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reparative macrophages

® Microtissue non-myocytes suppress inflammation via
reduced YAP activation
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In brief

Geometrically controlled, stem cell-
derived cardiac microtissues were
evaluated both as vascularized
engineered tissues in cell culture and as
grafts in the abdominal cavities of nude
rats. These engineered microtissues
promoted cell alignment for stronger
contractions and supported blood vessel
formation while minimizing inflammation.
Compared with dispersed cells, the
microtissues exhibited reduced cell
death, lower cellular stress, and balanced
signaling for vascular development and
inflammatory control. This strategy holds
promise for advancing more effective
cell-based therapies for heart failure.
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THE BIGGER PICTURE For decades, cardiac regenerative medicine has faced a major hurdle: transplanted
heart cells fail to survive and integrate, limiting their therapeutic potential. Many attributed this failure to the
ischemic environment of damaged heart tissue. However, our study challenges this assumption and shifts
the focus to the inherent biological properties of transplanted cells. Using a well-vascularized omentum
model to eliminate ischemia as a variable, we found that dispersed induced pluripotent stem cell (iPSC)-
derived cardiac cells failed to engraft, disappearing within a week. In contrast, engineered cardiac microtis-
sues—small, structured clusters of heart cells—formed robust, vascularized grafts and triggered a regener-
ative immune response. The key to this difference lies in the Yes-associated protein (YAP) signaling pathway,
which regulates cell survival and inflammation. In dispersed cell transplants, non-myocytes exhibited high
YAP activation, leading to inflammatory cytokine secretion and graft failure. However, in microtissues,
YAP activation was controlled, supporting cardiomyocyte survival while suppressing inflammation. This
study shifts the focus of cardiac regeneration from oxygen supply alone to biophysical and mechanobiolog-
ical factors that regulate graft survival. By engineering geometrically optimized cardiac microtissues, we can
enhance integration, reduce inflammation, and improve graft repair outcomes.

SUMMARY

Cardiac tissue engineering faces challenges due to inadequate vascularization, poor engraftment, and inef-
fective strategies to control inflammation. This study explores the benefits of geometrically controlled
cardiac microtissues over-dispersed cells. Microtissues derived from human induced pluripotent stem
cell-derived cardiomyocytes (hiPSC-CMs) and affixed between two polydimethylsiloxane (PDMS) pillars
exhibited cellular alignment and contractile function and were necessary to serve as suitable building blocks
for assembling larger tissues. Following implantation into the omentum in nude rats, these tissues exhibited
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robust engraftment, contractility, and vascularization, with significantly reduced inflammation. Compared to
dispersed cells, microtissues demonstrated enhanced vessel network formation, reduced cell death (lower
lactate dehydrogenase [LDH]), decreased cytotoxicity (lower cell-free mitochondrial DNA [mtDNA]), and
decreased Yes-associated protein (YAP) activation in cardiomyocytes and associated non-cardiomyocyte
populations. Cytokine analysis revealed elevated pro-angiogenic factors (placenta growth factor [PIGF], en-
docan, and angiopoietin-2) and reduced inflammatory markers (interleukin-31 receptor A [IL-31 RA], inter-
leukin [IL]-2 R beta, and OX40 ligand) in microtissues compared with dispersed cells, offering a promising

approach for cardiac repair and regeneration.
INTRODUCTION

Human induced pluripotent stem cell-derived cardiomyocytes
(hiPSC-CMs) have emerged as a promising cell source in cardiac
tissue engineering. However, their poor post-transplantation sur-
vival and limited graft size secondary to ischemia and the host im-
mune response limit their therapeutic potential."? Increased
blood vessel density and perfusion have been shown to improve
hiPSC-CMs engraftment and functionality in vivo, enhancing their
regenerative potential for cell-based therapies; however, these
studies rely on pre-formed endothelial networks.*™®

To date, many approaches have attempted to incorporate a
functional vasculature within cardiac tissues to support grafts
that are large enough to support clinically meaningful contrac-
tile functions, as in the setting of myocardial infarction (Ml) or
heart failure.° Several publications have demonstrated the
pro-angiogenic potential of stromal cells such as dental pulp
stem cells (DPSCs), supporting their role in promoting angio-
genesis and vasculogenesis’° and leading to their use as sup-
porting cells in engineered tissues.'®"" Yet, the simple co-cul-
ture of CMs with endothelial cells (ECs) and mural cells resulted
in premature and segmented lumen structures without suffi-
cient perfusion.'? A pre-defined, mechanically stable biomate-
rial-based vasculature within the parenchymal spaces can
help, but it confers limited flexibility'>'* and lacks dynamic re-
modeling."®'®"® Although 3D-printed vascular networks'’°
can produce complex hierarchical vascular networks within hy-
drogels, their resolution is typically less than desired and they
fail to recapitulate the dynamic crosstalk between capillary
endothelium and parenchymal CMs due to the lack of a micro-
vascular network.?’??

These challenges are limiting the in vivo assembly of large tis-
sues, which are dependent on successful engraftment of trans-
planted CMs. Furthermore, stable hiPSC-CM engraftment in an-
imal models has previously shown to be dependent on strict
immunosuppression regimens, treatment with heat shock ther-
apy, and the addition of complex pro-survival cocktails.”®
Many hiPSC-CM-based interventions stimulate functional car-
diac recovery not by local cellular engraftment and differentiation
but by a paracrine mechanism that modulates the behavior of
surrounding cells.?* It has proven difficult to establish a clear
link between the contractility of transplanted CMs and improve-
ments in host cardiac function.?® Although low cellular engraft-
ment is typically secondary to the formation of immature, unsta-
ble vasculature,?® one must also take into account the immune
properties of the transplanted cells and the inflammatory milieu
into which they are introduced.
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We hypothesize here that excessive inflammation upon tissue
transplantation is another significant contributor to limited graft
survival. Modulating the inflammatory properties of engineered
tissues and their host environment, along with establishing a per-
fusable and dynamic vascular network, could therefore promote
transplanted cell retention and improve the graft’s functional
properties.

In this study, we developed a novel approach to address these
challenges by generating uniaxially oriented cardiac microtis-
sues, using hiPSC-CMs and cardiac fibroblasts (cFBs) for stro-
mal support (Figure 1), demonstrating that the cardiac microtis-
sues attenuate the inflammatory phenotype in comparison with
the dispersed cells, promoting the host endothelial ingrowth to
generate functional, vascularized grafts with excellent cellular
retention, preserved architecture, and stable functional proper-
ties. The microtissue approach presented here may improve
cell-based therapies directed at cardiac remuscularization and
functional recovery.

RESULTS

Micromold geometry and pillar positioning influence
microtissue cell alignment

Engineered cardiac tissues require tension for cell elongation,
intercellular alignment, and functional maturation.>” Based on
this principle, five pillar-based platforms were designed with
different geometries and numbers of pillars (2, 3, and 4) to inves-
tigate the effect of pillar arrangement on cellular alignment in mi-
crotissues (Figure S1A).

The microwells for tissue generation were approximately
800 pum across the longest axis with 100 pm-diameter pillars.
Considering the oxygen diffusion depth of ~100 pm and the
requirement for the low aspect ratio of the pillars required to
maintain their integrity after molding, a well depth of 300 pm
was selected, similar to the Biowire pIa’tform,28 resulting in an
aspect ratio of 3 (Figure S1B). Through a series of adjustments
in the fabrication protocol that included modification of spin
speed and crosslinking energy (Figures S1C-S1E), a high repro-
ducibility was achieved. Polydimethylsiloxane (PDMS) molds
produced from the SU-8 master successfully replicated the fea-
tures and pillars, as confirmed by bright-field microscopy
(Figure S1F). Successful tissue formation was defined as adher-
ence to both pillars and appropriate tissue compaction
(Figure S1G).

Vascular microtissues, with networks stable up to 5 days in
culture, were first utilized to identify the pattern with optimal tis-
sue formation and the highest success rate, leveraging the
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fluorescence signal from GFP-labeled ECs (Figure 2). Vascular
microtissues consisting of human umbilical vein ECs (HUVECs)
and DPSCs?° retained their shape and adhered to the pillars
(Figure 2A). At least 3 different tissue constructs were seeded
for each design, demonstrating reproducible tissue shapes
(Figures 2C-2E).

A consistent cellular alignment was observed in the duo-pillar
designs as assessed by intrinsic GFP signal and adherens junc-
tion (VE-cadherin) labeling. In contrast, both GFP and VE-cad-
herin expression in the designs with three or four pillars were
less organized (Figure 2A), with a lower success rate of tissue
formation (Figure 2B). Consequently, designs with three or four
pillars were eliminated from further experiments. There was no
significant difference in propidium iodide (Pl) staining after
normalizing it to the DAPI signal, indicating minimal cell damage
due to the harvesting process (Figures 2F and 2G).

Production and characterization of cardiac

microtissues with duo-pillar designs

Cardiac microtissues with a CM to cFB ratio of 10:1, were eval-
uated in the duo-pillar designs following the same protocol used
for vascular microtissues with troponin T (TnT) expression em-
ployed to evaluate sarcomeric alignment (Figures 3B and 3C).
Tissues formed in the wells without pillars served as controls
(Figure 3A). The tissues in both the “eight” and “candy” shaped
wells exhibited higher cellular alignment compared with other
designs (Figure 3D) with a consistently higher success rate of
tissue formation (Figure 3E). Success is defined as the tissue
compacting and stably adhering to the pillars in the mold. Two
main modes by which failures occur are: (1) lack of compaction,
i.e., the cells fail to undergo the cell/gel compaction process,
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In vitro Figure 1. The microtissue fabrication pro-

vascularization & cess and their applications in vitro and
large tissue in vivo

assembly hiPSC-CMs were seeded into PDMS molds to

generate cardiac microtissues with defined ar-
chitecture. For in vitro applications, these micro-
tissues were combined with endothelial cells (ECs)
and dental pulp stem cells (DPSCs) in a fibrin hy-
drogel to promote vascularization. The approach
would be adaptable to facilitate the assembly of
larger functional tissues, as well as other in vitro
downstream applications. Parallel in vitro studies
involved omental implantation of microtissues in
adult athymic nude rats to assess the effects of
microtissue architecture on hiPSC-CM survival,
graft vascularization, immune responses, and
functional integration. This approach is designed
to promote vascular network formation and inte-
gration, enhance cardiac microtissue engraft-
ment, and attenuate inflammatory responses for
potential therapeutic applications.

leading to a lack of condensation around
the pillars, and (2) detachment from a
post at the end of cultivation (Figure S6).
Despite these differences, no variations
were observed in the tissue’s electrical
excitability, as quantified by excitation threshold (ET) and
maximum capture rate (MCR) (Figures 3F and 3G).
Tissue contractile forces and dynamics were quantified using
a calibration curve established by a mechanical tester
(Figure S2). By tracing the displacement of the pillar tops
(Figure 3H), it was determined that tissues formed in the
candy-shaped wells exhibited higher contractile forces and
shorter contractile durations compared with other designs
(Figures 3l and 3J).

Microtissues support improved in vitro vessel network
formation

For in vitro vascularization modeling, we used the well-estab-
lished co-culture of ECs and DPSCs.?° At days 7 and 14 post-
seeding, vascularization of the dispersed cell (CM/EC/DPSC)
group was poor as indicated by the discontinuous structures
visualized in the GFP channel (Figure 4A), consistent with our
previous findings.?® In contrast, the microtissue/EC/DPSC group
exhibited the formation of continuous, tube-like structures
throughout the fibrin domes. The vascular networks surrounding
microtissues were similar to those observed in EC/DPSC con-
trols (Figure 4A). Over the entirety of the 14 day culture period,
the microtissue/EC/DPSC group continued to show longer and
more interconnected vessels as demonstrated by increased
vessel junction density, increased average vessel length, and
reduced lacunarity in this group (Figures 4B-4D).

The intricate vascular network within the cardiac microtissues
was further evidenced by VE-cadherin-positive tubular structures
interwoven throughout these tissues, on day 14 of culture
(Figure 4E). In microtissues, CMs were tightly organized into an
oval shape. In contrast, the dispersed CM/EC/DPSC group
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Figure 2. Vascular microtissue formation in PDMS molds with various designs
Microtissues were created with ECs (GFP-HUVECs) and DPSCs at a 5:1 ratio.
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(A) Bright-field (top row) and confocal (bottom row) images demonstrate tissue morphology and alignment on five different mold designs. Confocal images show

GFP expression in ECs (green), VE-cadherin staining (red), and DAPI nuclear staining (blue). Scale bar, 100 pm.

(B-F) (B) The success rate of tissue formation (wrapping around all posts) was compared among groups, with tissues from two pillar designs having consistently
better survival rates than three or four-pillar designs. The (C) width, (D) length, and (E) aspect ratio of the formed microtissues were compared among the five
groups. After 7-day tissue compaction, microtissues were harvested for downstream applications. Live/dead staining (F) demonstrates live cells (CFDA, green)

and dead cells (PI, red). Scale bar, 0.1 mm.

(G) CFDA/PI quantification was performed on microtissues before and after harvest from PDMS molds 7 days post-seeding. Data are represented as mean + SD,

n > 3."p < 0.0001, ™p < 0.001, **p < 0.01, "o < 0.05.
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Figure 3. Cardiac microtissue formation in PDMS molds with duo-pillar designs

(A and B) (A) Bright-field (top row) and (B) confocal (bottom row) images demonstrating tissue morphology and alignment on three duo-pillar designs and
spheroids. Scale bar, 100 pm.

(C) Representative histography of fiber direction within microtissues.

(D-G) (D) Fiber alignment within microtissues was quantified using coherency (percent of structures along a computed dominant direction). Tissue formation
success rate (E) and electrical properties such as (F) ET and (G) MCR were quantified.

(H-J) (H) Pillar movement was correlated to (I) contractile forces and (J) dynamics for different pillar designs. Data are represented as mean + SD, n > 3.
****p < 0.0001, **p < 0.001, **p < 0.01, *p < 0.05.

See also Figure S2.
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showed scattered CMs with discontinuous vascular fragments
(Figure 4E).

Microtissues enable creation of large, stable, and
electrically active cardiac tissues in vitro

To demonstrate the utility of microtissues in scaleup of tissue
size in vitro, we designed a customized bioreactor to allow for
creation of large vascularized cardiac tissues from either
dispersed CM or microtissues (Figure S3). This bioreactor uti-
lizes two opposing PDMS tubes that serve as tissue anchors, a
perfusion inlet and outlet, and force sensors (Figures S3A-
S3E). For seeding, fibrin hydrogel domes were prepared as pre-
viously described,*° carrying either dispersed cells (CM/EC/
DPSC) or microtissues (microtissue/EC/DPSC) and seeded
into the bioreactor, followed by fibrin hydrogel to fill the large
reservoir in the bioreactor (Figure S3F). Upon remodeling over
the subsequent 7 days, the tissues in the dispersed CM/EC/
DPSC group were significantly more compacted and partially
detached from the pillar. In contrast, the tissues in the microtis-
sue/EC/DPSC group remained intact and wrapped around the
PDMS tubes creating a large contractile structure (Figure S3G).
Electrical excitability was also significantly improved in the mi-
crotissue/EC/DPSC group (Figures S3H and S3I).

Microtissues improve hiPSC-CM survival and omental
engraftment, modulate the inflammatory response, and
promote vascular ingrowth in vivo

To evaluate if microtissues enable increased retention of hiPSC-
CMs in vivo when compared with dispersed cells, we implanted
either dispersed cells or microtissues encapsulated in fibrin hy-
drogel carrier into the greater omentum of adult male and female
athymic rnu/rnu rats for 7 days (Figure 5A). Omentum is a highly
vascularized structure with key biological functions in immune
regulation and tissue regeneration.®’ We envisioned that this
blood vessel-rich environment would eliminate hypoxia and
serve as an in vivo incubator to induce vascularization and sub-
sequent engraftment of our transplanted microtissues. Hema-
toxylin and eosin (H&E) and cardiac TnT immunostaining of the
tissue explants revealed survival and engraftment of microtis-
sues in the omental fat, which appeared to have aggregated
into tissue clusters (Figure S4A); CMs in these microtissues
showed striations (Figure 5B). In contrast, few if any CMs were
identified in the omental fat of the dispersed CMs group
(Figure 5B). To confirm the accuracy of our findings, we have
examined low-power fluorescent microscopy images of multiple
omental sections from animals receiving either microtissues or
dispersed CMs. This analysis confirmed the lack of TnT-positive
staining throughout the entirety of multiple fixed omental sec-
tions in animals receiving dispersed CMs, whereas this staining
is clearly visible in omental samples with transplanted microtis-

¢? CellPress

sues (Figure S7). These findings were further confirmed upon
assessment of the electrical excitability of explanted omental mi-
crotissue grafts: average ET was 3.24 V/cm (Figure 5C); the
average MCR was 3.20 Hz (Figure 5C) consistent with the
in vitro pre-implantation values (Figures 3F and 3G). In contrast,
none of the omental tissues containing dispersed CMs could be
excited by an electrical field strength of up to 24 V/cm and all
were deemed non-beating (Figures 5C and S4B-S4D). These
findings are consistent with the immunofluorescence (IF) staining
that showed only minimal hiPSC-CM retention in the dispersed
cell group (Figure 5D). Microtissues showed evidence of the
improved ingrowth of omental vasculature compared with
dispersed CMs as quantified by the number of rat CD31+ vessels
(Figure 5E), lower infiltration of total macrophages (CD68+)
(Figure 5F), and the enhanced presence of pro-regenerative
macrophages (CD206/CD68 ratio) (Figure 5F). The ratio of
CD206+ to CD68+ macrophages in omental samples containing
microtissues was 1.59, suggesting that the majority of recruited
inflammatory cells adopted an M2, or pro-healing, phenotype
(Figure 5F). In contrast, the ratio of CD206+ macrophages to
CD68+ macrophages was only 0.71 in omental samples in which
hydrogels with dispersed CMs were implanted (Figure 5F), sug-
gesting that other pro-inflammatory (M1) macrophage pheno-
types may be recruited by these individual cells.

To further assess the impact of non-myocytes on in vivo
vascularization and engraftment of microtissues, we implanted
dispersed CM/EC/DPSC vs. microtissues/EC/DPSC. We saw a
universal loss of all transplanted GFP-HUVECs 7 days following
omental transplantation (Figure S5A). There was no statistically
significant difference in ET and MCR between omental samples
containing  microtissues and  microtissues/ECs/DPSCs
(Figure S5B), indicating that the addition of non-myocytes for
the purpose of stromal support and graft vascularization does
not negatively impact electrical excitability. Consistent with the
previous results, the explants from the dispersed CMs/ECs/
DPSCs group contained no visible CMs and could not be electri-
cally excited (Figures S5A-S5C). Moreover, cardiac microtis-
sues with added GFP-HUVECs and DPSCs did not exhibit signif-
icantly more vascular ingrowth from the host (rat CD31+)
omental vasculature when compared with microtissues lacking
non-myocytes (Figure S5D). This suggests that the addition of
dispersed ECs and stromal cells is not necessary for and does
not advance in vivo graft vascularization. Interestingly, omental
tissues with dispersed CMs/ECs/DPSCs had the largest number
of associated CD31+ vessels (Figure S5D), likely secondary to
the robust inflammatory response elicited by multiple dispersed
cell populations (Figures S5A-S5E), albeit with a complete lack
of CMs and non-contractile grafts (Figures S5A-S5C).

Collectively, these findings show that cardiac microtissues pro-
mote host endothelial ingrowth, while attenuating inflammatory

Figure 4. The vascular network regressed when co-cultured with dispersed CMs but remained stable when co-cultured with cardiac

microtissues

(A-D) (A) Morphology of the vascular network (visualized with GFP-HUVECs) at days 7 and 14 using bright-field and fluorescent microscopy. Scale bar, 200 pm.
Average vessel length (B), total number of junctions (C), and lacunarity (D), a measure of the distribution of gaps of different sizes in a fractal or multi-scale object,
were quantified to compare vessel network formation among EC/DPSC, CM/EC/DPSC, and microtissue/EC/DPSC groups.

(E) Confocal images demonstrating vascular network morphology (VE-cadherin, green) of dispersed CMs and cardiac microtissues (a-actinin, red) with nucleus
counterstaining (DAPI, blue). Scale bar, 100 pm. Data are represented as mean + SD, n > 3. ***p < 0.0001, **p < 0.001, *p < 0.01, *p < 0.05.
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Figure 5. Microtissues improve hiPSC-CM survival and omental engraftment, modulate the omental inflammatory response, and promote

vasculature ingrowth

(A) Schematic of omental implantation. Fibrin hydrogels containing either dispersed CMs, microtissues, dispersed CMs + ECs + DPSCs, or microtissues + ECs +
DPSCs were transplanted onto the omentum of adult athymic rnu/rnu rats with each animal receiving each group in four different quadrants. Bright-field images of
these hydrogels prior to surgical implantation are shown. 1 week following implantation, omental tissues were removed for contractility assessment and his-

tological/immunohistochemical studies.
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response to the transplant, to generate functional, vascularized
grafts with excellent CM retention, preserved architecture, and
stable contractile properties and that this response is not depen-
dent on the addition of non-myocyte cell populations.

Microtissues enable in vivo omental engraftment via
downregulation of the YAP/TAZ pathway in CMs and
associated non-CM cell populations

Yes-associated protein (YAP) and its transcriptional coactiva-
tor PDZ-binding motif (TAZ) are key effectors of the Hippo
signaling pathway that have been shown to regulate the switch
from CM proliferation to maturation during cardiac regenera-
tion.®? They are also involved in the pathogenesis of Ml through
multifaceted effects on cFBs®® and serve as important regula-
tors of macrophage-mediated pro-inflammatory or reparative
responses post-MI.>** To understand the mechanism behind
how microtissues modulate the inflammatory response to
improve hiPSC-CM survival and omental engraftment, we eval-
uated the expression of the YAP1 protein in fibrin domes con-
taining dispersed cells (CMs/EC/DPSC) or microtissues (micro-
tissues/EC/DPSC), as well as its expression in matching
omental samples (Figure 6A). Importantly, microtissues contain
added fibroblasts which may influence the responses. YAP1
expression was significantly decreased in microtissue-associ-
ated non-CM cell populations in both in vitro and in vivo
samples when compared with non-CM cell populations of
dispersed cell groups (Figure 6B). There was no statistically sig-
nificant difference between YAP1 expression in dispersed CMs
and the microtissue-associated CMs in vitro (Figure 6B).
Remarkably, when compared with microtissues, significantly
more CMs and non-CMs in the dispersed cell group demon-
strated YAP1 activation in vitro as quantified by nuclear locali-
zation (Figure 6C). Upon omental transplantation, the vast ma-
jority of dispersed CMs were lost; in contrast, CMs in
microtissues remained with the vast majority of YAP1 expres-
sion localized to their cytoplasm indicating inactivation
(Figure 6A). Examination of the non-CM cell populations in vivo
(TnT-negative cells such as cFBs, ECs, and omental macro-
phages) revealed that those associated with microtissues had
significantly decreased YAP1 nuclear localization, compared
with non-CMs in the dispersed cell group (Figure 6C). These re-
sults suggest that a reduced YAP activation in non-CM cell
populations (cFBs, ECs, and DPSCs) in microtissues in vivo
may be responsible for their reduced inflammatory phenotype
and ultimately lead to the improved hiPSC-CM survival
observed with microtissues following in vivo transplantation.
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Microtissues promote in vitro vascularization by
reducing cell death and cytotoxicity, inducing
angiogenic cytokines, and decreasing inflammatory
markers

We further hypothesized that the differences in secretome be-
tween the dispersed cells and microtissues were responsible
for the differential outcome in cardiac tissue grafting, vasculari-
zation, and macrophage activation between the two groups.
In vivo, non-myocytes are abundant, significantly contributing
to the secretome. To better mimic this non-myocyte presence
in in vitro studies, supernatant was collected from the dispersed
cell CM/EC/DPSC and microtissue/EC/DPSC groups on day 10
for multiple assessments. First, lactate dehydrogenase (LDH)
release was assessed, a common marker for cell damage and
death.®®> A lower LDH level was observed in the microtissue/
EC/DPSC group compared with the dispersed CM/EC/DPSC
group, suggestive of significantly lower levels of cell damage
and death (Figure 7A). The secretion of cytotoxicity markers,
the cell-free mitochondrial DNA (mtDNA) evaluated by the levels
of NADH-ubiquinone oxioreductase chain 1 (ND1) and 4 (ND4),
indicated a significantly lower release in the microtissue/EC/
DPSC group compared with the dispersed cell group
(Figures 7B and 7C). Collectively, these data indicate that cell
damage and death in vascularized cardiac tissues are
decreased when microtissues are incorporated in place of
dispersed CMs. It may be plausible that the lack of tissue archi-
tecture and resulting detachment of dispersed CMs from their
surrounding extracellular matrix (ECM) is responsible for the
increased cell death, release of cell contents such as cell-free
mtDNA that is known to promote inflammation®® and conse-
quent vascular regression noted in these samples.

We analyzed the proteomic profile of culture supernatants
from in vitro experiments, comparing protein hits associated
with apoptosis, necrosis, and pyroptosis. Notably, a great num-
ber of protein hits corresponded to apoptotic hallmarks
(Figures 7F and S6), suggesting that apoptosis, and not necrosis
or pyroptosis, may be the dominant form of cell death. In addi-
tion, we identified cytochrome ¢ (CYCS) and high mobility group
box 1 (HMGB1), known damage-associated molecular patterns
(DAMPs) linked to tissue damage and hallmarks of both necrosis
and pyroptosis pathways (Figure S6). Additional markers were
detected for the necrosis reactome but were absent for pyropto-
sis pathways (Figure S6), consistent with the finding of elevated
LDH, ND1, and ND4 release (linked to Toll-like receptor [TLR]
signaling®) in the dispersed cell group (Figures 7A-7C). How-
ever, since supernatants were collected on day 10 post-seeding,

(B and C) (B) Representative H&E, TnT, CD68, CD206, and CD31 (rat and human) immunostaining images of omental samples. TnT inset shows CM striations
within microtissues; CD31 inset shows the architecture of microtissue aggregates. Microtissues demonstrated improved graft survival and a markedly reduced
inflammatory response compared to tissues containing dispersed CM; note the ingrowth of rat omental vasculature into microtissues. Scale bar, 50 pm. Inset
scale bar, 20 um for TnT and 100 um for CD31; (C) ET and MCR measurements for omental tissues immediately post-explanation (mean + SD, n > 4). None of the

samples containing dispersed CMs were beating.

(D) Quantification of TnT area fraction demonstrated survival and engraftment of microtissues in the omental fat; dispersed CMs showed poor persistence at

7 days.
(E) Quantification of rat CD31+ vessels.

(F) Quantification of CD68+ macrophages, CD206+ macrophages, and the ratio of CD206+ to CD68+ macrophages. Scale bar, 50 pm. All graphical data are

represented as mean + SD, n > 6. ***p < 0.0001, ***p < 0.001, *p < 0.01.
See also Figures S4 and S5.
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Figure 6. Microtissues enable tissue engraftment via downregulation of YAP/TAZ pathway in both CMs and surrounding non-CM cell

populations

(A) Representative images of TnT and YAP1 immunostaining performed on fibrin hydrogels seeded with dispersed CMs/ECs/DPSCs or microtissues/ECs/DPSCs
(top row) and YAP1 immunostaining of corresponding omental samples (bottom row).
(B) Quantification of the percentage of YAP1+ cells in both in vitro and in vivo samples. Expression was evaluated in CM and non-CM cell fractions. There were no

remaining dispersed CMs in in vivo omental samples.

(C) Quantification of the percentage of YAP1+ nuclei in both in vitro and in vivo samples. Expression was evaluated in CM and non-CM cell fractions. There were
no remaining dispersed CMs in in vivo omental samples. Scale bar, 20 um. Data are represented as mean + SD n > 3. ***p < 0.0001.

it is possible that certain pyroptosis and necrosis-related pro-
teins are no longer detectable at this time point.

To explore the cytokine release profile, the supernatant
collected on day 14 was analyzed using an antibody array target-
ing 507 cytokines (Figure 7D). Among the most differentially
released cytokines, we detected several pro-angiogenic cyto-
kines including placenta growth factor (PIGF)*®*°, endocan,®**°
and angiopoietin-2,“° which were significantly elevated in the mi-
crotissue/EC/DPSC group when compared with the dispersed
CM/EC/DPSC group. Similarly, many cytokines that are elevated
in the microtissue/EC/DPSC group in comparison with the mi-
crotissue-only group may promote angiogenesis via the
increased production of vascular endothelial growth factor
(VEGF) (ErbB2""), stimulation of EC survival (angiopoietin-
like 1%, proliferation, and migration (TWEAK,** leptin,** EG-
VEGF/PK1,*® and sonic hedgehog [Shh N-terminal]*®), as well
as the stabilization of the sprouting vasculature network
(CXCR3*") (Figure 7E).

On the other hand, elevation of cardioprotective cytokines IP-
10" and p-catenin,”® as well as the decrease of inflammation-
related TLRs TLR3 and TLR4,°° which are also receptors for
cell-free mtDNA, were identified in the microtissue/EC/DPSC
group compared with the dispersed cell group. The reduction

10 Cell Biomaterials 7, 100075, May 27, 2025

of other inflammatory markers (Table 1), including interleukin-
31 receptor A (IL-31 RA),°" interleukin (IL)-2 R beta/CD122,
OX40 ligand,*® neutrophil activating peptide 2 (NAP-2),°* and
S100A10,° indicated a diminished inflammatory state in the mi-
crotissue/EC/DPSC group compared to the dispersed cell
group. Analysis of gene ontology bioprocess and the reactome
pathway (Figure 7F) also confirmed significant downregulation
in the immune response, IL-12 production, and apoptotic
signaling pathway. Importantly, compared with the microtis-
sue-only group, the microtissue/EC/DPSC group exhibited
elevated levels of inflammatory cytokines, including 1L-23°°
and IL-3.%” These cytokines play crucial roles in immune modu-
lation of EC activation, which often precedes vascular
remodeling.

The supernatant isolated from cultured tissues on day 10 un-
derwent proteomic analysis, which revealed that only four
secreted proteins were significantly upregulated in the microtis-
sue/EC/DPSC group compared with the dispersed CM/EC/
DPSC group, while the remainder of differentially expressed pro-
teins were downregulated (Figure S7). Among the upregulated
proteins were MYH6 and ATP5A1, which are primarily associ-
ated with the cardiac contractile machinery and mitochondria
respiration®>°® (Figure 7G). Protein interaction network analysis
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Figure 7. Secretome analysis indicates that microtissues reduce cell death, decrease inflammation from mtDNA, and improve angiogenesis
(A-E) (A) LDH levels and cell-free mtDNA, detected as (B) ND1 and (C) ND4, were quantified and compared between dispersed CM/EC/DPSC and microtissue/
EC/DPSC groups. Using an antibody array targeting 504 cytokines, significant differences in cytokine levels were assessed and compared between (D) dispersed
CM/EC/DPSC and microtissue/EC/DPSC samples, as well as (E) between micro-tissue only samples and microtissue/EC/DPSC samples.

(F) Gene Ontology and reactome analysis demonstrated downregulated immune response and apoptotic signaling in the microtissue/EC/DPSC group.

(G) Secretome (proteomic) analysis using day 10 supernatants presented an asymmetrical volcano plot, indicating most cytokines were downregulated in the

microtissue/EC/DPSC group when compared with the dispersed CM group.

(H) Pathway analysis shows downregulation of vesicle activity, extracellular activity, reduced stress, and actin activity.

Data are represented as mean + SD, n > 3. ***p < 0.001, *p < 0.05.
See also Figures S6 and S7.

of the downregulated proteins suggests they are primarily asso-
ciated with immune system activation, vesicle regulation, extra-
cellular stress, and actin activity (Figures 7H and S7).

DISCUSSION
Our study underscores the advantages of using microtissues in

place of dispersed CMs for both establishing vascular networks
in engineered cardiac tissue in vitro and enhancing engraftment

and vascularization of cardiac tissues in vivo, while attenuating
inflammation and promoting pro-regenerative environment.
Many devices introduce tension via topographical features dur-
ing tissue formation, improving CM organization.®”"2 This en-
hances contractile behavior through synchronized CM activity
and promotes the development of intracellular structures such
as sarcomeres vital for contractile performance. Our in vitro re-
sults demonstrate that geometric shapes and pillar arrangements
critically influence myofiber alignment, tissue architecture, and
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Table 1. Summary of significantly different cytokines

Name Function

Ref

IL-31 receptor A (IL-31 RA)
conditions such as pruritus
IL-2 R beta/CD122
and immune responses
TRAIL R4 (TNFRSF10D)
influence inflammation

TWEAK R (TNFRSF12)

involved in inflammatory signaling, contributes to

part of the IL-2 receptor, crucial for T cell proliferation

involved in the regulation of apoptosis and it can

regulates various cellular processes including

|-51

Feng et al.”' and Kabashima and Irie*®

|_52 |59

Arenas-Ramirez et al.”” and Ross and Cantrel
McGrath et al.®°

NCBI®'

inflammation, cell proliferation, and apoptosis

OX40 ligand (TNFSF4)
and inflammatory responses
Neutrophil activating
peptide 2 (NAP-2)
S100A10 involved in the regulation of various
inflammatory processes

costimulatory molecule involved in T cell activation

chemokine involved in neutrophil activation and
chemotaxis, contributing to inflammation

Ishii et al.> and Balan et al.®”

Smith et al.°* and Brown et al.®®

O’Connell et al.>® and Okura et al.*

overall functional performance of the microtissues. Designs with 3
and 4 pillars created a planar distribution of tension, resulting in
less cellular alignment. Instead, the duo-pillar microtissues ex-
hibited superior uniaxial cellular alignment compared with other
designs and controls. This is expected, as many heart-on-a-
chip devices utilize uniaxial strain by incorporating duo-wires,®”®
pillars,®*~"? or single sutures centrally’® to encourage cardiac
functional maturation. The candy-shaped well design outper-
formed other configurations, as tissues exhibited stronger con-
tractile forces and shorter beating durations, likely due to a larger
cellular area localized to the center of the well. By constraining mi-
crotissue size to a width and depth of 300 pm, we ensured
adequate oxygen and nutrient diffusion into the microtissues to
address their high oxygen demand. This approach maintains tis-
sue viability and functionality by effectively preventing the forma-
tion of necrotic cores, a common limitation in the engineering of
thicker and larger tissues.”*

Many groups have previously seeded CMs around two posts
to control cellular alignment and create anisotropic, contractile
cardiac microtissues.®®">~"" Larger tissue structures with spatial
control of the magnitude and direction of contractile force could
be assembled from these smaller microtissue subunits.”® Other
studies have reported improved cell retention with microtissues
in both animal models’®™®" and an early-stage clinical trial.®?

A unique aspect of this work is that cultivation in the format of
geometrically aligned microtissues reduced the inflammatory
secretome, which is critical for successful vascularization
in vitro and grafting in vivo. Another unique aspect of our study
is the involvement of microtissue architecture in the inactivation
of the YAP pathway and downstream attenuation of the inflam-
matory profile of non-myocytes.

Several previous studies, e.g., Landau et al.*° and Rajasekar
et al.,®® obtained optimal vascularization of tissues in vitro using
ECs and stromal support cells in a 5:1 ratio. In this study, we
used the same ratio for generating vascularized microtissues.
DPSCs were chosen as supporting cells as they have previously
been shown to be essential for the stabilization of vascular net-
works in vitro.”®

The specific ratio of CMs to cFBs was informed by our previ-
ous work on the Biowire Il platform, which established this ratio

12 Cell Biomaterials 7, 100075, May 27, 2025

as optimal for the generation of contractile trabeculae of cardiac
muscle from iPSC-derived CMs.?® The efficacy of this ratio has
been demonstrated via numerous subsequent disease modeling
studies by our groups and others.?*~%¢

To elaborate, compared with dispersed cells, microtissues co-
cultured with ECs and DPSCs showed enhanced vessel network
formation, as evidenced by the formation of continuous, tubular
structures throughout the cardiac microtissues. This improve-
ment is likely due to the stable microenvironment created by mi-
crotissues relative to dispersed CMs. By pre-forming microtis-
sues in the PDMS mold for 7 days, optimal cardiac tissue
remodeling can be achieved before co-culturing these tissues
with ECs and DPSCs. This is supported by significantly reduced
cell death quantified by lower LDH levels, and decreased cell-
free mtDNA fragments. Moreover, cytokine profile analysis re-
vealed reductions in TLR3 and TLR4, hallmarks of mtDNA-driven
inflammation pathways, which is consistent with decreased
mtDNA levels observed in the microtissue group.®® Correspond-
ingly, the lower levels of TRAIL-R4%” and TWEAK R®® also sug-
gest decreased activation of nuclear factor kB (NF-kB), another
key protein in mtDNA-driven inflammation pathways. Overall,
microtissues allowed for the development of a microenviron-
ment that downregulated pathways responsible for cell death
and tissue damage.

The reduction of inflammatory markers (Table 1) including IL-
31 RA, IL-2 R beta,®® 0X40 ligand, NAP-2, and S100A10 in the
microtissue group also indicated the downregulation of the in-
flammatory cascade, which created a microenvironment that
mitigates immune-mediated tissue damage and is conducive
to vessel formation and stabilization. Decreases in IL-31 RA%
and NAP-2°" suggest a diminished local inflammatory response,
while 0X40 ligand is present on activated ECs®?; its lower level is
indicative of reduced EC activation. Collectively, these changes
enhance the viability and functionality of microtissues by
reducing the risk of immune rejection via the elicited inflamma-
tory response.

Cytokine profile analysis additionally revealed elevated levels
of pro-angiogenic factors, including PIGF, endocan, and
angiopoietin-2, alongside reduced inflammatory markers in the
microtissue/EC/DPSC group. More specifically, angiopoietin-2,
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primarily expressed in ECs, enhances vessel destabilization to
facilitate stimulation of sprouting and vascular network remodel-
ing through external stimuli such as hypoxia.”® Endocan is
expressed as a marker of tip ECs to mediate vessel sprouting
during neoangiogenesis.”* TIMP4, an inhibitor of capillary
EC migration,”® was also downregulated in the microtissue
group. This, combined with the upregulation of endocan and
angiopoietin-2, suggests the active formation of a sprouting
vascular network. PIGF-1 is a well-known angiogenic cytokine,
which antagonizes VEGF-induced angiogenesis by the forma-
tion of functionally inactive PIGF-1/VEGF heterodimers.®® The
antagonization explains the downregulation of VEGF receptor
3.%7 Kininostatin, an angiogenic inhibitor that inhibits proliferation
and induces apoptosis of human ECs,°® was also reduced in the
microtissue group.

The other elevated cytokines, p-catenin and IP-10, are more
closely linked to cardiac tissue function. The Wnt signaling
pathway, with p-catenin as a key component, is critical during
cardiac embryonic development.”® Recent data suggest that
p-catenin plays a complex role in the metabolic maturation of
the perinatal heart, helping establish adult patterns of glucose
and fatty acid utilization.'®® Wnt/p-catenin signaling is critically
required for the cFB-mediated repair response following
ischemic myocardial injury; components of this pathway have
also been shown to be carried in extracellular vesicles (EVs),
and have a pro-angiogenic effect by activating Wnt/B-catenin
signaling in ECs."?" Additionally, the upregulation of IP-10 indi-
cates cardiac protective responses during stress,'’? further
highlighting the functional benefits provided by microtissue
architecture.

It is worth noting that proteomic and cytokine profile analyses
were taken from separate tissue batches but presented a consis-
tent and asymmetrical distribution between upregulated and
downregulated proteins. Based on the proteomic analysis of
the supernatant, extracellular activity, such as EV secretion,
was downregulated in the microtissue group. This is consistent
with the observed downregulation of cell-free mtDNA, as EVs
typically contain substantial amounts of cell-free mtDNA,'®
and with recent data from our group suggesting that CM-derived
EVs inhibit vascularization in vitro."°* As cardiac microtissues
reached homeostasis before being introduced to the EC/DPSC
co-culture, there was less extracellular activity, including ECM
secretion, compared with the dispersed CM group. This reduced
extracellular activity suggests a stable microenvironment within
the microtissues that contributes to enhanced tissue viability
and function.

On the other hand, a significant elevation of angiogenic and in-
flammatory cytokines in the microtissue/EC/DPSC group
compared with the microtissue-only group indicates that the
presence of dispersed ECs and DPSCs enhances both vascular-
ization and immune-related signaling, contributing to a dynamic
and unstable vascular network that could be highly responsive to
modulation in vivo. This may explain the negligible effects of the
presence of ECs/DPSCs on tissue vascularization in vivo. In
future studies, microtissue containing ECs/DPSCs would facili-
tate a more stable vascular network and promote homeostatic
cell-cell contact, which may hold the potential to decrease the in-
flammatory signature.
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Our in vivo studies further evaluated the feasibility of the micro-
tissue approach on cell survival and graft vascularization 7 days
post-transplantation. We selected the omentum as the site for
tissue implantation as it is a blood vessel-rich environment that
serves key immunological functions; moreover, it ensures that
hypoxia is not a significant contributor to in vivo cell death.®' Un-
like the infarct zone following coronary artery ligation in animal
models of myocardial ischemia, which is a highly inflammatory
and a poorly vascularized environment, the omentum is a well-
vascularized but relatively inflammation-free environment. This
enables us to decouple the immunologic properties of the im-
planted engineered tissues from the inflammatory response
occurring in the host implantation site as a result of injury.

Although previous studies show some correlation between
successful omental grafting and cardiac implantation,'® the
omental implantation may not be able to fully predict the
outcome of cardiac implants, especially for critical features
such as functional coupling between implanted and host cells.
In this study, the omentum was a suitable preliminary site for
testing our hypothesis that isolated single CMs exhibit an inflam-
matory secretome, which contributes to their lack of in vivo
engraftment, and that this issue can be mitigated via microtissue
cultivation®™%® It was crucial to select a site that is not hypoxic,
as hypoxia can independently impact cell survival regardless of
the inflammatory milieu. The omentum provides an optimal in vivo
environment for microtissue implantation due to its ability to sup-
port neovascularization, elicit an immune response, and pro-
mote tissue healing and regeneration. These properties have
long been recognized in surgical practice, and the omentum
has been extensively used for engineered cardiac tissue grafting
in previous research.®'195107:108 For these reasons, we chose
the omentum—a well-perfused, immunologically regulated
site—to ensure optimal conditions for addressing our study’s
main hypothesis.'%°

Cardiac microtissues showed unprecedented persistence and
omental engraftment at this early time point (7 days) and retained
their contractility when compared with dispersed CMs, most
likely secondary to an attenuated inflammatory response and
vascular ingrowth from the host omental vasculature. The
decreased immune response and increase in the proportion of
pro-healing (M2) macrophages in comparison with dispersed
CMs is consistent with the cytokine profile analysis, suggesting
that microtissues create an anti-inflammatory microenviron-
ment. This may be due to their enhanced maturity; others have
demonstrated that hiPSC-CMs matured via long-term culture
show improved engraftment and angiogenesis post-transplanta-
tion in infarcted rat hearts."'°

Interestingly, examination of non-CM cell populations re-
vealed that those associated with microtissues had significantly
decreased YAP1 nuclear localization compared with non-CM
cells surrounding dispersed CMs both in vitro and in vivo. This
is particularly revealing given that YAP1 activation in these cell
populations is associated with the orchestration of a fibroinflam-
matory response by cFBs and endothelial cell-mediated release
of pro-inflammatory cytokines."'"""'? Indeed, it has been shown
that a strong nuclear presence (i.e., activation) of YAP in cFBs
promotes macrophage recruitment and an inflammatory reac-
tion that impairs cardiac function following MI.""®
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YAP activation in macrophages polarizes them toward a pro-
inflammatory phenotype and impairs their reparative response;
YAP/TAZ deletion has resulted in reduced fibrosis and increased
angiogenesis leading to improved cardiac function post-MI.>*
This is corroborated by the increased number of pro-inflamma-
tory macrophages observed in our dispersed CM omental sam-
ples. Finally, microtissues (both in vitro and those found in
omental samples) exhibited decreased YAP1 activation as quan-
tified by reduced nuclear localization. Although nuclear activa-
tion of YAP drives CM proliferation through the promotion of
cell cycle re-entry, it is the cytoplasmic retention of YAP that is
associated with the development of contractile function and en-
ergy metabolism characteristic of postnatal CM maturation.*?
This is further confirmed by our proteomics data that demon-
strate the upregulation of proteins associated with the cardiac
contractile machinery and mitochondrial respiration in microtis-
sues. Conversely, we observed downregulation of the protein
YWHAE in media isolated from microtissues—this oncoprotein
interacts with YAP/TAZ to regulate cyclin D1 expression and in-
crease cell proliferation.’*

Although ECs and DPSCs significantly enhance vessel forma-
tion when co-cultured with dispersed CMs in vitro, these cells
were not necessary for microtissue vascularization in vivo. Mi-
crotissues themselves enhance vessel formation through the up-
regulation of pro-angiogenic factors. As such, in the future mi-
crotissues may offer a novel approach to improving cell-based
therapies directed at cardiac remuscularization and functional
recovery when injected intramyocardially, with improved tissue
vascularization and engraftment compared with isolated CMs,
where CM retention is minimal.

In future studies, we plan to investigate whether vessel
ingrowth can be enhanced if microtissues are co-cultured
with pre-formed luminal networks rather than dispersed ECs
prior to transplantation, particularly in ischemic environments
such as the heart following MI. Additional limitations of this
study could be addressed if the omental implantations
continued for 6 weeks or more, to better evaluate if the fibrosis
would occur at the microtissue graft periphery. Given the cho-
sen implantation site, it was difficult to quantify what percent-
age of implanted microtissues remain in the omental fat after
7 days, with future studies requiring tissue homogenization
and gPCR for human antigens to enumerate transplanted cell
retention. Although it is difficult to precisely match the number
of transplanted dispersed CMs and those in microtissues, due
to the remodeling of microtissues during in vitro culture that
impact cardiac cell numbers, the lack of any identifiable
dispersed CMs in explanted omental samples strongly sug-
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gests that observed differences in CM persistence were sec-
ondary to tissue architecture rather than varying transplanted
cell numbers. Further work is needed to precisely enumerate
YAP activation in sub-populations of non-myocytes, assess
its effect on CM proliferation in microtissues, and provide better
mechanistic understanding of mechanotransduction in micro-
tissues. In vivo formation of fully perfusable vasculature in
and around microtissues is required, as well as further microtis-
sue maturation via long-term culture and electrical stimulation
as previously described.?®"®

Recent data suggest functional improvement with epicar-
dially-attached engineered cardiac tissue patches in non-hu-
man primates, success which may translate to human clinical
trials.’"® We thus envision three principal ways in which micro-
tissues could be delivered to the heart following MI: (1) via
direct intramyocardial injection using a shear-thinning gel car-
rier to facilitate delivery and protect the microtissues as
they pass through the needle,''® (2) via additional cultivation
to form a sheet-like structure that can then be sutured to
the epicardial surface, and (3) via suspension in a suitable hy-
drogel and introduction into a conical mold to create a
sac-like structure that can be pulled over the heart. In future
studies, incorporation of primitive macrophages into microtis-
sues may further improve CM retention and tissue vasculari-
zation, consistent with recent reports.”®:%°

Conclusions

Herein, we show that hiPSC-CMs fashioned into geometrically
controlled microtissues can modulate the immune response to
ensure significantly improved CM survival and grafting
compared with dispersed cells, enabling the formation of
large, assembled tissues. Concurrently, we demonstrate that
the microtissues enable the creation of robust vascular net-
works both in vitro via co-culture with ECs and DPSCs and
in vivo by secreting pro-angiogenic factors to stimulate
omental vessel ingrowth. We demonstrate the potential of
these microtissues to serve as building blocks for contractile
grafts that both evade the host inflammatory response and
promote vasculature formation, thus offering a promising
new approach for cardiac repair and regenerative medicine
applications.

METHODS

Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-a-actinin Abcam Cat# 137346 RRID:AB_2909405
Rabbit anti-MLC2v Abcam Cat# 79935 RRID:AB_1952220

Mouse anti-troponin-T
Mouse anti-CD68

Rabbit anti-VE-cadherin Abcam
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Thermo Scientific
Thermo Scientific

Cat# MA512960 RRID:AB_11000742
Cat# 14-0688-82 RRID:AB_11151139
Cat#ab33168

(Continued on next page)
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Goat anti-rabbit Alexa Flour 647

Goat anti-rabbit Alexa Flour Plus 555
Goat anti-mouse Alexa Flour 647

DAPI

CD31 (cross-reactivity to human ECs only)

CD31 (cross-reactivity to both
human and rat ECs)

CD68
CD206
YAP1

Thermo Scientific
Thermo Scientific
Thermo Scientific
Sigma-Aldrich
Dako

Novus

Abcam
Abcam
Thermo Fisher Scientific

Cat# A32795 RRID:AB_2762835
Cat# A32732 RRID:AB_2633281
Cat# A21240 RRID:AB_2535809
Cat# D1306 RRID:AB_2629482
M0823

NB-100-2284

Ab125212
Ab64693
PA1-46189

Chemicals, peptides, and recombinant proteins

Polyurethane casting and potting system

Dow SYLGARD 184 Silicone
Encapsulant Clear 0.5 kg Kit

GS polymers
Ellsworth adhesives

Cat# GSP1552-2
Cat#184 SIL ELAST KIT 0.5KG

Carbon rods Ladd Research Industries Cat# 30250

Critical commercial assays

RNase-free DNase set QIAGEN Cat# 79254

Human L507 array, glass slide RayBiotech Cat# AAH-BLG-1-8

LDH cytotoxicity assay

ImmPRESS HRP Horse Anti-Rabbit
immunoglobulin G (IgG) Polymer
Detection Kit

Cayman Chemical Company
Vector Laboratories

Cat# 601170-96
Cat# MP-7401

Deposited data

Mass spectrometry proteomics data

The PRIDE partner repository '’

Identifier PXD055832

Experimental models: Cell lines

GFP-expressing HUVECs
DPSC—human dental pulp stem cells
Human cardiac fibroblasts (cFBs)
BJ1D cell line

Angio-Proteomie
LONZA
PromoCell

Gift from Dr. William Stanford,
now at Ottawa Heart Institute

Cat#:cAP-0001GFP
Cat#: PafT-5025
Cat#: CC-2904
N/A

Oligonucleotides

Primer/probe sequence for ND1 and ND4: ND4-F1
5'-CCATTCTCCTCCTATCCCTCAAC-3'; ND4-R1
5-ACAATCTGATGTTTTGGTTAAACTATATTT-3';
ND4-Probe 5'-FAM/CCGACATCA/ZEN/TTACCG
GGTTTTCCTCTTG/3IABkFQ/-3’; ND1-F1 5’-CCC

TAAAACCCGCCACATCT-3’; ND1-R1 5'-GAGCGA

TGGTGAGAGCTAAGGT-3’; ND1-Probe
5'-HEX/CCATCACCC/ZEN/TCTACATCACC

GCCC/3IABKFQ/-3'; ND4 + ND1 geneblock—5'-CAC
GAGAAAACACCCTCATGTTCATACACCTATCCCC
CATTCTCCTCCTATCCCTCAACCCCGACATCATT

ACCGGGTTTTCCTCTTGTAAATATAGTTTAACCA

AAACATCAGATTGTGAATCTGACAACAGAGGCTC
TCTTCACCAAAGAGCCCCTAAAACCCGCCACATC

TACCATCACCCTCTACATCACCGCCCCGACCTT
AGCTCTCACCATCGCTCTTCTACTATGAACCC
CCCTCCCCATACCCAA-3’

IDT

N/A

Software and algorithms

Image analysis MATLAB code

Referenced

Landau et al.'"®

Other

TrypLE

ThermoFisher

Cat# 12,605,010
(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
L-Glutamine ThermoFisher Cat# 25,030,081
Transferrin ROCHE Cat# 10,652,202,001
Ascorbic acid Sigma-Aldrich Cat# A4544-100G
ROCK inhibitor Y-27632 TOCRIS Cat# 1254
Aprotinin from bovine lung Sigma-Aldrich Cat# A3428
StemPro-34 SFM Life Technologies Cat# 10639011
EGM2 PromoCell Cat# C-22011
Fibroblast growth medium 3 PromoCell Cat# C-23025
Aprotinin from bovine lung Sigma-Aldrich Cat# A3428

StemPro-34 SFM

RPMI with L-glutamine

B27 plus insulin

B27 supplement minus insulin 50x
mTeSR

2-Phospho-L-ascorbic acid trisodium salt
IWP4

CHIR 99021

NaOH

NaHCO3

Growth factor reduced Matrigel
DMEM

Fetal bovine serum (FBS)
Penicillin-streptomycin

Human fibrinogen

Human thrombin

Trypsin/EDTA 0.05%

Low-glucose DMEM

MEM non-essential amino acids solution (100x)

HEPES
GlutaMAX

Tetramethylrhodamine isothiocyanate-dextran

Triton X-100

4-in silicon wafer

SU-8 2150

Prolene suture 7-0

Polysorb suture 5-0

Protein block

Fluorescence mounting medium
Titanium microclips (GEM MicroClip)
MM 24 mounting medium

DAB

Life Technologies
Life Technologies
Life Technologies
Life Technologies
Cedarlane
Sigma-Aldrich
Miltenyi Biotec, Stemgent
Miltenyi Biotec, Stemgent
Caledon

E COM

Corning

Thermo Fisher
Life Technologies
Thermo Fisher
Sigma-Aldrich
Sigma-Aldrich
Life Technologies
Gibco

Thermo Scientific
Thermo Scientific
Life Technologies
Sigma-Aldrich
BioShop Canada
University Wafer

Kayaku advanced Materials

Ethicon

Covidien

Agilent Technologies
Agilent Dako

Synovis Micro Companies Alliance

Leica
Dako

Cat# 10639011
Cat# 11875-093
Cat# 17504-044
Cat# A1895601
Cat# 05850
Cat# 49752
Cat# 04-0036
Cat# 04-0004
Cat# 7860-1-70
Cat# SX0320-1
Cat# 354230
Cat# 11054-080
Cat# 12483020
Cat# 15070063
Cat# F3879
Cat# T6884
Cat#25300054
Cat#11054020
Cat# 11140050
Cat# 15630080
Cat# 35050061
Cat# T1162
Cat# TRX777.100
Cat# 590

Cat# Y111077 0500L1GL
Cat# 8702H
Cat# SL690
Cat# X090930-2
Cat# S302380-2
Cat# GEM2431
Cat# 3801120
Cat# K3468

Experimental model and participant details

BJ1D CMs

For cardiac differentiation BJ1D iPSC (male) were routinely
maintained in a Matrigel-coated 6-well plate in mTeSR plus me-
dia and were differentiated into CMs based on previously re-
ported protocol.'* Briefly, BJ1D iPSCs were pre-plated in
12-well plate at 0.75 million cells per well and maintained in
mTeSR plus media for 24-48 h until 100% confluence. RPMI
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supplemented with B27 (no insulin), penicillin-streptomycin
(pen-strep), and CHIR (8 pM) were added on day 0 and CHIR

was removed after 24 h incubation. IWP4 (5 pM) were added
on day 3 and removed after 48 h incubation. The cultures
were maintained in RPMI with B27 (no insulin) until day 7 and
switched to the RPMI with B27 for the rest of the culture
time. CMs were harvested by incubating cells with 10x trypLE
for 15-30 min at 37°C.
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Primary cultures

GFP-expressing HUVECs were grown and cultured in
endothelial cell growth medium (EGM2). Human cardiac fibro-
blasts (cFBs) were cultured using FGM3. DPSCs were cultured
in low-glucose DMEM (1 g/L) supplemented with 10% FBS, 1%
pen-strep (100 U/mL), 1% GlutaMAX (100x) supplement, and
1% MEM non-essential amino acids solution (100x). All cells
were cultured and passaged according to the manufacturer’s pro-
tocol. All primary cells were used before reaching passage 10.
Animal models

Eight adult athymic rnu/rnu rats (four male and four female, aged
7-8 weeks, weighing 180-200 g) were obtained from Charles
River Laboratories. Rats were housed under standard conditions
(including controlled temperature, humidity, and a 12-h light/
dark cycle) with free access to food and water. Animals were
randomly allocated to experimental groups, ensuring that each
group contained an equal number of males and females. All pro-
cedures, including induction of anesthesia with isoflurane for
surgical interventions, were performed following institutional
and national guidelines, adhering to ARRIVE recommendations
for the care and use of laboratory animals.

PDMS mold fabrication

PDMS molds for the culture of microtissues were fabricated us-
ing soft lithography. Features of varying shapes, sizes, and pillars
were designed in AutoCAD and fabricated onto a silicon wafer
using MicroWriter ML3 Pro (maskless lithography). Briefly, a
thin layer of SU-8 25 was spun onto a 4-in silicon wafer at
3,000 rpm for 30 s, prebaked, and exposed to establish the
seed layer. A second layer of SU-8 2150 was then spun onto
the wafer at 1,500 rpm for 30 s for an expected thickness of
300 pm. The pattern was directly projected onto the surface by
the ML3 MicroWriter with a resist sensitivity of 400 mJ/cm?.
PDMS was cast onto the developed SU-8 master at a 10:1 poly-
mer:curing agent ratio and cured overnight at 75°C under vac-
uum. The PDMS molds were then cut, peeled, and autoclaved
for sterilization.

Generation of microtissues

Sterilized PDMS molds were pre-soaked in 5% pluronic F-127 in
PBS, centrifuged for 5 min at 2,000 x g to ensure complete sur-
face wetting, and then placed inside a 12-well plate.

GFP-tagged HUVECs and DPSCs were combined at a ratio
of 5:1 and centrifuged at 300 x g for 5 min. The resulting pellet
was resuspended in EGM2 medium at a concentration of 10
million cells/mL. Each construct was seeded with 50 pL of
the cell suspension, allowing the cells to settle into the mold
features for approximately 30 min. Any remaining cell/media
suspension on top of the construct was carefully removed.
EGM2 media was slowly added to each well. The cultures
were maintained at 37°C and 5% CO,. Vascular tissues were
harvested by pipetting at day 7 and evaluated for viability by
live/dead staining by CFDA (Thermo Fisher, C2925) and PI
(Life Technologies P3566).

CM and cFBs were combined at a 10:1 ratio and centrifuged at
300 x g for 5 min. The resulting pellet was resuspended in induc-
tion 3 medium (I3M) at a concentration of 10 million cells/mL. A
minimum of three replicates were used for in vitro experiments.
Each construct was seeded with 50 puL of the cell suspension, al-
lowing the cells to settle into the mold features for approximately

¢? CellPress

30 min. Any remaining cell/media suspension on top of the
construct was carefully removed. We aimed to seed 4,000
cells/well. At day 7 post-seeding, DNA of microtissues was iso-
lated and evaluated using PicoGreen dsDNA Assay Kit (Invitro-
gen P11496), confirming 2,223 + 72 cells present in each micro-
tissue at this time point. I3M, comprised of StemPro-34 complete
media supplemented with 20 mM HEPES, 1% GlutaMAX, and
213 pg/mL 2-phosphate ascorbic acid, was then slowly added
to the wells. The cultures were maintained at 37°C and 5% CO..
VE-cadherin and cardiac TnT immunostaining was performed
on day 7 to evaluate microtissue cellular morphology.
Measuring microtissues formation success rate. Successful
microtissue formation was quantified using bright-field images
of a 10.6 x 10.6 mm section. Microwells containing tissues
that compacted according to the specific shape and formed
around the features/pillars were counted as successful. In
contrast, microwells containing tissues that were detached
from the pillars or only compacted around one pillar were consid-
ered unsuccessful. Success rate was defined as the number of
intact tissues anchored to the pillars divided by the total number
of tissues seeded in the experiment. Three replicates (images of
three different seedings) were used for the analysis, with at least
30 tissues counted per mold/image, from n = 3 different batches
of seeding.
Quantification of vascular microtissue dimensions. The dimen-
sions of the seeded microtissues were quantified using ImageJ.
Tissue dimensions were measured 1 day following pillar seeding.
n =3 replicates (images of 3 different microtissues seeded within
their respective molds) were used. At least 3 tissues were
counted for each mold/replicate. Width was defined as the
long axis of the shape, whereas length was defined as the short
axis of the shape.
Quantification of cardiac microtissue sarcomere alignment.
Sarcomere alignment of cardiac microtissues was analyzed us-
ing the Imaged plugin Directionality. Analysis was carried out
with 180 bins from —90° to +90° using the Fourier components
method. Cardiac microtissues were fixed and stained for TnT
7 days after seeding. Confocal images of at least 3 different mi-
crotissues were used for each shape. The z-series of each tissue
was projected into a single 2D image using Z Project. The result-
ing data was plotted in a circular histogram with MATLAB.
Furthermore, coherency (percent of structures along a
computed dominant direction) was analyzed using a separate
Imaged plugin, Orientationd.
Establishment of calibration curves. The calibration curve to
measure the force required to displace pillars were generated
out using a microscale mechanical tester, Microtester MT-LT
(CellScale, Ontario, Canada). A 0.2032 mm diameter circular
tungsten microbeam was used to displace the pillar head. Before
the test, the platform was placed on the testing stage and
secured with tape. The probe tip was placed adjacent to the pillar
head without contact and gradually moved toward the center of
the platform at a velocity of 4 pm/s. The tip displaced the pillar
head and applied force perpendicular to the original pillar position
(Figure 2S).
Force quantification. Bright-field videos of contracting tissues
were taken using an Olympus IX81 microscope at 4x magnifica-
tion. A 100 x 100 px section around each pillar was cropped and
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used for analysis. Images were first processed using the
Gaussian blur and minimum filter. Pillar deflection was then
tracked using an ImageJ plugin, SpotTracker. Contractile dy-
namics of the microtissues were then analyzed with a custom
MATLAB code. A minimum of 3 microtissues were analyzed
per shape.
3D fibrin hydrogel seeding
Cardiac microtissues were incorporated with ECs and DPSCs
(microtissue/EC/DPSC) at a cell ratio of 2:1:1 in 20 mg/mL fibrin-
ogen for vascularized cardiac tissue seeding. The number of
cells in the microtissues was quantified with PicoGreen dsDNA
Assay Kits (Invitrogen) according to the published protocol. To
prepare fibrin hydrogel with cells and microtissues, 7 pL of the
cell/microtissue/fibrin mixture was mixed with 2 pL of thrombin
(25 U/mL) and placed as a dome on a polystyrene surface. The
dispersed CM:EC:DPSC co-culture (ratio of 2:1:1) was used as
the control. A microtissue-only group with a consistent CM
quantity was prepared as the appropriate control. The formation
of vascular networks and tissue contractility were monitored by
fluorescence microscopy between days 0 and 14. Vessel
network evaluation was performed with AngioTool (NIH).

For in vivo experiments, four groups were prepared with
20 mg/mL fibrinogen for vascularized cardiac tissue seeding.
Cellular composition was as follows:

(1) cardiac microtissues incorporated with ECs and DPSCs
(microtissue/EC/DPSC) at a cell number ratio of 2:1:1;

(2) cardiac microtissues only with the same CMs as group 1;

(3) CM:EC:DPSC co-culture using dispersed CMs incorpo-
rated with ECs and DPSCs (CM:EC:DPSC) at a cell num-
ber ratio of 2:1:1; and

(4) dispersed CMs with the same number of CMs as previous
groups.

Briefly, 18 pL of the cell/microtissue/fibrin mixture was mixed
with 3 pL of thrombin (25 U/mL) and placed as a dome on a poly-
styrene surface. EGM2 was added and the fibrin dome was care-
fully released from the polystyrene surface with a cell scraper
immediately prior to omental transplantation.

Evaluation of fibrin dome vascular morphology

Fibrin domes were observed under the fluorescent microscope
(Olympus 1X81) weekly and images taken to evaluate vasculature
formation within the tissues. The location and morphology of
GFP-tagged HUVECs were monitored to serially evaluate vascu-
lature dynamics. After 2 weeks of culture, tissues were stained
for VE-cadherin (CD144) and a-actinin to assess both vascular
networks and CM morphology within the constructs. Vessel
morphology parameters including average vessel length, vessel
density, total number of junctions, junctions per vessel area, and
lacunarity (@ measurement of how fractal features fill in the
space), were quantified using AngioTool (NIH) on GFP channel
images. A greater length of vessels and a higher count of vessel
junctions with low lacunarity were interpreted as signs of a more
advanced and intricate vascular network.
Immunohistochemical (IHC) staining and confocal
imaging

At the appropriate endpoint, tissues were fixed overnight at 4°C in
4% paraformaldehyde (PFA), permeabilized, and blocked using
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10% FBS in PBS with 0.1% Triton X-100 for 1 h before adding pri-
mary antibodies. All antibody incubation was performed at 4°C.
Samples were incubated with rabbit anti-CD144 (Abcam 33168),
mouse anti-a-actinin (Abcam 137346), and rabbit anti-MLC2v
(Abcam 79935), for 48 h, followed by 24 h of washing in PBS solu-
tion and 48 h of secondary antibody incubation. Goat anti-rabbit
Texas Red (Thermo Scientific A32795) and goat anti-mouse Alexa
Fluor 647 (Thermo Scientific A-21240) were used as secondary an-
tibodies. All tissues were counterstained with DAPI. Tissues were
imaged with a Leica light-sheet confocal microscope or Nikon A1R
microscope at 10x and 20x magnifications.

LDH assay

LDH release was measured for the two groups cultivated in fibrin
hydrogel (CM/EC/DPSC and microtissue/EC/DPSC) from media
samples collected at day 10 of culture, with the last media
change 2 days prior to media collection. LDH was quantified us-
ing an LDH cytotoxicity assay kit (Cayman) according to the
manufacturer’s instructions.

Quantification of circulating cell-free mtDNA

mtDNA was extracted from conditioned media of two groups
cultivated in fibrin hydrogel: CM/EC/DPSC and microtissue/
EC/DPSC. Samples (100 pL) were collected on day 10, with
the last media change 2 days prior to media collection. The
QlAamp DNA Mini Kit (Qiagen) was used for extraction, and
DNA was eluted with 100 pL of ultra-pure distilled water (Invitro-
gen). A synthesized PCR product oligonucleotide (Integrated
DNA Technologies) was diluted to create a concentration range
from 108 to 102 copies/uL to estimate the absolute concentration
of cell-free circulating mtDNA (ccf-mtDNA). The mitochondrial
genes ND4 and ND1 were chosen to represent the major and mi-
nor arcs of the mitochondrial genome. A TagMan Duplex PCR
assay was conducted using Bio-Rad’s C1000 Thermal Cycler
CFX96 Real-Time System. The 20 pL reaction mixture included
10 pL of TagMan Fast Advanced Master Mix (Thermo Fisher),
4 uL of DNA, 1 pL each of forward and reverse primers, and
1 pL of TagMan probe for each gene. The qPCR conditions
were as follows: 50°C for 2 min, 95°C for 20 s, followed by 40 cy-
cles of 95°C for 3 s and 60°C for 30 s, with a fluorescent read at
each cycle.

Primer/probe sequence

ND4-F1 5-CCATTCTCCTCCTATCCCTCAAC-3’

ND4-R1 5-ACAATCTGATGTTTTGGTTAAACTATATTT-3'

ND4-Probe 5-FAM/CCGACATCA/ZEN/TTACCGGGTTTTC
CTCTTG/3IABKFQ/-3

ND1-F1 5-CCCTAAAACCCGCCACATCT-3'

ND1-R1 5-GAGCGATGGTGAGAGCTAAGGT-3’

ND1-Probe 5-HEX/CCATCACCC/ZEN/TCTACATCACCGC
CC/3IABKFQ/-3'

ND4 + ND1 geneblock - 5'-CACGAGAAAACACCCTCATGTT
CATACACCTATCCCCCATTCTCCTCCTATCCCTCAACCCCGA
CATCATTACCGGGTTTTCCTCTTGTAAATATAGTTTAACCAAA
ACATCAGATTGTGAATCTGACAACAGAGGCTCTCTTCACCAA
AGAGCCCCTAAAACCCGCCACATCTACCATCACCCTCTACA
TCACCGCCCCGACCTTAGCTCTCACCATCGCTCTTCTACTAT
GAACCCCCCTCCCCATACCCAA-3'

Secretomics analysis
Phenol red-free conditioned media was collected from three
pooled fibrin domes containing either CMs/ECs/DPSCs or
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microtissues/ECs/DPSCs on day 10 of culture. The media was
centrifuged at 2,500 x g for 20 min at 4°C to remove cell debris.
The supernatant was concentrated 10-fold using a 3 kDa MWCO
Amicon centrifuge filtration column (Millipore) at 4,000 x g for 1 h
at 4°C and then dried using a SpeedVac (Thermo Fisher Scienti-
fic) for 2 h at medium heat. 20 pg of conditioned media-derived
proteins from each sample were denatured and reduced with
8 M urea, 10 mM DTT, and 100 mM Tris-HCI (pH 8.5) at 60°C
for 30 min, followed by alkylation with 100 mM iodoacetamide
for 15 min. Alkylation was quenched with DTT to a final concen-
tration of 40 mM, and urea was diluted to less than 1 M with
50 mM ammonium bicarbonate. Proteins were digested with
0.2 pg of trypsin (Sigma-Aldrich) overnight at 37°C. The resulting
peptides were acidified and desalted using in-house C18 pipette
tips. Analysis was performed on an Easy nLC-1200 coupled to a
Thermo Q Exactive HF mass spectrometer in top 20 data-depen-
dent acquisition mode. Peptides were separated on a PepMap
RSLC C18 (2 pm, 75 pm x 50 cm) column and a PepMap 100
C18 (3 pm, 75 pm x 2 cm) precolumn with a 120-min gradient
from 5% to 40% buffer B (0.1% formic acid in 80% acetonitrile).
Data were analyzed using MaxQuant (v1.6.10.43) with specific
tryptic peptides detected at a false discovery rate (FDR) of
0.01 and label-free quantification (LFQ) performed with default
parameters. ldentified and quantified protein groups were
pillar-processed in Perseus (v1.6.5.0)''° and the Cytoscape
StringApp. '%°

The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the PRIDE partner repository''” with
the dataset identifier PRIDE: PXD055832.
Cytokine array
Media was collected from 3 pooled fibrin domes containing either
CMs/ECs/DPSCs or microtissues/ECs/DPSCs at day 14 of cul-
ture using the Raybiotech Human L507 Array Glass Slide to
compare cytokine levels. In a separate experiment, media was
collected from three pooled fibrin domes containing microtis-
sues/ECs/DPSCs or microtissues only on day 14 of culture using
the Raybiotech Human L507 Array Glass Slide to compare cyto-
kine levels. Cytokine secretion measurements were performed
according to the manufacturer’s instructions. Slides were stored
in a light-tight box prior to scanning using the Axon 4200A micro-
array scanner (Molecular Devices, Sunnyvale, CA). Photomulti-
plier tube (PMT) gain was manually adjusted to 370 and scanning
power to 55% to sufficiently illuminate all positive control quadru-
plicate spots in the absence of fluorescence saturation using a
532 nm excitation laser. Then, all slides were scanned at high res-
olution (10 um). Gene array list (GAL) visual analysis masks were
automatically overlayed onto the scanned images and manually
adjusted at each spot using the GenePix Pro software version
6.1.0.2 (Molecular Devices, Sunnyvale, CA). Fluorescence quanti-
fication at the masked spots and subsequent image optimization
was automatically performed using GenePix Pro. The median
fluorescence intensity observed following excitation at 532 nm
was corrected for the local background signal at each spot to yield
a corrected median fluorescence intensity (cMFI). Volcano plots
and statistical tests were done using Prism software, and a heat-
map of significant cytokines was generated using Morpheus
(https://software.broadinstitute.org/morpheus).
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Large tissue formation in perfusable tissue chamber

The platform was assembled from three separate components:
(1) micro-milled, bottomless, interconnected wells (inner dimen-
sion 10 x 10 x 30 mm) with sockets for placing electrodes; (2)
elastic tubes with side microholes (diameter of 0.5 mm) for tissue
attachment, tissue force sensing, and liquid perfusion; and (3) a
glass bottom (50 x 75 x 1 mm). The three components were
assembled and fixed by PDMS glue. Bottomless culture wells
and the molds to produce elastic tubes were fabricated out of
polysulfone using a computer numerical control (CNC) milling
machine with mating features for stability and repeatable
positioning.

The elastic tubes were formed by centrifugal casting of PDMS
(Dow Corning Sylgard 184) through the polysulfone molds with
an embedded needle. The needle was first inserted into polysul-
fone molds fabricated by CNC machining and PDMS (10:1 ratio
of base:curing agent) was centrifugally cast at 400 relative cen-
trifugal force for 5 min and cured in an oven at 60°C for 1 h.
The resulting component consisted of 30 elastic tubes to support
the formation of 15 tissues. The tubes were 1 mm in diameter,
9 mm in length, and spaced 6 mm axis-to-axis.

Cardiac microtissues were incorporated with ECs and DPSCs
(CM:DPSC:EC ratio of 2:1:1) in 20 mg/mL fibrinogen for vascular-
ized cardiac tissue seeding. Briefly, 200 pL of the cell/microtis-
sue/fibrin mixture was mixed with 50 pL of thrombin (25 U/mL)
and placed as a dome on a polystyrene surface. The CM/EC/
DPSC co-culture (CM:DPSC:EC ratio of 2:1:1) was used as the
control. Tissues were retrieved from culture 3 days following
pillar seeding. The tissue formation and contractility were moni-
tored on day 7.

Omental implantation

Adult male (n = 4) and female (n = 4) athymic rnu/rnu rats (age 7-
8 weeks, Charles River Laboratories) weighing 180-200 g were
used. Following induction of anesthesia with isoflurane, a
2-3 cm midline laparotomy was made and the greater omentum
identified and externalized from the peritoneal cavity. Four fibrin
hydrogels containing either dispersed CMs, dispersed CMs/
ECs/DPSCs, microtissues, or microtissues/ECs/DPSCs were
placed on the omentum and wrapped within omental fat using
7-0 Prolene suture. Fibrin domes containing dispersed cells con-
sisted of 1.2 x 10° CMs (if CMs/ECs/DPSCs, cells were incorpo-
rated at aratio of 2:1:1) in a total hydrogel volume of 30 pL. Those
containing microtissues consisted of 2.4 x 10% CMs (if microtis-
sues/ECs/DPSCs, cells were incorporated at a ratio of 4:1:1) ina
total hydrogel volume of 30 pL, with 40-60 microtissues initially
seeded into each fibrin dome. Titanium microclips (GEM
MicroClip, Synovis Micro Companies Alliance) were placed on
the omental fat surrounding each scaffold using a pre-deter-
mined identification system to ensure experimental groups could
be differentiated appropriately upon sample explantation. The
omentum was then returned to the abdominal cavity and the lap-
arotomy closed in standard fashion using running 5-0 vicryl for
the abdominal wall musculature and skin staples in interrupted
fashion to approximate the overlying skin. 1 week following im-
plantation, rats were euthanized and the omental samples
removed for contractility assessment and histological/lHC
studies by gently dissecting each sample from the surround-
ing fat.
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Contractility assessment following surgical explantation
Immediately following surgical explantation, omental tissues
were transferred to an electrical stimulation chamber and posi-
tioned between the carbon rods. 4x bright-field movies were
taken of spontaneous cardiac tissue beating and beating under
stimulation at 1 Hz. The minimum voltage per cm required to
stimulate the synchronized contraction of the tissue (ET) and
the maximum frequency the tissue could achieve in response
to the stimulation pulse at twice the ET (MCR) were measured
and recorded. Thus, a lower ET and higher MCR implied a
more electrically responsive tissue. If the omental tissues could
not be excited by an electric field strength of up to 24 V/cm,
they were deemed as non-beating.

Histology and immunohistochemistry for in vivo samples
Following assessment of functional properties, omental tissues
were placed within a 10% neutral buffered formalin solution over-
night and then stored in 70% ethanol at 4°C. Samples were
embedded in paraffin, sectioned serially (5 pm thickness), and
stained with H&E. For IF staining, cut sections were deparaffi-
nized and rehydrated prior to heat-mediated antigen retrieval in
citrate buffer for 25 min. Following blocking with protein block
(Agilent Dako) to reduce nonspecific background staining, sec-
tions were incubated overnight with antibodies for TnT (Thermo
Fischer Scientific MA5-12960, 1:200), CD68 (Abcam ab125212,
1:500), CD206 (Abcam ab64693, 1:1,000), or YAP1 (Thermo
Fischer Scientific PA1-46189, 1:200). Primary antibody binding
was visualized using species-specific Alexa Fluor 488 or
647-conjugated secondary antibodies (Thermo Fischer Scienti-
fic). Sections were counterstained with DAPI (1:1,000, Thermo
Fischer Scientific) and mounted using Fluorescence Mounting
Medium (Agilent Dako). For immunohistochemical staining,
slides were deparaffinized and heat-mediated antigen retrieval
performed in the same manner. Endogenous peroxidase activity
was quenched via incubation with 3% hydrogen peroxide.
Following blocking with 2.5% normal horse serum, sections
were incubated overnight with primary antibodies for CD31
(Dako M0823, 1:300 with cross-reactivity to human ECs only; No-
vus NB-100-2284, 1:300 with cross-reactivity to both human and
rat ECs). Slides were developed using the ImmPRESS HRP
Horse Anti-Rabbit IgG Polymer Detection Kit (Vector Labora-
tories MP-7401) following the manufacturer’s protocol, followed
by color development with DAB (Dako). Sections were counter-
stained with hematoxylin and mounted using MM 23 mounting
media (Leica).

Fluorescence images were digitally acquired with a Zeiss
AxioObserver microscope attached to a Hamamatsu ORCA-
Flash 4.0 camera under a 20x magnification objective or using
a Zeiss AxioScan fluorescence scanner at 40x magnification.
Bright-field images were acquired using the Aperio AT2 bright-
field scanner (Leica Biosystems) at 20x magnification. Image
analysis was performed using ImageJ.

Quantification and statistical analysis

Statistical analysis was performed using Prism version 10.0, us-
ing one-way, two-way, or repeated measures ANOVA or a t test,
as appropriate based on the dataset. Normality and equality of
variance was tested. Pairwise multiple comparison procedures
(Tukey’s post hoc method or Holm-Sidak method) were used
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for one-way ANOVA and two-way ANOVA tests. p < 0.05 was
considered significant for all statistical tests.

All in vivo data are represented as mean + standard deviation
(SD). Indicated sample sizes (n) represent individual omental tis-
sue samples (ET/MCR) or tissue sections (IHC/IF). Differences
between experimental groups were analyzed by ordinary one-
way ANOVA, with the Tukey test used for pairwise multiple com-
parisons. p < 0.05 was considered statistically significant.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Milica Radisic
(m.radisic@utoronto.ca).

Materials availability
This study did not generate new unique reagents.

Data and code availability

® The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium (http:/proteomecentral.
proteomexchange.org) via the PRIDE partner repository with the data-
set identifier PRIDE: PXD055832 and are publicly available as of the
date of publication, accession numbers are listed in the key resources
table.

@ Alldata is published at Mendeley Data Repository and can be accessed
through the following DOls:

Dataset #1 DOI: https://doi.org/10.17632/cvcw2x6zxb.1.
Dataset #2 DOI: https://doi.org/10.17632/k34yrsj9pp.1.

Dataset #3 DOI: https://doi.org/10.17632/25w8vxsm62.1.
Dataset #4 DOI: https://doi.org/10.17632/797yhp9gpd.1.

@ Other materials and resources are listed in the key resources table.
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