012 Jul 16];106(43):18243-8.

An SS, Kim J, Ahn K, et al. Cell stiffness, contractile stress and the role of extracellular matrix. Biochem Biophys
Res Commun. 2009 [cited 2013 Apr 3];382(4):697-703.

Parameswaran H, Lutchen KR, Suki B. A computational model of the response of adherent cells to stretch and
changes in substrate stiffness. J Appl Physiol. 2014 [cited 2014 Dec 1];116(7):825-34.

Zeng G, Apte U, Cieply B, Singh S, Monga SPS. siRNA-mediated beta-catenin knockdown in human hepatoma
cells results in decreased growth and survival. Neoplasia. 2007;9(11):951-9.

Bates JHT, Maksym GN. Mechanical determinants of airways hyperresponsiveness. Crit Rev Biomed Eng. 2011
[cited 2013 Feb 10];39(4):281-96.

Park CY, Zhou EH, Tambe D, et al. High-throughput screening for modulators of cellular contractile force. Integr
Biol (Camb). 2015;

Polio SR, Parameswaran H, Canovi¢ EP, et al. Topographical control of multiple cell adhesion molecules for
traction force microscopy. Integr Biol (Camb). 2014 [cited 2014 Dec 4];6(3):357-65.

Polio SR, Rothenberg KE, Stamenovi¢ D, Smith ML. A micropatterning and image processing approach to simplify
measurement of cellular traction forces. Acta Biomater. 2012 [cited 2013 Jun 3];8(1):82-8.

Krishnan R, Klumpers DD, Park CY, et al. Substrate stiffening promotes endothelial monolayer disruption through
enhanced physical forces. Am J Physiol Cell Physiol. 2011 [cited 2013 Jun 1];300(1):C146-54.

Kim J-H, Asthagiri AR. Matrix stiffening sensitizes epithelial cells to EGF and enables the loss of contact
inhibition of proliferation. J Cell Sci. 2011;124(8):1280-1287.

Sim JY, Moeller J, Hart KC, et al. Spatial distribution of cell-cell and cell-ECM adhesions regulates force balance
while main-taining E-cadherin molecular tension in cell pairs. Mol Biol Cell. 2015;26(13):2456-65.

Hiorns JE, Jensen OE, Brook BS. Nonlinear compliance modulates dynamic bronchoconstriction in a multiscale
airway model. Biophys J. 2014;107(12):3030-3042.

Politi AZ, Donovan GM, Tawhai MH, et al. A multiscale, spatially distributed model of asthmatic airway hyper-
responsiveness. J Theor Biol. 2010;266(4):614-24.

Butler JP, Toli¢-Ngrrelykke IM, Fabry B, Fredberg JJ. Traction fields, moments, and strain energy that cells exert
on their surroundings. Am J Physiol Cell Physiol. 2002 [cited 2013 Dec 17];282(3):C595-605.


https://doi.org/10.1101/402842

bioRxiv preprint doi: https://doi.org/10.1101/402842; this version posted August 29, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure 1

Fig 1 (A) shows a composite image with a phase contrast image of
a two-ASM cell ensemble superimposed on fluorescent images of
their nuclei stained in blue using DAPI and the 150 pm x15 pm
rectangular micro-pattern of the Nusil gel surface using fluorescent
gelatin (green). The scale bar is 25pum. (B) shows the displacement
field (green arrows) calculated from the movement of 1pm beads
spin coated on the gel surface. The displacement field is
superimposed on the phase contrast image of the two-SM cell pair.
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Figure 2
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Fig 2 (A) The phase contrast image shows a two ASM cell pair, the traction field generated
by this “micro-tissue” is split in two (yellow for cell; and blue for cell,) by manually outlining

each cell in the image. The force on the junction Fj.y can then be calculated as the
unbalanced traction force in each cell. (B) The contractile moment of the two ASM cell pair.
(C) Average magnitude of the force exerted at the cell-cell junction. (D) Strength of the
coupling between the two ASM cells, ¥ calculated using Eqn. 3.


https://doi.org/10.1101/402842

bioRxiv preprint doi: https://doi.org/10.1101/402842; this version posted August 29, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure 3
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(A-C) ASM cells were stained for (-catenin (an adherens junction marker;
red), Vinculin (focal adhesion marker; green), and the nucleus (DAPI; blue).
Scale bar is 10pm. (A) Healthy ECM, E =300Pa: ASM-cells form stable
cell-cell junctions and the boundary is clearly marked by B-catenin stain.
(B, C) Remodeled, stiffer ECM (E =13kPa-40kPa): As the ECM
stiffness increases to 13kPa, one sees the appearance of focal adhesions near
the cell-cell boundary (marked by yellow arrows). When ECM stiffness is
further increased to 40 kPa, the ASM-ASM boundary (red) gives way to cell
ECM focal adhesions (green). (D) Total area occupied by focal adhesions
(green) in two-cell pair at 0.3 and 13kPa. (E) Total area occupied by
adherens adhesions (red) in two-cell pairs at 0.3 and 13kPa.
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Figure 4
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Fig 4: The contractile moment of a two-ASM cell ensemble is compared to that of a
theoretical two-cell pair which does not form cell-cell connections. The -+ sign
indicates the mean value of each data set. At E =300Pa, (healthy ECM), the
theoretical pair of two ASM cells with no cell-cell connections has statistically higher
contractile moment than the two-cell pairs which form cell-cell borders. The
comparison at E=13kPa yields similar results, but the results are no longer
statistically significant. = The net contractile moment of the two-cell ensemble
increases with increase in ECM stiffness (same data as in Fig 1B).
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Figure 5
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Figure 5: Schematic of the process used to create rectangular patterns of ECM
proteins. (A) NuSil is spun coat onto a glass coverslip to create an even layer of gel on the
surface of the cover slip as shown in panel (B). The NuSil is then baked overnight on an even
surface at 60°C. The process can be repeated with the addition of fluorescent beads to create a
uniform, thin layer of beads as shown in panel (C). The surface is then coated with PLL
(panel D) and then PEG-SVA (panel E), which forms amide bonds to PLL, preventing cell
adhesion outside the desired patterned area and to the PLL itself. (F) The desired pattern, a
15 pm x 150 pm rectangle, is then projected using UV light (A=375nm) onto the surface of
the NuSil gel in the presence of PLPP, which helps to rapidly degrade the PLL-PEG coating
in the exposed area. (G) The desired ECM protein is then added to the surface of the gel and
then rinsed to only adhere to the UV exposed area. (H) shows a representative image of
150x15 pm rectangular patterns of fluorescent gelatin. Scale bar is 100 pm.
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