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Stem cell therapies have great promise for revolutionizing treatments for cardiovascular
disease and other disorders but have not yet achieved their potential due to poor efficacy
and heterogeneity in patient response. We used a high throughput mechanobiological
screening system to explore a combinatorial parameter space of mechanical forces and
pharmacological inhibitor to enhance mesenchymal stem cell properties for enabling
vascular regeneration. Our studies revealed that treatment specific mechanical conditions
combined with small molecules could dramatically increase the activation of Smad2 and
Yap-mediated signaling, leading to an increased population of mesenchymal stem cells

that simultaneously expressed markers associated with pericytes and endothelial cells. We
found these conditioned cells had increased angiogenic activity in /n vitro functional assays,
enhanced gene expression for pericyte and endothelial phenotypes by RNA sequencing and
were able to improve the formation of vasculature in models of subcutaneous implantation
and hind limb ischemia. Mechanistic studies suggested these effects were mediated by a
complex signaling pathway with crosstalk between EGFR family receptors, TGF-p receptor
type 1 and VEGF receptor 2. Overall, our findings demonstrate that optimized mechanical
and pharmacological conditioning can significantly enhance the regenerative properties of
mesenchymal stem cells.

Cell based therapies have great potential for revolutionizing the treatment of diseases that
are not amenable to traditional treatments. Therapies based on mesenchymal stem cells
(MSCs) are particularly appealing as they are a source of autologous cells with multipotency
and can be harvested from patients with relative ease. In addition, MSCs may be able to self-
renew: 2 and have immunosuppressive properties that make them potential candidates for
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autologous cellular therapeutics®. For cardiovascular therapies, MSCs have been explored
for the treatment of myocardial infarct and peripheral ischemia®=9. However, these trials
have not shown consistent long-term benefits to patients from MSC therapies in spite

of intense investigation by many groupsi%-13. MSCs have several aspects that limit their
potential for use in cell therapies. In conventional culture conditions, MSCs lose their
differentiation potential and have reduced therapeutic properties after expansionl4 12, In
addition, the isolated MSC populations have a high degree of heterogeneity, with subsets
of cells that have varying degrees of potential for inducing regeneration’6: 17. Moreover,
the therapeutic potential of MSCs is altered by the health of the patient from which they
are harvested. This is a major limitation as patients with advanced age, obesity, diabetes
and other chronic disorders have MSCs with reduced regenerative propertiesl4: 15 18-21,
Thus, those patients who would likely benefit the most from cell therapies are those who
have the least regenerative MSCs. Genetic modification of MSCs could potentially address
some of these issues but would also raise concerns of tumorigenicity?2. Consequently, there
is an intense interest in identifying alternative strategies for making MSCs more effective
and reliable in spite of patient-to-patient differences in MSC behavior and reduced inherent
regenerative capability.

The differentiation of MSCs into vascular cell types would be highly advantageous for many
clinical applications including the treatment of ischemia and in tissue engineered vascular
grafts. Unfortunately, there has not been consensus in the field as to what conditions induce
endothelial differentiation in MSCs or even if the phenotype obtained is truly endothelial

in nature23-26, Biophysical forces, including shear stress and mechanical stretch, have

been used to condition MSCs into vascular phenotypes?’—32. Several studies have shown
that shear stress and treatments such as VEGF can lead to the expression of endothelial
markers in MSCs23: 25, However, some studies have found contrasting results in endothelial
differentiation for identical treatments or an increase in markers for vascular smooth muscle
cells (vSMCs) in addition to those for endothelial cells31-34. Thus, it is unclear what
conditions are optimal for obtaining an endothelial cell-like phenotype in MSCs. Moreover,
it is unclear if enhancing endothelial or vascular phenotype also increases the effectiveness
of MSC therapies.

In this work, we used a novel high throughput system for applying mechanical stretch

to cultured cells to explore the ability of applied mechanical forces to enhance the
regenerative properties of MSCs. Using this system, we performed a set of powerful
screening assays that explored the synergy between biochemical factors, pharmacological
inhibitors and biomechanical forces in conditioning MSCs into vascular cell-like phenotypes
that have enhanced regenerative properties. We identified specific mechanical conditions that
induce maximal activation of the Yap and Smad2/3-mediated signaling pathways in MSCs.
Using a high throughput screen incorporating applied mechanical load, we also identified
pharmacological inhibitors that synergistically activated these pathways. A rigorous analysis
of the phenotype of the cells treated with combined mechanical conditioning and drug
treatments revealed increased expression of both pericyte and endothelial markers. These
optimally conditioned MSCs exhibited enhanced pericyte and endothelial behavior /in vitro,
production of angiogenic soluble factors, and increased therapeutic potential in enhancing
blood vessel growth in animal models of subcutaneous implantation and hind limb ischemia.
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Specific types of applied mechanical load activate Smad2/3 transcription factor activity
and Yap nuclear localization in mesenchymal stem cells.

Treatment with VEGF-A and TGF-B1 has been linked to differentiation of MSCs into
vascular cell types and other lineages?3 25 35, We recently developed a system that allows
the application of mechanical stretch in a high throughput format with 576 individual
culture well with mechanical load36-38. Using this system, we explored whether there was
synergy between biochemical and mechanical stimuli to activate the transcription factors by
exposing the cells to VEGF-A or TGF-B1 during mechanical loading. We transduced MSCs
with lentiviruses expressing luciferase reporter constructs for Smad2/3 and selected these

to obtain a stable reporter cell line. We found that low frequency mechanical loading (0.1
Hz, 5% maximal strain) activated Smad2/3 transcription while higher frequencies of loading
did not (Fig. 1A). In addition, there was synergy in Smad2/3 transcription with TGF-p1
treatment and mechanical loading at 0.1 Hz, and this was suppressed by loading at 1 or

2 Hz (Fig. 1A). Using a multi-strain configuration of the device, we did a dose response

to the magnitude of mechanical strain and found maximal activation of Smad2/3 in the
presence of TGF-p1 and 7.5% cyclic mechanical strain (Fig. 1B). We repeated the studies
under similar conditions and found that there was a maximal nuclear localization of Yap at
7.5% strain, similar to the activation of Smad2/3 (Fig. 1C-E). While we observed maximal
activity of Smad2/3 in our studies at 7.5% strain, nuclear intensity of Smad2/3 increased in
loads higher than 7.5% strain, implying there may be a repressive activity present towards
Smad?2/3 at higher strains. We then immunostained for markers of vascular lineage and
found that there was an increase in the vascular smooth muscle cell (vSMC)/myofibroblast
marker a-SMA at mid-level strains (Fig. 1C, F). We co-stained for integrin-linked kinase
(ILK), a known suppressor of the Hippo pathway3°, but did not see a significant difference
with mechanical load (Fig. 1C). The loading system uses a linear motor that allow the
application of complex physiological mechanical strain waveforms including a brachial
waveform that simulated the distension of the brachial artery during the cardiac cycle

(Fig. 1G). We repeated loading at 0.1 Hz, 7.5% maximal strain with the sine and brachial
waveforms and then immunoblotted for vascular markers. While our primary goal was

to exam the effects of a broad range of mechanical forces on MSC differentiation, the
brachial loading profile is mimetic of the brachial artery may simulate the forces that

would be experienced by a MSC in or near to the artery stretching during the cardiac

cycle. We found that there was an increase in the endothelial cell marker PECAM-1 and
p-Smad2/3 and a marked reduction in a-SMA with the brachial waveform loading (Fig. 1H;
Supplemental Fig. 1). In order to confirm that baseline and and lentivirus transduced MSCs
retained their natural expression profile, we confirmed the MSC phenotype of the cells
using flow cytometry (Supplemental Fig. 2). Additionally, we confirmed that the cells could
differentiate into adipogenic and osteogenic lineages at the passage used (Supplemental Fig.
3).
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High throughput drug screening assay with mechanical load identifies kinase inhibitors
that enhance Smad2/3 signaling and Hippo pathway activation in synergy with mechanical

load.

We next used the mechanical loading system to perform a screening assay to identify
compounds that could enhance Smad and Hippo pathway activation in combination with
mechanical load. We performed mechanical loading on MSCs in the 96-well format in

the presence of one of 80 compounds from a kinase inhibitor library. After 24 hours,

we immunostained for p-Smad2/3 and Yap/Taz, and then quantified the nuclear staining

of both signaling intermediates (Fig. 2A, B; Supplemental Fig. 4-6). From this assay, we
identified compounds that markedly increased both nuclear Yap and p-Smad2/3 (Fig. 2).
Many of the top hits from the assay included inhibitors of the EGFR pathways (Fig. 2C).
We chose the EGFR/ErbB-2/4 inhibitor N-(4-((3-chloro-4-fluorophenyl)amino)pyrido[3,4-
d]pyrimidin-6-yl)2butynamide (CAS 881001-19-0) and the PKCDbII/EGFR inhibitor 4,5-
bis(4-fluoroanilino)phthalimide (CAS 145915-60-2) for further study based on the maximal
activation of both pathways or maximal activation of the Hippo pathway, respectively. We
performed immunostaining on treated MSCs from a different donor and found a weak
correlation between PECAM-1/a—SMA for p-Smad2/3 (Supplemental Fig. 7A-C) and a
moderate strong correlation between these markers and nuclear Yap/Taz (Supplemental Fig.
7D-F).

Brachial waveform mechanical loading and pharmacological inhibition induce a hybrid
endothelial/pericyte phenotype in MSCs with enhanced angiogenic properties.

The induction of endothelial phenotype in MSCs would be advantageous in many
therapeutic applications. Unfortunately, several studies of endothelial differentiation of
MSCs have shown contradictory results23: 25 26, Recent studies have also suggested

that MSCs may be related to or identical to pericytes*°. However, other studies do not
support that pericytes have stem cell-like properties®!. Pericyte markers in MSCs are
correlated with enhanced regenerative properties in MSCs*2-45, Many studies have been
done that only look at one or two markers and conclude a phenotype of endothelial and
vSMC lineage, making the true phenotype difficult to assess. To address these issues,

we applied a combinatorial set of mechanical loading and biochemical/pharmacological
treatments to MSCs and then assessed their phenotype with multiple markers using flow
cytometry (Supplemental Fig. 8). We included in the treatments the pharmacological
inhibitors identified in the high throughput screen that synergistically activated p-Smad2/3
and induce Yap/Taz nuclear localization as well as treatments from previous studies that led
to vascular cell differentiation. Using a rigorous definition for endothelial cell phenotype
that required expression of multiple endothelial markers, there was little endothelial lineage
expressed by the cells under baseline conditions and with the treatments. Notably, VEGF
did not increase the endothelial cell lineage in the MSCs, as defined by multiple markers
using flow cytometry (Supplemental Fig. 9). In addition, there was only a very small
proportion of cell expressing all of the marker profile of pericytes (PECAM™ CD105"
VE-Cad  CD146" Nestin* PDGFRB* cells). With brachial waveform mechanical loading,
there was an increase in cells with both endothelial markers (PECAM-1, VE-Cad, and
CD105) and markers for pericytes (CD146, Nestin and PDGFRp). This population was
also largely positive for NG2, suggesting a hybrid phenotype of type 2 pericytes and
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endothelial cells (Supplemental Fig. 9). This EC/pericyte population was markedly increased
following treatment with brachial loading and co-treatment with kinase inhibitors identified
from drug screening assay to activate pSmad2/3 and Yap (Supplemental Fig. 9). To test

the robustness of these findings we repeated some of the treatments in two additional

donors and analyzed their marker expression using flow cytometry using mature cell lines
(endothelial cells and pericytes) as standards for each phenotype (Supplemental Fig. 10).
This analysis demonstrated an increase in the subpopulation with markers for endothelial
cells and pericytes for MSCs treated with brachial loading and the E/E inhibitor for both
donors (Fig. 3A). In addition, there was an increase in cells with the endothelial cell
phenotype in MSCs treated with brachial waveform loading and E/E inhibitor (Fig. 3A),
although this population was much smaller than the EC/pericyte population. At baseline the
MSCs had a mid range expression of PECAM in comparison to pericytes and endothelial
cells. To assess whether the MSCs expressed markers at similar levels to the mature cells
lines, we compared the staining intensities within the gated populations (Supplemental Fig.
11). The level of expression of PECAM-1, CD144 and CD105 in the EC/pericyte population
in the MSCs treated with brachial waveform loading and the E/E inhibitor was similar to
that of mature endothelial cells. In addition, the EC/pericyte population from MSCs treated
with brachial waveform loading and E/E inhibitor had similar expression of PDGFR, lower
expression of CD146 and NG2, and higher expression of nestin in comparison to pericytes.
We also analyzed the cells using a live-dead assay to exclude the possibility this population
was composed of dead cells (Supplemental Fig. 12). To investigate if this population exists
in the bone marrow /n vivo, we sorted fresh bone marrow mononuclear cells and found

that a small population that expressed both PECAM-1 and PDGFRP markers (~0.046% of
bone marrow mononuclear cells; Supplemental Fig. 13). However, we did not observe a
population that expressed the full set of EC/pericyte markers. We did not observe cells with
the full set of EC/pericyte markers. These findings suggest there may be a related phenotype
in the bone marrow, but the full phenotype is not present or is very rare.

Biomechanical conditioning increases pericyte-like activity and angiogenic properties of

MSCs.

We next examined whether the cells under the different conditions had increased pericyte-
like behavior and pro-angiogenic activity using a tube formation assay. Conditioned media
from MSCs treated with brachial loading with or without pharmacological inhibitors
induced increased tube formation in endothelial cells (Fig. 3B; Supplemental Fig. 14A).
We also plated the MSCs on Matrigel directly and found that there was increased formation
of mature tubes at later time points (Fig. 3B; Supplemental Fig. 14B). We then mixed
MSCs with endothelial cells and plated them together to examine the effect of mechanical/
biochemical conditioning on inducing pericyte-like behavior in MSCs. This analysis showed
that MSCs exposed to brachial waveform loading had increased tube formation in co-
culture with endothelial cells (Fig. 3B; Supplemental Fig. 14C). We performed mechanical
loading of MSCs with the sine and brachial waveforms (4 hours/day) and treated with
pharmacological inhibitors for seven days (the compounds were not added in the final day
treatment). The conditioned media from MSCs under the treatments were found to decrease
endothelial cell proliferation in comparison to conditioned media from cells grown under
control conditions (Supplemental Fig. 15).

Nat Biomed Eng. Author manuscript; available in PMC 2022 February 25.
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We next examined the production of growth factors by MSCs under mechanical loading with
co-treatment with pharmacological inhibitors following short term (24 hours) or longer term
(7 days) treatment. We performed an antibody array analysis on the conditioned media from
the treated cells and identified alterations in growth factor production by the MSCs after 24
hours or seven days of loading with co-treatments (Supplemental Fig. 16). We used ELISA
to measure changes in the growth factors and found increases in angiotensin-1 (Ang-1) and
VEGF-A with sine wave loading after 24 hours (Supplemental Fig. 17). Following seven
days of loading, there was a marked increase in hepatocyte growth factor (HGF), a pro-
angiogenic growth factor#®, in all of the groups treated with mechanical load (Supplemental
Fig. 18). In the groups treated with brachial loading, there was also a decrease in TGF-p1,
Ang-1 and Ang-2 (Supplemental Fig. 18). From the antibody array assay, while there was
increases angiogenic factors in the sine and brachial waveform treated groups, there was
only a marked reduction in anti-angiogenic factors angiostatin and prolactin in the brachial
E/E group. Thus, the tube formation response may reflect both a gain of pro-angiogenic
factors and a loss of anti-angiogenic factors in the brachial E/E group.

We performed a proliferation assay following treatments of the cells and found that brachial
waveform mechanical loading lead to increased proliferation of the MSCs after passaging
the cells in polystyrene culture dishes (Supplemental Fig. 19). To examine whether the
treatments led to adipogenic or osteogenic differentiation, we performed staining on the cells
with Oil Red O or Alizarin Red S but did not find significant changes in the staining in
comparison to static conditions (Supplemental Fig. 20). We also performed immunostaining
for early markers of osteogenic and adipogenic differentiation but did not see significant
changes in these with the treatments (Supplemental Fig. 21). Additionally, we grew the cells
to confluence and immunostained for VE-cadherin but did not find cell-cell junctions with
VE-caherin enrichment (Supplemental Fig. 22). We did however observe an overall increase
in VE-cadherin in the brachial loading with E/E inhibitor group. There was no difference
between the cells in terms of barrier function as measured with a permeability assay
(Supplemental Fig. 23) and measurements of transepithelial electrical resistance (TEER;
Supplemental Fig. 24).

Gene expression analysis by RNA-Seq demonstrates enhancement of pericyte/endothelial
phenotypes and pro-angiogenic gene expression in MSCs with optimized mechanical
conditioning and small molecule treatment.

To further examine whether mechanical loading/drug treatment enhanced angiogenic and
pericyte-like phenotype in MSCs, we performed RNASeq on MSCs under the various
treatments. A differential gene expression analysis revealed that treatment with the brachial
waveform mechanical loading, with or without the ErbB/EGRB (E/E) inhibitor, significantly
regulated a large number of genes in comparison to the sine wave form (Fig. 4A, B).
Treatment with the E/E inhibitor also modulated a relatively large number of genes
(Supplemental Fig. 25). Cells treated with brachial loading or brachial loading with E/E
inhibitor treatment had similar patterns of gene expression while MSCs treated with sine

or static conditions were more similar (Fig. 4C). Gene ontology analysis of the changes in
the gene expression revealed significant increases in gene expression for ECM remodeling,
vasculature development, and tube formation with treatment with brachial waveform loading

Nat Biomed Eng. Author manuscript; available in PMC 2022 February 25.
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and brachial loading with E/E inhibitor treatment (Fig. 4D). To examine the development

of a pericyte-like phenotype, we compared the gene expression of the cells in our study to
the results of a gene expression analysis from another study that examined the development
of pericytes and vSMCs from mesenchymal cells*’. For brachial and brachial + E/E treated
cells, there were gene expression changes consistent with a pericyte phenotype (Fig. 4E).
We examined a set of genes associated with the development of endothelial phenotype®® and
found that some but not all of these genes were strongly upregulated (Supplemental Fig.
26). We also examined the gene expression for soluble factors related to angiogenesis and
found increases in ANGPT2 and HGF for static + E/E inhibitor, brachial and brachial + E/E
inhibitor-treated cells (Supplemental Fig. 27). To further investigate whether the brachial
loading with E/E inhibitor treatment promotes differentiation of MSCs into endothelial cells
or pericytes we next performed Gene Set Enrichment Analysis (GSEA) on the RNASeq
datasets*®. We found a strong enrichment of both endothelial cell and pericyte gene sets in
the MSCs treated with mechanical load and mechanical load with E/E inhibitor treatment
relative to the control cells (Supplemental Fig. 28).

Optimized mechanical and pharmacological conditioning of MSCs increases
proangiogenic potential in vivo.

We next examined the effects of mechanical loading and pharmacological conditioning on
the /in vivo angiogenic properties of MSCs. We conditioned the cells with the treatments
for seven days and then implanted them subcutaneously in nu/nu mice. After 14 days,

there were increased numbers of vessels invading the gels implanted with MSCs exposed to
brachial waveform mechanical loading based on the macroscopic images of the implant
(Fig. 5A, B). In particular, the cells treated with the brachial waveform loading and
pharmacological co-treatment had the highest number of large vessels invading. Analysis
with laser speckle imaging revealed increased perfusion in the skin over the implants of the
groups treated with the brachial waveform loaded MSCs with pharmacological co-treatment,
consistent with the macroscopic appearance of the implants (Fig. 5C, D). Histological
analysis of the gels also demonstrated increased cells positive for PECAM, a-SMA and
double positive for PECAM/a-SMA in those treated with brachial waveform loading in
combination with pharmacological inhibitor treatment (Fig. 5, F). In addition, there were
increased nestinpositive cells with brachial loading and co-treatment with the E/E inhibitor
as well as cells double positive for nestin and CD146 (Fig. 5G, H). There were also

marked increases in PRGFRP and PECAM/PDGFR positive cells with brachial loading
and co-treatment with the E/E inhibitor (Supplemental 29A, B). We assessed proliferating
cells in the Matrigel using staining for Ki-67 and found that only the static cells with the
co-treatment E/E inhibitor had increased numbers of proliferating cells (Supplemental Fig.
29C, D). To confirm that the cells in the Matrigel were primarily derived from the MSCs
that were delivered, we performed fluorescence /n situ hybridization (FISH) for the human
X chromosome (Supplemental Fig. 30). Together, these findings support the concept that
combined conditioning with pharmacological inhibitors and specific mechanical conditions
can increase the pro-angiogenic properties of MSCs.

To further confirm the functional activity of the conditioned MSCs, we exposed the cells
to the treatments for seven days, encapsulated them in alginate-RGD/collagen gel and

Nat Biomed Eng. Author manuscript; available in PMC 2022 February 25.
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implanted them in nu/nu mice that underwent surgery to create unilaterial hind limb
ischemia through femoral artery ligation. We observed enhanced recovery of perfusion in
the mice treated with cells that had been conditioned with brachial waveform loading and
E/E inhibitor (Fig. 51, J). Histological analysis revealed a moderate increase in capillaries
and an over two-fold increases in larger mature vessels in the muscle from mice treated with
MSCs conditioned with brachial loading or brachial loading with E/E inhibitor treatment
(Fig. 5K, L; Supplemental Fig. 31). We confirmed the continued presence of MSCs in the
hind limb of the mice using FISH for the human X chromosome (Supplemental Fig. 32).

To examine whether brachial loading and E/E treatment could work for MSCs derived from
other donors, we repeated the mouse hind limb ischemia studies using MSCs from another
donor (Doner 2) and measured perfusion in the legs for 28 days after induction of ischemia.
We observed enhanced recovery from ischemia in mice treated with MSCs conditioned with
brachial loading an E/E inhibitor from the donor as well (Supplemental Fig. 33).

Brachial waveform loading and EGFR/ErbB2—4 inhibition leads to EC/pericyte marker
expression through a Yap and Smad2 mediated pathway.

From the kinase screen with mechanical load, we identified those pathways for which
multiple inhibitors block the activation of p-Smad2/3 and Yap. In addition, there were
many genes related to prostaglandin production/signaling were that upregulated in the RNA
Seq analysis for both brachial and brachial + E/E inhibition treatment. These inhibitors
included those to TrkA, TGFBR, VEGFR2, Syk, Smad2, Smad3, Yap and COX-1/2. We
treated the cells with brachial + E/E inhibition and inhibitors to these pathways and then
measured the signaling in the pathways using western blotting (Fig. 6A-D). In addition,
we repeated these treatments and measured expression of markers for endothelial cells/
pericytes by flow cytometry and production of HGF in the conditioned media of the cells
(Fig. 6E, F). Combining these results with those from the kinase screen we created a
hypothesized mechanistic model of the regulation of the development of the EC/pericyte
through mechanical load and E/E inhibition (Fig. 7). The upregulation of HGF production
was primarily controlled through a Yap mediated pathway (Fig. 6F).

Discussion

Mesenchymal stem cells are an appealing cell type for use in therapies for ischemia

but clinical trials have not yielded consistent benefits for patients. The application

of MSCs in vascular regeneration and tissue engineering has been limited by

contradictory or inconsistent findings in studies describing MSC differentiation into vascular
phenotypes?3 26, Using a mechanobiological screen, our studies identified conditions that
enhanced MSC therapeutic activity and induced increased differentiation toward a novel
phenotype with combined markers of pericytes and endothelial cells. The increased pericyte/
endothelial cell-like behavior in the MSCs was supported by multiple orthogonal techniques
including multi-marker flow cytometry, in vitro functional assays, gene expression in
RNASeq and animal models. There have been several studies that support that perivascular
cells may behave as MSCs in the body?C. However, other studies suggest that pericytes are
not stem cells*1. Our study demonstrates that a hybrid pericyte-endothelial phenotype can

Nat Biomed Eng. Author manuscript; available in PMC 2022 February 25.
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exist in cultured MSCs and that it can be increased through combined mechanical loading
and EGFR/ErbB2—4 inhibition.

In our mechanobiological screening assays, we found conditions that had increased
signaling through the p-Smad2/3 and Yap/Taz pathways. These pathways have been linked
in many past studies to MSC differentiation into other MSC phenotypes®0. However, the
pathways are also important in angiogenesis and pericyte function. Signaling through
Yap/Taz is enhanced in the tip cells of capillaries during angiogenesis and vascular
development®1-53, In addition, pericyte-specific knockout of Yap and Taz disrupts their
coordination of alveologenesis by reducing their production of HGF>4, a soluble factor that
was highly upregulated by the treatments used in our studies. Signaling through Smad2/3

is required for vascular stability®®, modulates pericyte/endothelial interactions®6 and TGF-p
signaling enhances the association of pericytes/mesenchymal cells to endothelial cells®’.
There is also evidence that links Smad2/3 to endothelial differentiation in MSCs and induced
pluripotent stem cells®®: %9, In addition, Yap is localized to the nucleus in sprouting vessels
and deletion of Yap and Taz causes dramatic defects in blood vessel development®3: 60, The
TGF-p pathway is key in regulating pericyte differentiation in some cell lines, regulates
pericyte behavior and is important in pericyte-endothelial cell interactions®1-64. In our
study, the compounds from our high throughput screen that activated these pathways
enhanced the pericyte and endothelial cell-like phenotype of the MSCs without significant
increases in osteogenic or adipogenic differentiation. In addition, these treatments enhanced
the expression of HGF and the angiogenic potential of the soluble factors produced by

the MSCs. Our studies suggest that Yap and Smad2 signaling have a complex role in
regulating MSC phenotype and regenerative properties. While our screening assays focused
on activation of these pathways, future screens could target enhancement of the EC/pericyte
directly and potentially achieve higher levels of enhancement of this phenotype.

Previous studies have identified that mechanical forces can increase the vascular cell
phenotype of MSCs. Notably, the application of mechanical strain to MSCs increases the
expression of vSMC markers5 66 and the application of shear stress has, in some studies,
been linked to the expression of endothelial cell markers®’. There have also been mixed
results in studies aiming to induce endothelial differentiation in MSCs, with some studies
finding differentiation into endothelial phenotype with VEGF-A treatment while others do
not show these effects23: 26: 68 Our findings using flow cytometry with multiple markers
suggest that there is very little pure endothelial cell differentiation of MSCs under a broad
range of treatments. Given our findings of a pericyte/endothelial hybrid phenotype, even the
presence of multiple endothelial markers does not exclude the possibility that the MSCs also
express mural markers. Even under the most optimal conditions, only about eight percent of
the total MSC population expressed endothelial markers in the absence of pericyte markers.
Thus, our studies suggest that previous findings of endothelial differentiation in MSCs
should be viewed with the perspective that further studies may be needed to rule out hybrid
phenotypes.

In summary, our findings have identified that MSCs can be conditioned into an enhanced
phenotype with increased expression of markers of pericytes and endothelial cells. The
conditioning required the use of complex mechanical strain waveforms and drug treatment.

Nat Biomed Eng. Author manuscript; available in PMC 2022 February 25.
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We were not able to achieve improved regenerative properties from the MSCs in the absence
of applied mechanical forces. Given the wide variation in MSC behavior and loss of activity
due to disease and aging, a potential approach may be to first isolate MSCs from the

patient and optimize the desired phenotype using a mechanobiological screen similar to

the one used in this study. For vascular regeneration, we envision that MSCs could be
harvested from patients and tested in a mechanobiological screen to maximize the mixed
EC/pericyte population. These mechanical and biochemical/pharmacologically optimized
and conditioned cells can then be implanted or injected into the patient for treatment.

Thus, while the pathways and mechanical conditions that were found to be optimal in this
study may be generalizable to many MSC lines, the overall optimization process of using
mechanobiological screening provides a paradigm for enhancing stem cell therapies in a
patient specific manner.

Materials and Methods (Online)

Construction of a high throughput biaxial oscillatory strain system.

Mechanical strain was applied to cell culture using a high throughput system described
previously36: 38. 69 Briefly, cells are cultured on custom made plates that are mounted on
a system that applies strain. The cell culture plates were comprised of silicone membranes
(0.005” thickness; Specialty Manufacturing, Inc.) that are sandwiched between two plates,
with silicone rubber gaskets at the interfaces to prevent leaking. These cell culture
membranes are UV sterilized and coated with 50 pg/mL fibronectin overnight at 37°C to
allow cell adhesion. After cell attachment, the plates are mounted on to the top plate of
the system using screws. To apply mechanical strain, a platen with 576 Teflon pistons is
moved into the cell culture membrane. The motion is driven by a hygienically sealed, voice
coil-type linear motor (Copley Controls). The platen is stabilized using six motion rails
mounted with linear motion bearings. The hygienically sealed motor housing has chilled
water running through in order to prevent over heating during operation. The 576 pistons
that come in contact with the cell culture surface can be individually adjusted to have
different height, allowing precise calibration of the strain applied to each well.

Cell lines and cell culture.

Human mesenchymal stem cells (Millipore, Inc.) were cultured in low glucose

DMEM medium supplemented with 15% fetal bovine serum, L-glutamine and penicillin/
streptomycin. Following trypsinization, cells were seeded on the membranes at 20,000 cells
per cm? before mechanical loading. The cells were used between passages 3-6. The MSCs
were derived from a donor 1 (asian male, 22 years of age), unless otherwise specified. A
subset of the studies were performed using MSCs from donor 2 (white male, 24 years of
age) or donor 3 (white female, 32 years of age). Fresh bone marrow cells were obtained
from different donor from these cell lines (white male, 28 years of age). Human umbilical
vein endothelial cell (HUVECs; PromoCell GmbH) were cultured in MCDB 131 medium
supplemented with 7.5% fetal bovine serum, L-glutamine and penicillin/streptomycin and
EGM-2 SingleQuot Kit (Thermo Fisher Scientific, Inc.). Human brain vascular pericytes
(HBVPs) were cultured in high glucose DMEM F12 medium supplemented with 10% fetal
bovine serum, L-glutamine and penicillin/streptomycin. Human aortic smooth muscle cells
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(HA0SMC) were cultured in MCDB 131 medium supplemented with 10% fetal bovine
serum, L-glutamine and penicillin/streptomycin. All cells were cultured in an incubator at 37
°C under a 5% CO, atmosphere.

Measurement of transcription factor activity.

Human mesenchymal stem cells (passage 3) were transduced with lentiviruses for the
expression of luciferase reporter constructs (Qiagen) for the target transcription factors.
Briefly, cells were cultured with the lentivirus (1 x 107 TU) in media containing polybrene
for 24 hours. Following virus incubation, media was replaced with normal media for a day.
Transduced cells were then selected with puromycin (1 pg/mL) containing media for three
days. Following the treatments, the cells were lysed and the relative luminescent signal was
measured using the luciferase assay kit (Promega) and read with the FlexStation-3 plate
reader (Molecular Devices). For the measurement, each well was read three times and the
average was taken for single data point (technical replicates). These technical replicates were
averaged for biological replicates from separate wells in the data presented.

Immunocytochemical staining on silicone membranes.

Following the treatments, the cells were fixed in 4% paraformaldehyde in PBS for 10
minutes followed by washing and permeabilization with 0.1% Triton X-100 PBS for 5
minutes. Next, samples were blocked with PBS containing 5% FBS and 1% BSA for 40
minutes. After washing, cells were incubated with primary antibodies (see Supplemental
Table 1 for specific antibodies and concentrations) in PBS with 1% BSA overnight at 4°C.
The samples were then washed twice in PBS with 1% BSA and incubated with secondary
antibodies in PBS with 1% BSA for 2 hours in a light protected environment. Cells treated
with extensive washes with PBS with 1% BSA prior to mounting in anti-fade media (Vector
Laboratories, Inc.). The samples were then imaged using epifluorescence microscopy (Axio
Observer; Carl Zeiss, Inc.), or confocal microscopy using either an LSM 710 laser scanning
confocal microscope (Carl Zeiss, Inc.) or an FVV10i Confocal Laser Scanning Microscope
(Olympus, Inc.).

Immunocytochemical staining on removable well plates.

Glass bottom plates with removable culture chambers (Ibidi) were coated with 8 ug/mL
fibronectin in PBS for 4 hours at 37°C. Following the mechanical and chemical treatments,
the cells were seeded onto the plates at a density of 50,000 cells/well and allowed to grow
for two days in culture medium. Next, the cells were washed with PBS and fixed in 4%
paraformaldehyde in PBS for 10 minutes followed by washing and permeabilization with
0.1% Triton X-100 PBS for 5 minutes. Next, samples were blocked with PBS containing
5% FBS and 1% BSA for 40 minutes. After washing, cells were incubated with primary
antibodies (see Supplemental Table 1 for specific antibodies and concentrations) in PBS
with 1% BSA overnight at 4°C. The samples were then washed twice in PBS with 1%
BSA and incubated with secondary antibodies in PBS with 1% BSA for 2 hours in a light
protected environment. Cells treated with extensive washes with PBS with 1% BSA prior
to mounting in anti-fade media (\ector Laboratories, Inc.). The samples were then imaged
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using confocal microscopy using an FV10i Confocal Laser Scanning Microscope (Olympus,
Inc.).

Cell lysis and immunoblotting.

Following the treatments, the cells were lysed in 20 mM Tris with 150 mM NaCl, 1%
Triton X-100, 0.1% SDS, 2 mM sodium orthovandate, 2 mM PMSF, 50 mM NaF and a
protease inhibitor cocktail (Roche, Inc.). The proteins were separated on a NUPAGE 10%
bis-tris midi gel (Novex) and transferred to nitrocellulose membrane using iBlot transfer
stack (Novex). The membranes were blocked for one hour in 5% non-fat milk in PBS with
0.01% tween-20 (PBST). After washing twice in PBST, cells were incubated with primary
antibodies (Supplemental Table 2) overnight in 1% non-fat milk at 4°C. The membranes
were washed with PBST and incubated at room temperature for two hours with secondary
antibody. The membrane was treated with chemiluminescent substrate (SuperSignal West
Femto; Thermo Fisher Scientific, Inc.) then imaged using a digital imaging system (Cell
Biosciences, Inc.).

Long term conditioning of hMSCs using biochemical factors.

For long-term conditioning, cells were incubated with the treatments as shown in
Supplemental Table 3. The cells were treated with mechanical loading for 4 hours/day for
7 days under sine and brachial waveform at 0.1 Hz and 7.5% maximum strain, or cultured
under static conditions. The culture media containing the treatments were replaced on day
3 and day 5 for all treatments except 5-Aza. Cells that were treated with 5-Aza had their
culture media replaced after 24 hours with standard media for the rest of the experiment. In
some cases, culture media was replaced with 0.5% FBS on the final day of loading to allow
the harvest of conditioned media without the presence of the treatments.

Flow Cytometry.

For the separation of cells by markers of vascular phenotypes, the cells were detached

from plate using Accutase (Sigma-Aldrich) and were labeled with fluorescent antibodies
according the BD Bioscience flow cytometry staining kit protocol (BD 562725; see
Supplemental Table 4 for the specific antibodies used). For the characterization of high
passage number (Passage 6) and lentiviral transduced mesenchymal stem cells, the cells
were detached from the culture plate using Accutase (Sigma-Aldrich), and were labeled
with fluorescent antibodies according to the R&D Systems human mesenchymal stem cell
verification flow kit protocol (R&D FMCO020; see Supplemental Table 4 for the specific
antibodies used). Briefly, the detached cells were centrifuged and the supernatant was
removed. Fixing and permeabilizing buffer was added while the cells were vortexed and
incubated for 40 min. Next, the samples were centrifuged and the supernatant was removed.
Cells were then treated with washing buffer containing antibodies for 50 min. Following
antibody incubation, cells were centrifuged with washing buffer two more times, before they
are treated with stain buffer and measured. A BD LSR |l Fortessa Flow Cytometer (BD
Biosciences) was used to measure population fluorescent signals. At least 10,000 events
were recorded and further gating and quantification was done through FlowJo software.
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Viability flow cytometry assay.

Mesenchymal stem cells were cultured to confluence and removed from cell culture plates
using 0.05% Trypsin-EDTA (Thermo Fisher). A subset of the cells was treated with 90%
ethanol for 1 minute, then washed with PBS and centrifuged, in order to generate a
nonviable population control. Cells were labeled with fluorescent calcein-AM and ethidium
homodimer-1, following the protocol of the Live/Dead viability kit for mammalian cells
(Thermo Fisher). Following fluorescent dye incubation, cells were centrifuged with washing
buffer two more times, then resuspended in stain buffer. A BD LSR |l Fortessa Flow
Cytometer (BD Biosciences) was used to measure population fluorescent signals. At least
10,000 events were recorded and further gating and quantification was done through FlowJo
software.

In vitro tube formation assay.

A day prior to tubule formation assay, growth factor reduced Matrigel (Corning, Inc.)

was allowed to thaw overnight at 4°C. Human umbilical cord endothelial cells (HUVECsS;
passage 5) were labeled with CellTracker Red CMTPX Dye (Thermo Fisher Scientific, Inc.)
and hMSCs were labeled with cell tracker green (Thermo Fisher Scientific, Inc.). These
cells were then cultured in 0.5% FBS containing media for 16 hours prior to the tubule
formation assay. On the day of the assay, glass bottom 96-well plates were coated with

50 ul of Matrigel per well and then incubated for 30 minutes at 37°C. The fluorescently
labeled cells were passaged with the conditioned media from the long term loading onto

the plates at a total seeding density of 20,000 cells/well in either hMSC alone, HUVEC
alone, or a co-culture of both hMSC and HUVEC at 1:1 ratio. These cells were then imaged
at 0 hour, 10 hours and 22 hours post seeding using Cytation 5 Cell Imaging Multi-mode
Reader (Biotek) in the facilities of the Targeted Therapeutic Drug Discovery & Development
Program (TTP) at UT Austin. For quantification, the number of complete loops formed was
counted.

Measurement of soluble factor production.

Conditioned media was assayed for soluble factor production using an antibody array for
angiogenic factors (Proteome Profiler Human Angiogenesis Array Kit; R&D Systems, Inc.).
In addition, the concentrations of some of the factors were measured using ELISA assays
per manufacturer’s instructions (R&D Systems, Inc.).

Subcutaneous implantation in nu/nu mice.

All animal studies were performed with the approval of the University of Texas at Austin
Institutional Animal Care and Use Committee (IACUC) and in accordance with NIH
guidelines “Guide for Care and Use of Laboratory Animals” for animal care. To assess the
in vivoresponse of conditioned hMSCs, the cells were implanted subcutaneously in nu/nu
mice. Following seven days of conditioning with the treatments, the cells were detached
using 0.05% Trypsin-EDTA and spun down at 200 g for three minutes. The supernatant was
removed and the cells were resuspended in Matrigel (Corning) at 2x10° cells/mL, in a total
volume of 200 L. These cell suspensions were then injected subcutaneously on the dorsal
surface of the six-week old nu/nu mice (Jackson Laboratories, Inc.). Blood perfusion on the
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back of the mice was assessed using a custom speckle imaging systemon 1, 3, 5, 7, and 14
days following implantation of cells’0. Laser speckle imaging was quantified by taking the
ratio of the perfusion in the region of skin over the implanted Matrigel to the perfusion of
the skin over the sacral region of the mouse. After 14 days, the mice were euthanized and the
tissue harvested for histological analysis.

Histochemical staining and immunohistochemistry of the skin tissues.

Tissues from the subcutaneous study were cryopreserved. The subcutaneous Matrigel plug
was excised using a 10 mm sterile biopsy punch. The tissues were fixed in 10% formalin

in PBS for 24 hours. Next, the fixed tissues were submerged in 30% sucrose in PBS for

4 days. Tissue samples were then frozen in isopentane cooled with liquid nitrogen. Frozen
tissue samples were sectioned to create 20 um thick sections. Briefly, the frozen tissue slices
were incubated in PBS for 5 min. The samples were then incubated with Fc receptor blocker
(Innovex Biosciences) for 30 minutes and then blocked with 25% FBS in PBS for 45 min.
After two washes with 1% BSA in PBS, samples were incubated with antibodies found in
Table 5 overnight followed by secondary antibody staining for 2 hours. The antibodies used
recognized both human and mouse proteins, unless otherwise specified. Samples were then
mounted with Vectashield and imaged using FV10i Confocal Laser Scanning Microscope
(Olympus, Inc.). For H&E staining, the frozen tissues were sectioned at 10 pm prior to
staining.

Cell encapsulation in alginate beads.

The hMSCs at passage 5 were mechanically conditioned with either static, sinusoidal or
brachial strain waveform at 0.1 Hz, 7.5% maximal strain for 7 days. During loading, the
cells were treated with either no treatment or 1 uM EGFR/ErbB inhibitor biomolecule.

The conditioned cells were then detached using 0.05% EDTA trypsin, spun down, and the
supernatant removed. Approximately 1x108 cells were then resuspended in 200 pL alginate
solution with 2% RGD peptides and 0.045% collagen. The mixture was extruded to form
alginate beads with bead diameter of 1200 um using a coaxial airflow encapsulator (Nisco
Engineering AG).

Hind limb ischemia model in nu/nu mice.

To assess the angiogenic potential and the functional recovery induced by the MSCs,

we performed a hind limb ischemia mice model in nu/nu mice (Jackson Laboratories,

Inc.). At ten-weeks of age, the left femoral artery and branches were ligated to induce
ischemia. Conditioned cells were encapsulated in alginate beads as described above and then
implanted onto the ischemic leg. Blood flow through the limb was assessed using a speckle
laser imaging system on day 1, 3, 5, 7, 14, and 28. The ratio between the flow though

the ischemic limb to the control limb was measured to assess recovery from ischemia with
correction for illumination intensity. After 28 days, the tissues were fixed using formalin
perfusion and muscles of the hind limbs harvested.
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RNA Sequencing and Analysis.

Following treatments, RNA was isolated from the cells from four independent wells per
group using the Qiagen RNeasy Mini Kit. RNAseq was performed using an Illumina HiSeq
2500 sequencing machine. For sequencing, single reads of 50 base pairs were performed
after poly-A mRNA capture using the Poly(A) Tailing Kit (Ambion) and Ultra Il Directional
RNA Library Prep Kit (NEB) to isolate mMRNA and perform dUTP directional preparation
of the mRNA library. RNA sequencing was performed by the Genomic Sequencing and
Analysis Facility at UT Austin. Gene expression analysis was performed using R. Gene
ontology was performed using the Molecular Signatures Database (En).

Histochemical staining and immunohistochemistry of the skin tissues.

Muscles from the ischemic tissues were first deparaffinized. Slides were then treated with
antigen retrieval solution (Agilent) at 75 °C for 3 hours. Samples were then blocked with
25% FBS in PBS for 45 min. Slides were then stained for PECAM-1 using an EnVision
immunostaining kit (Agilent). Briefly, samples were blocked with dual enzyme blocker
solution from DAKO. Slides were then incubated with PECAM-1 antibody (ab28364;
Abcam) overnight. On the following day, samples were labeled with HRP labeled secondary
antibody for 30 minutes followed by extensive washes with PBS. Slides were developed
with DAB chromagen for 1 minute and then counterstained using Mayer’s hematoxylin.

Fluorescence In Situ Hybridization (FISH).

Tissue slides were labeled with FISH probes following the Kit instruction from VividFISH
FFPE pretreatment and VividFISH CEP probe (Genecopoeia). Briefly, tissue slides were
treated with pretreatment solution at 85 °C for 90 minutes followed up with a protease
solution for 20 minutes. Slides were then denatured at 73 °C for 5 minutes, and treated with
FISH probe mixed with the hybridization solution overnight at 42 °C. On the following day,
samples were washed and treated with DAPI mounting medium. The slides were imaged
using an FVV10i Confocal Laser Scanning Microscope (Olympus, Inc.).

Proliferation Assay.

Following the mechanical and chemical treatments, cells were removed from the stretch
plates using 0.05% Trypsin-EDTA, seeded onto optical-bottom 96 well plates at a density

of 10,000 cells/well, and allowed to grow for 24 hours. Bromodeoxyuridine (5-bromo2’-
deoxyuridine; BrdU) labeling solution was added to culture media. Cells were washed and
stained with the detection and HRP antibodies, following the BrdU assay protocol according
to the manufacturer’s instructions (Cell Signaling Technology). Absorbance was read at 450
nm using a FlexStation-3 plate reader (Molecular Devices).

Permeability Assay.

Custom steel-bottom transwell cell culture plates were built using polycarbonate membranes
(Neuro Probe Inc.; #PFD3) with 3-micron pores that are sandwiched between two plates,
with silicone rubber gaskets at the interfaces to prevent leaking. The membranes were UV
sterilized and coated with 8 pg/mL fibronectin for 4 hours at 37°C to allow cell adhesion.
After coating, the fibronectin solution was removed from the top of the transwell membranes
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and warm cell culture media was added to the bottom wells of the plates. Following the
mechanical and chemical treatments, cells were removed from the stretch plates using 0.05%
Trypsin-EDTA (Thermo Fisher), seeded on top of the transwell membranes at a density of
50,000 cells/well, and allowed to grow for 2 days. Some wells were left unseeded to serve
as the control group. Cell culture media was removed from the top of the transwell plate
and replaced with 200 L of fresh culture media containing fluorescent BSA-Texas Red
(Diluted 1:10; Thermo Fisher) and 10 kDa dextran-Alexa Fluor 647 (Diluted 1:10; Thermo
Fisher). 200 uL of media was subsequently removed from the bottom of the transwell plate
and added to an optical-bottom 96 well plate (Thermo Fisher). Fluorescent intensity was
measured using a FlexStation-3 plate reader (Molecular Devices). Culture media devoid

of fluorescent additives was included in the plate reader assay to measure background
fluorescent intensity.

Transepithelial electrical resistance (TEER) Assay.

Cells were conditioned with mechanical and chemical treatments and seeded into custom
steel-bottom transwell culture plates as described previously. 8 transwells were left unseeded
to serve as the control group. After 2 days of growth in cell culture media, the plates were
removed from the 37°C CO2 cell culture incubator and allowed to cool to room temperature
for 15 minutes. Electrodes from an epithelial ohmmeter (World Precision Instruments) were
inserted into the bottom and top wells of the transwell plate.

Bone marrow mononuclear cell isolation.

Fresh ACD-A treated whole bone marrow was obtained from one human donor
(StemExpress, Inc.). 10 mL of whole bone marrow was diluted with 5 mL of PBS without
calcium and magnesium. The solution was distributed evenly amongst 4 15 mL centrifuge
tubes, and 5 mL of room temperature Ficoll Paque Plus (Sigma Aldrich) was layered

onto the bone marrow solution in each tube. The samples were centrifuged at 480g for

30 minutes. The resulting aqueous layer was collected, added to new centrifuge tubes and
washed with PBS. This solution was centrifuged at 4509 for 5 minutes and the supernatant
was discarded. The cell pellet was resuspended at a density of 250,000 cells/mL and stained
with flow cytometry antibodies following the protocol described previously.

Human mesenchymal stem cell functional identification.

High passage (Passage 6) MSCs were cultured as described previously. Following the
protocol from the hMSC functional identification kit (R&D Systems; #SC006), cells were
seeded onto glass coverslips in 24 well plates at a density of 2.1x10% cells/cm? for the
adipogenic differentiation and 4.2x103 cells/cm? for the osteogenic differentiation. Cells
were treated with the respectively provided differentiation media every 3 days for a total
of 21 days. Following the differentiation, the cells were fixed in 4% paraformaldehyde

in PBS for 10 minutes followed by washing with PBS. Next, samples were blocked and
permeabilized with PBS containing 5% FBS, 1% BSA, and 0.3% Triton X-100 PBS for
40 minutes. After washing, cells were incubated with primary antibodies (see Supplemental
Table 1 for specific antibodies and concentrations) in PBS with 1% BSA overnight at 4°C.
The samples were then washed twice in PBS with 1% BSA and incubated with secondary
antibodies in PBS with 1% BSA for 2 hours in a light protected environment. Cells treated
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with extensive washes with PBS with 1% BSA prior to flipping the coverslip and mounting
on glass slides in anti-fade media (Vector Laboratories, Inc.). The samples were then imaged
using epifluorescence microscopy (Axio Observer; Carl Zeiss, Inc.)

Oil Red O staining.

Following the biomechanical and chemical treatments, cells were washed with PBS and
fixed with 10% formalin for 30 minutes. After washing with deionized water, cells

were incubated with 60% isopropanol for 5 minutes. Oil Red O stock solution (Electron
Microscopy Sciences) was reconstituted in 100% isopropanol and allowed to mix for 20
minutes, following the manufacturer’s protocol. The working solution was diluted 3:5
with deionized water, filtered through Whatman No.1 filter paper, added to the cells, and
incubated for 20 minutes. Cells were washed until excess stain was no longer visible, and
the cells were then counterstained with hematoxylin for 1 minute. Cells were washed with
deionized water and imaged using light microscopy.

Alizarin Red S Staining.

Following the biomechanical and chemical treatments, cells were washed with PBS and
fixed with 4% paraformaldehyde for 15 minutes. After washing with deionized water, cells
were incubated with 40 mM Alizarin Red S (EMD Millipore) for 30 minutes. Cells were
washed extensively with deionized water and imaged using a light microscope (Meiji, Inc.).

Gene set enrichment analysis (GSEA).

To define signature gene sets of endothelial cells, pericytes, and vascular smooth muscle
cells (vSMCs), we downloaded multiple RNA-seq data sets (Supplemental Table 6).
Obtained RNA-seq data sets were mapped to the human transcripts (GRCh38) with Salmon
mapper (v1.1.0)"1 and the count of mapped reads was normalized as transcripts per million
(TPM) using an R package of tximport (v 1.14.2)72. Multiple processed RNA-seq data
belonging to each cell-type category were considered as replicates and compared to data
obtained from mesenchymal stem cells (MSCs) using edgeR (v 3.26.8)"3 to define signature
genes for each cell-type. GSEA was performed using fig 4 tool (v4.0.3)*° with these defined
gene sets (p-value 0.001, approximately 500 genes each) and the gene expression data of the
brachial + E/E inhibition treated cells to control MSCs.

Endothelial and Vascular Smooth Muscle Cell Differentiation.

Human mesenchymal stem cells (Millipore, Inc.) were cultured in low glucose

DMEM medium supplemented with 15% fetal bovine serum, L-glutamine and penicillin/
streptomycin. Cells were seeded onto silicone membranes coated with 50 pg/mL
fibronectin. Cells were treated with 50 ng/mL VEGF-A (PeproTech) to induce endothelial
differentiation, or 10 ng/mL TGF-p1 (R&D Systems) and 30 uM Ascorbic Acid (Sigma-
Aldrich) to induce vascular smooth muscle cell differentiation. After one week of treatment,
the cells were fixed in 4% paraformaldehyde in PBS for 10 minutes followed by washing
and permeabilization with 0.1% Triton X-100 PBS for 5 minutes. Next, samples were
blocked with PBS containing 5% FBS and 1% BSA for 40 minutes. After washing, cells
were incubated with primary antibodies (see Supplemental Table 1 for specific antibodies
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and concentrations) in PBS with 1% BSA overnight at 4°C. The samples were then washed
twice in PBS with 1% BSA and incubated with secondary antibodies in PBS with 1% BSA
for 2 hours in a light protected environment. Cells treated with extensive washes with PBS
with 1% BSA prior to mounting in anti-fade media (Vector Laboratories, Inc.). The samples
were then imaged using confocal microscopy using an FVV10i Confocal Laser Scanning
Microscope (Olympus, Inc.).

Early osteogenic and adipogenic marker identification.

Following the biomechanical and chemical treatments, the cells were washed with PBS
and fixed in 4% paraformaldehyde in PBS for 10 minutes, followed by washing and
permeabilization with 0.1% Triton X-100 PBS for 10 minutes. Next, samples were blocked
with PBS containing 5% FBS and 1% BSA for 40 minutes. After washing, cells were
incubated with primary antibodies (see Supplemental Table 1 for specific antibodies and
concentrations) in PBS with 1% BSA overnight at 4°C. The samples were then washed
twice in PBS with 1% BSA and incubated with secondary antibodies in PBS with 1% BSA
for 2 hours in a light protected environment. Cells treated with extensive washes with PBS
with 1% BSA prior to mounting in anti-fade media (Vector Laboratories, Inc.). The samples
were then imaged using confocal microscopy using an FVV10i Confocal Laser Scanning
Microscope (Olympus, Inc.).

Statistical analysis.

All results are shown as mean + standard error of the mean. All experiments used biological
replicates that consisted of cells in non-repeated, independent cell culture wells or tissue
samples from different animals, unless specified otherwise. Multiple comparisons between
groups were analyzed by two-way ANOVA followed by a Tukey post-hoc or a Dunnett post-
hoc test when testing multiple comparisons versus a control group. For non-parametric data,
multiple comparisons were made using the Kruskal-Wallis test followed by post-hoc testing
with the Conover-Iman procedure. A p-value of 0.05 or less was considered statistically
significant for all tests.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Specific types of mechanical stretch activate Smad2/3 and Yap/Taz pathways in
mesenchymal stem cells.

(A) Transcription factor activity in MSCs was measured using a luciferase reporter assay
after the application of cyclic mechanical strain (5% maximal strain) for 8 hours with
co-treatment with 10 ng/ml VEGF-A or 10 ng/ml TGF-B1 (n = 8). *p=0.001 versus static
control group. Tp=0.001 versus static, growth factor treated group. ¥p = 0.024 versus
control group under the same mechanical loading conditions. (B) Smad transcription factor
activity in MSCs with application of load for 24 hours using the multi-strain configuration (n
= 6). *p=0.024 versus static control group. Tp= 0.038 versus static, growth factor treated
group. ¥p = 0.049 versus control group under the same mechanical loading conditions. (C)
The MSCs were treated with mechanical load using the multi-strain format at 0.1 Hz for

24 hours and then immunostained for markers of vascular cell differentiation or signaling
pathway activation. Scale bar = 100 um. (D) Ratio of nuclear to cytoplasmic p-Smad2/3

in MSC after mechanical loading for 24 hours. *p = 0.02 versus static group. (E) Ratio of
nuclear to cytoplasmic Yap/Taz in the mechanically loaded MSCs (n = 4). *p = 0.039 versus
static group. (F) Quantification of PECAM and a-SMA staining in MSCS after 24 hours of
mechanical loading at 0.1 Hz (n = 4). *p=0.005 versus static group. (G) Strain waveforms
for sine and brachial loading at 0.1 Hz. (H) Quantification of western blotting for vascular
markers and signal activation after 24 hours of mechanical loading (n = 4). *p=0.01 versus
static and sine groups.
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Figure 2. High throughput mechanobiological screen for small molecule inhibitors that have
synergistic activation of Yap/Taz and Smad2/3 with mechanical loading.

The MSCs were treated with 7.5% mechanical strain at 0.1 Hz for 24 hours in the presence
of compounds from a library of kinase inhibitors. (A) The cells were immunostained and
quantified for nuclear localization of Yap/Taz and p-Smad2/3 (n = 5). *p = 0.037 versus
cells treated with static conditions under control treatment. Tp = 0.001 versus mechanically
strained control group. (B) Images from immunostaining of cells arranged in the 96 well
plate format. Scale bar = 50 um. (C) Overall summary of the mechanobiological screen
separated to show the response distribution for the compounds. Labeled samples indicate the
target of the inhibitor used or control treatments.
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Figure 3. Biomechanical stimulation of mesenchymal stem cells with the brachial waveform and
specific small molecule inhibitors leads to increased expression of endothelial cell and pericyte
markers and enhanced pericyte-like activity.

(A) Analysis of cells treated with biochemical factors and/or small molecule inhibitors for
seven days with 4 hours a day of mechanical loading. Cells were labeled for multiple
markers of endothelial and pericyte lineage and analyzed using flow cytometry (n = 8

for MSCs; n = 3 for endothelial cells/pericytes). MSCs were derived from donor 2 (D2)
or donor 3 (D3). *p = 0.004 versus control/non-loaded group. Tp = 0.006 versus brachial
loading group. (B) Tube formation assay analyzing the activity of the conditioned media

Nat Biomed Eng. Author manuscript; available in PMC 2022 February 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Leeetal.

Page 27

derived from MSCs under the treatments (HUVECs + MSC Media), the tube formation
activity of the MSCs on Matrigel (MSCs), or the tube formation activity in MSCs seeded on
Matrigel in co-culture with endothelial cells (HUVECs + MSCs; n = 4). *p = 0.048 versus
static group at the same time point. MSCs were derived from donor 1. Tp= 0.021 versus
static and sine group at the same time point. Scale bar = 100 um.
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Figure 4. Gene expression analysis the RNAseq demonstrates that mechanical conditioning with
brachial waveform loading enhances pericyte and endothelial cell gene expression.

MSCs were treated with mechanical load and/or an ErbB/EGFR inhibitor for seven days.
(A) Volcano plots of differentiation gene expression in comparison to the static control
group. (B) Venn diagrams for significantly upregulated and downregulated genes. (C)
Clustering analysis of the gene expression in the MSCs for significantly regulated genes.
(D) Gene ontology analysis for significantly regulated gene groups. (E) Comparison of gene
expression in the treated cells to the change in gene expression in bone marrow MSCs
when they differentiate into mural phenotypes.#’ The cell phenotypes listed are as follows:
immature pericytes (ImPC), type 1 pericytes (PC1), type 2 pericytes (PC2), immature
vascular smooth muscle cells (ImSMC), mature vascular smooth muscle cells (mSMC),

and aortic vascular smooth muscle cells (AoSMC).
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Figure 5. Optimized mechanical and pharmacological conditioning of MSCs increases their
ability to induce angiogenesis and arteriogenesis following implantation subcutaneously or in a
hind limb ischemia model.

The MSCs were treated under the indicated conditions for seven days in culture and then
implanted subcutaneously in nu/nu mice in Matrigel. (A) Photographs of the implants after
14 days of implantation. (B) Quantification of blood vessels in the gel using macroscopic
images of the gel. *p = 0.049 versus Matrigel, static, static with EGFR/ErbB inhibitor and
sine groups (n = 6). (C) Images of laser speckle imaging of the mice after 14 days of
implantation. (D) Quantification of perfusion measured by laser speckle imaging following
implantation (n = 6). *p = 0.049 versus Matrigel and static control groups. (E) Images of
tissue sections from the gel regions of the explanted tissues immunostained for PECAM

and a-SMA. Scale bar = 100 pm. (F) Quantification of the percent positive cells for the
indicated markers (n = 6). *p = 0.049 versus static control groups. Tp= 0.017 versus static,
static with EGFR/ErbB inhibitor, sine and brachial groups. ¥p = 0.021 versus static, static
with EGFR/ErbB inhibitor and sine groups. (G) Images of tissue sections immunostained for
CD146 and Nestin. (H) Quantification of the percent positive cells for the indicated markers.
*p=0.049 versus static control groups (n = 6) Tp= 0.049 versus static, static with EGFR/
ErbB inhibitor, sine and brachial groups. ¥ = 0.049 versus static, static with EGFR/ErbB
inhibitor and sine groups. 8p=0.044 versus static and sine groups. 1p = 0.004 versus static
with EGFR/ErbB inhibitor group. Scale bar = 100 um. (1) Laser speckle imaging of the

100,

3
S
L

S
S
1

Percent Postive Cells
@
o
1

nN
S
1

Static  Static  Sine  Brach  Brach Brach
Cont E/EInh Cont Cont E/EInh PIEInh

Nat Biomed Eng. Author manuscript; available in PMC 2022 February 25.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

Page 30

feet of mice implanted with MSCs treated for seven days with the indicated treatments. (J)
Quantification of the perfusion in the feet of the mice after induction of hind limb ischemia
(n =7 for static and brachial treated groups, n = 8 for static EE treated groups, n = 10 for
brachial EE treated groups, n = 13 for alginate control groups). *p = 0.049 versus alginate
group. Tp=0.007 versus alginate and static groups. (K) Quantification of the number of
small blood vessels in the thigh muscle of the ischemic limb in the mice implanted with
MSCs conditioned with the treatments (n = 5 for alginate control groups, n = 7 for static
treated groups, n = 8 for static EE and brachial treated groups, n = 10 for brachial EE treated
groups). *p = 0.042 versus the static groups. Tp = 0.026 versus the static EE group. (L)
Quantification of large vessels in the thigh muscle of the ischemic limb of the mice (n=5
for alginate control groups, n = 7 for static treated groups, n = 8 for static EE and brachial
treated groups, n = 10 for brachial EE treated groups). *p = 0.049 versus the alginate group.
Tp=0.035 versus the alginate, static and brachial EE groups.
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Figure 6. Analysis of cell signaling pathways activated during treatment of mesenchymal stem
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(A-D) Western blotting analysis of cells after treatment with mechanical loading and EGFR/
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ErbB2-4 inhibitor with the addition of inhibitors as indicated. The inhibitors included a
TrkA inhibitor (GW441756), TGFOBR1 inhibitor (TGFBR Inh), VEGFR2 inhibitor (VEGFR
Inh), Syk inhibitor (Syk Inh), Yap inhibitor verteporfin (Mert), Smad3 inhibitor (SIS3),

Smad2 inhibitor (SM16), aspirin, and prostaglandin F2a agonist travoprost (Travo). (E)

Flow cytometry analysis of cells for endothelial cell/pericyte phenotype after treatment with

mechanical load and inhibitors as indicated for 7 days. Endothelial cell/pericyte phenotype
was defined as having the following marker expression: PECAM™*, PDGFRB*, VE-CAD?,

CD105*%, CD146%, Nestin* and NG2* (n = 6). *p = 0.001 versus static control group. Tp=

0.001 versus brachial EE group. (F) ELISA for production of HGF in conditioned media
from MSCs treated as indicated for 7 days (n = 8). *p = 0.04 versus control group.
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Figure 7.
Summary of hypothesized mechanism for regulating EC/Pericyte in MSCs by mechanical

loading and EGFR/ErbB2—-4 inhibition.
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