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Abstract

We have created a novel in-vitro platform to study reverse remodeling of engineered heart tissue
(EHT) after mechanical unloading. EHTs were created by seeding decellularized porcine
myocardial sections with a mixture of primary neonatal rat ventricular myocytes and cardiac
fibroblasts. Each end of the ribbon-like constructs was fixed to a plastic clip, allowing the tissues
to be statically stretched or slackened. Inelastic deformation was introduced by stretching tissues
by 20% of their original length. EHTs were subsequently unloaded by returning tissues to their
original, shorter length. Mechanical characterization of EHTs immediately after unloading and at
subsequent time points confirmed the presence of a reverse-remodeling process, through which
stress-free tissue length was increased after chronic stretch but gradually decreased back to its
original value within nine days. When a cardiac myosin inhibitor was applied to tissues after
unloading, EHTs failed to completely recover their passive and active mechanical properties,
suggesting a role for actomyosin contraction in reverse remodeling. Selectively inhibiting
cardiomyocyte contraction or fibroblast activity after mechanical unloading showed that
contractile activity of both cell types was required to achieve full remodeling. Similar tests with
EHTs formed from human induced pluripotent stem cell-derived cardiomyocytes also showed
reverse remodeling that was enhanced when treated with omecamtiv mecarbil, a myosin
activator. These experiments suggest essential roles for active sarcomeric contraction and
fibroblast activity in reverse remodeling of myocardium after mechanical unloading. Our
findings provide a mechanistic rationale for designing potential therapies to encourage reverse

remodeling in patient hearts.
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Abbreviations

a-SMA- alpha-smooth muscle actin

cTnT- cardiac troponin T

DC- drug control

DCM- dilated cardiomyopathy

DIRR- double-inhibited reverse remodeling
DT- destination therapy

ECM- extracellular matrix

EHT- engineered heart tissue

FIRR- fibroblast-inhibited reverse remodeling
Ctrl- Control group

HCF- human cardiac fibroblast

HF- heart failure

hiPSC-CMs- human induced pluripotent stem cell-derived cardiomyocytes
IHC- immunohistochemistry

LVAD- left ventricular assist device

LVEEF- left ventricular ejection fraction

MMP- matrix metalloproteinase

NRVMs- neonatal rat ventricular myocytes
NRCFs- neonatal rat cardiac fibroblasts

OM — Omecamtiv Mecarbil

OCT- optical coherence tomography

PF- peak fore

REMATCH- randomized evaluation of mechanical assistance for the treatment of congestive
heart failure

RR- reverse remodeling

RT50- time to 50% relaxation from the peak
SIRR- sarcomere-inhibited reverse remodeling
TGF-B- Transforming growth factor- 3

TIMP- tissue inhibitors of metalloproteinase

TTP- time to peak



Introduction

The left ventricular assist device (LVAD) has emerged as a life-saving treatment option for many
advanced heart failure (HF) patients [1-5]. The shift in usage of LVAD from short-term to long-

term therapy is reflected in the national statistics; among over 15,000 LVADs implanted between
2006 to 2014, the percentage of LVADs implanted for destination therapy increased from 14.7%

to 45.7% [6]. Among the patients receiving an LVAD, most experience some degree of recovery

in cardiac function, while a small number undergo more significant functional, structural, and

cellular improvement in a process called reverse remodeling (RR) [7-9].

Reverse remodeling is an intrinsic tissue-level process that results in restoration of normal
cardiomyocyte size and extracellular matrix composition as well as reductions in inflammation
and pro-apoptotic signaling [8,10]. This recovery process enables some patients to regain
sufficient cardiac function to allow LVAD explantation, prompting the notion of LVAD as
bridge to recovery therapy [8,10,11]. However, the number of adult nonischemic dilated
cardiomyopathy (DCM) patients experiencing recovery following LVAD support is relatively
small [8,10,12—17], with overall LVAD explanation rate observed to be around 5% [12,13].
Moreover, since DCM is the most common form of cardiomyopathy in children [6], LVADs
have also been often used in pediatric patients with advanced HF from DCM [18-20]. Similar
trends but higher recovery have been reported, with even better outcome observed for children

less than two years old [19].

It is not fully understood why mechanical unloading leads to recovery of cardiac function and
HF remission only in certain patients. A major obstacle is a lack of understanding about the
mechanisms that drive reverse remodeling on a cell and tissue level. Until these mechanisms are
identified and described, the path toward encouraging beneficial remodeling after myocardial

unloading will remain obscure.

Here, we describe the development of a novel in vitro model that enables study of the basic
phenomenon of myocardial reverse remodeling after mechanical unloading. Using our

engineered heart tissue (EHT) platform and a custom stretch device, we first overloaded tissues



by subjecting them to two days of stretch. We could then ‘unload’ EHTs and observe the reverse
remodeling process in detail, enabling the identification of specific cellular and molecular
contributors. These findings provide the first description of a novel platform for studying the
fundamental processes involved in myocardial reverse remodeling and may inspire future

therapeutic strategies for diseases that feature cardiac chamber dilation.

Methods

Ethical Approval

Animal procedures were all approved by the Yale University Institutional Animal Care and Use
Committee (Approval # 2018-11528), and compliant with the regulations of the Animal Welfare
Act, Public Health Service, the United States Department of Agriculture, and the principles and
regulations of the Journal of Physiology [21]. 1-2-day old Sprague-Dawley neonatal rat litters
used for this study were purchased from Charles River Laboratories (Wilmington, MA). The
animals were kept under a 12-hour light/dark cycle with constant access to water and food
pellets. Neonatal rats were anesthetized for 10 minutes under 500mL/min oxygen with 3%
isoflurane until the animals were completely unresponsive to physical stimulation prior to

decapitation and removal of whole hearts.

Reagents

Cardiomyocyte primary isolation kit, modified eagle medium (DMEM), Dulbecco’s
phosphate-buffered saline (DPBS), horse serum (HS), fetal bovine serum (FBS), and penicillin-
streptomycin (P/S) were purchased from ThermoFisher Scientific. L-ascorbic acid, insulin
solution, and Pluronic F-127 were from Sigma Aldrich. Mavacamten (MYK-461), SB-431542,
and Omecamtiv mecarbil were purchased from Cayman Chemical. Hank’s balanced salt solution
(HBSS) was obtained from Gibco. Rat BNP 45 ELISA kit and soluble collagen assay kit were

from Abcam.

EHT Production
Decellularized scaffolds were produced as previously described (Figure 1A) [22]. Briefly,
fresh pig hearts were purchased from J Latella & Sons (West Haven, CT) and preserved in ice



cold DPBS with 5% P/S during transport. Left ventricular free wall portion of the hearts were
then trimmed, cut into blocks, and frozen in dry ice. 150um-thick longitudinal slices were
obtained from the frozen heart blocks with a cryostat microtome (Leica CM3050 S). Slices were
then laser cut (Imm x 6mm) and incubated in lysis buffer with 10mM Tris and 0.1% 0.5M
EDTA. EHT holders were also laser cut from Teflon and autoclaved before assembling the laser-
cut scaffold onto the holders. Scaffolds were then decellularized in 0.5% wt/vol sodium dodecyl
sulfate in DPBS and incubated overnight in media with DMEM, 10% FBS, and 2% P/S before

seeding.

Neonatal cardiac cell isolation

The atrial portion was trimmed from hearts and the remaining ventricular tissue was
sliced into small chunks with a surgical scalpel and digested with enzymes from the isolation kit.
Digested cell suspensions were gently homogenized and plated for two hours to remove debris
and excessive cardiac fibroblasts before cell counting and seeding. One million cells were seeded
per tissue in 50 pL seeding volume with seeding media composed of DMEM, 10% FBS, and 1%
P/S. After seeding, media was changed every other day with rat maintenance media made of
DMEM, 10% HS, 2% FBS, 1 pL/mL insulin solution, and 5 pL/mL L-ascorbic acid from
10mg/mL stock prepared in DPBS. Tissues were observed for appropriate cell attachment and

synchronous contraction for 7 days before experiments.

Human induced pluripotent stem cell-derived cardiomyocyte (hiPSC-CM) differentiation

A healthy control stem cell line (GM23338, Coriell Institute) was maintained in mTeSR
media (STEMCELL Technologies) until close to 100% confluency. A standard differentiation
protocol was used [23]. Briefly: 15 uM chiron (CHIR99021, STEMCELL Technologies) was
added on day 0 for 24 hours and 5 uM IWP4 (STEMCELL Technologies) was added on day 3
for 48 hours. The cells were cultured in RMPI supplemented with B27 (minus insulin,
Thermofisher) until day 9 when the supplement was changed to B27 Plus (with insulin,
Thermofisher). 4-day 4 mM lactate selection from day 12 helped purify the hiPSC-CMs before
cells were seeded on day 18. For EHT seeding, a total of one million cells was seeded per tissue,
with 80% hiPSC-CMs and 20% adult human cardiac fibroblasts (306-05A, PromoCell). Seeding
media was made of DMEM, 10% FBS, 1% P/S, 1% non-essential amino acids, 1% L-glutamine,



and 1% sodium pyruvate. After seeding, the tissues were maintained in DMEM with B27 Plus
supplement and media was changed every other day. Appropriate cell attachment and

synchronous contraction were monitored for 7 days before experiments.

Immunohistochemistry

Tissues were fixed in formalin (Sigma) for 15 min and washed with DPBS three times
before storing in 70% ethanol. The tissues were blocked with 3% BSA in DPBS for one hour
before incubating with mouse anti-cardiac troponin T (cTnT, MA5-12960, Invitrogen) and rabbit
anti-alpha smooth muscle actin (a-SMA, EPR5368, Abcam) primary antibodies overnight.
Tissues were then incubated for 1hr with anti-rabbit Alexa Fluor 488 and anti-mouse Alex Fluor
647 secondary antibodies (Thermofisher) before mounting onto glass slides with antifade

mountant and DAPI (P36962, Invitrogen). Tissues were imaged on a Leica confocal microscope.

Novel EHT stretching device

A novel device was designed and constructed, consisting of assembled laser-cut PTFE
(Teflon) parts. Each device is designed to stretch a single EHT and can fit into individual wells
on a 6-well plate (Figure 1B). It contains a pair of irregular octagons that press against a flexible
Teflon retainer that fits the clip attached to one end of the tissue. When the octagons are turned
stepwise to 45 and 90 degrees with a pair of tweezers, the tissue is stretched by 10% and 20%
respectively. The device was used to stretch individual tissues to 10% for 24 hours, and 20% for

another 24 hours before unloading (Figure 1C).

EHT biomechanical testing and analysis

A custom mechanical measurement system was used to investigate the biomechanical
properties of EHTs. Clips holding either end of the tissue are mounted onto custom hooks. One
hook is affixed to a force transducer, and the other to a linear actuator, enabling the force-length
characterization of the EHT. A custom 3D-printed bath integrated with printed circuit board and
platinum wires was used to provide temperature control and electrical stimulation during testing.
The bath also contained inlet and outlet flow channels connected to syringe pumps to enable
continuous perfusion of testing solution. Tyrode’s solution was used as the testing solution

throughout the experiments (in mM: 140 NaCl, 5.4 KCl, 1.8 CaClz, 1 MgClz, 25 HEPES, and 10



glucose; pH 7.3). Custom MATLAB scripts were used to record the raw mechanical data of both
active twitches and passive forces during isometric stretch and electrical pacing. To measure
tissue slack length, the point at which the tissue starts to develop passive force, and tissue
stiffness among other passive mechanics properties, an isometric stretch protocol was used to
stretch the tissue from 85% culture length to 110% culture length (10% stretch relative to culture
length) at 1Hz constant pacing. The entire stretch sequence containing both passive and active
forces was recorded and repeated (Figure 1D). Active twitches were recorded three separate
times while tissues were held isometrically at 10% stretch. Optical coherence tomography was
used after mechanical testing to measure the cross-sectional area of the tissues (Figure 1E).
Automated MATLAB scripts were used to manage metadata and analyze raw mechanical data.
Cross-sectional areas, slack length, tissue stiffness and other passive mechanics properties were
obtained with automated scripts from normalized passive data against cross-sectional areas
(Figure 1F) as previously described [24]. Active data including peak force, time to peak (TTP),
time to 50% relaxation (RT50) were derived from active force data (Figure 1G) as averages

across all repeated recordings. Graphpad Prism 8 software was used for data visualization.

Preparation of drug-supplemented culture media

Mavacamten and SB-431542 were reconstituted in dimethyl sulfoxide (DMSO) at
ImM and 5mg/mL stock solutions respectively and frozen as aliquots. Media containing either
mavacamten or SB-431542 were prepared fresh for every media change. To prepare the media,
mavacamten and SB-431542 aliquots were directly added into the media to achieve 500nM and
10uM concentrations respectively before sterile filtration. Mavacamten and SB-431542
contributed to 0.05% and 0.077% DMSO (v/v) in the culture media. The DMSO concentrations
from the two drugs were only 2% and 3% of what was reported to induce noticeable effects on

cardiomyocytes [25].



Statistical methods
To compare the mechanical properties between the two groups in the initial reverse

remodeling characterization experiment, two-tailed unpaired t test was used (n =3 for all

groups). Non-linear regression with one-phase decay was used to analyze the reverse remodeling
profile over time in our system. The subsequent SB-431542 control experiment used two-tailed
unpaired t tests, two-way ANOVA with repeated measures, and linear regression to analyze the

data (both control and treatment groups n =10). 3-way ANOVA with planned comparisons were

used to examine the significance of active contraction inhibition and to assess the differences

between select groups (all groups n =7). For the experiment investigating the interaction

between cardiomyocytes and cardiac fibroblasts in the reverse remodeling process, 3-way
ANOVA with repeated measures, 2-way ANOVA with planned comparisons or Tukey’s post

hoc tests among the groups, and linear regression analysis were used (all groups n = 9). Due to

ANOVA'’s sensitivity to outliers, one outlier with over 2.5 times of standard deviation was
excluded from the SIRR group. Linear correlations were performed to assess the relationship
between active and passive mechanical properties of reverse remodeled tissues. 2-way ANOVA
with repeated measures and two-tailed unpaired t tests were conducted for follow-up human
EHT-based experiments. All analysis was performed in Graphpad Prism 8 software, and the data
were presented in the form of mean and standard deviation wherever possible. A P < 0.05 was

used for interactions among all groups to be considered significant.



Results

In vitro model validation

We sought a system in which a linear segment of artificial myocardium could first be
stretched to the point of inelastic (not immediately reversible) deformation. We hypothesized
that relieving tension in this over-stretched tissue would provide an opportunity to study the
reverse remodeling process in detail, by monitoring biomechanical characteristics of the
engineered heart tissues (EHTSs), including stress-free tissue length (slack length), stiffness, and
active contractile force during a recovery interval. Recovery of the slack length to its original

value was considered the functional endpoint marking completion of reverse remodeling.

An initial reverse remodeling experiment was performed to compare the mechanical properties
between the control group (Ctrl), which was not stretched, and the reverse remodeling (RR)
group, which underwent static stepwise stretch to 20% over 48 hours followed by unloading

(return to 0% stretch; Figure 2A).

To avoid tissue damage during acute stretch, EHTs in the RR group were treated during the
stretch interval with the cardiac-specific myosin inhibitor mavacamten. The tissues from both
groups were tested around the same time, with RR tissues all tested immediately after
mechanical unloading and every day up to 12 days following unloading. Mechanical testing
showed that immediately after unloading, normalized passive forces were significantly different
between the two groups, with RR tissues developing less passive stress at high stretch percentage
compared with Ctrl tissues (Figure 2B, 2-way ANOVA with repeated measures P < 0.0001). RR
group tissues also had significantly increased cross-sectional areas compared with Ctrl group
tissues (Figure 2C, P = 0.0105, effect size = 3.3). The increase in slack length in RR group
tissues was also significant (Figure 2D), indicating that our device effectively exposed tissues to
inelastic deformation that was not immediately reversible (P = 0.0131, effect size = 3.1). Tissue
stiffness analysis demonstrated that Ctrl tissues possessed physiological stiffness, around 10 kPa
at 0% stretch [26]. Stiffness of RR tissues immediately after unloading was markedly reduced

over a 0-7% stretch range (Figure 2E) and retained only 13% stiffness of Ctrl tissues at culture

10



length. RR tissues also had a 60% drop in normalized peak force production at 1 Hz pacing

compared with Ctrl tissues (Figure 2F, P = 0.0152).

In addition, BNP-45 level in cell culture media was measured and showed a 41% increase in RR
tissue media after 48-hour stretch compared with those in Ctrl tissue media (Figure 2G).
Furthermore, soluble collagen levels in cell culture medium revealed a 112% increase in newly
synthesized collagen in RR tissues media after 48-hour compared with those of Ctrl tissues
(Figure 2H). This spike in soluble collagen production was temporally consistent with a
previously reported human fibroblast study [27]. Collectively, the stepwise static stretch with
mavacamten incubation resulted in significant diastolic and systolic dysfunction (Figure 2B-F)
along with indications of biological stress (Figure 2G) and heightened fibroblast activity (Figure
2H).

After unloading, RR tissues’ reverse remodeling behaviors were characterized. First, BNP 45
level measured at one day after unloading showed significant reduction in RR tissue media
compared with those in Ctrl tissues (Figure 21, P = 0.0344). Second, between days 0 and 9 after
unloading, the soluble collagen assay revealed a 50% drop in new collagen synthesis in RR

tissue media while levels in Ctrl tissues remained the same (Figure 2H, 2J).

A time-course study was carried out next to characterize the slack length change in RR tissues
across 12 days after mechanical unloading. Two RR tissues were tested each day post-unloading,
and the resulting slack lengths were plotted on a continuous timeline as a measure of the degree
of reverse remodeling of the EHTs (Figure 2K). Using a decaying exponential model to fit the
data, the time constant of reverse remodeling was ~2.2 days (R? = 0.7185), with the slack length
reaching a plateau around nine days after unloading. Therefore, to capture the reverse
remodeling progression in subsequent experiments, EHT mechanics were measured at day 1 and
day 9 post-unloading. Moreover, to examine the recovery of both diastole and systolic function
of RR tissues during reverse remodeling, RR tissue cross-sectional area, stiffness at 7% stretch,
and normalized peak force at 1Hz pacing were also plotted on the same time axis (Figure 2L,

2M, 2N). Significant linear correlations were observed for all three- tissue cross-sectional area (P
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=0.0013), tissue stiffness (P = 0.0007) and peak stress (0.0033), validating the presence of

reverse remodeling in both passive and active mechanics in our in-vitro model.

To visualize the distribution and morphology of the different cell types, an RR tissue 9 days after
unloading was fixed and imaged for cTnT (Figure 20), a-SMA (Figure 2P), and DAPI (Figure
2Q). IHC images showed visible cell infiltration throughout the entire decellularized scaffold,
relatively uniform distribution of cardiomyocyte sarcomeres (red) and the presence of activated
myofibroblasts with stress fibers (in green, Figure 2R). The artifacts of high fluorescence
intensity near the tissue edges are most likely a result of heat effects on the scaffold margins

during laser cutting.

In order to confirm that the changes in slack length seen after unloading were being driven by
active cellular processes, we subjected decellularized, un-seeded myocardial scaffolds to the
same stretch-unloading protocol as in the case of seeded constructs (Figure 3A). Scaffolds
undergoing 20% stretch experienced a ~15% increase in slack length that did not recover, even
when left for six days in culture (Figure 3B). Stiffness of the stretched samples was negligible in
comparison to unstretched decellularized tissues, suggesting inelastic deformation of the matrix

as a consequence of 20% stretch (Figure 3C).

Role of cardiac fibroblasts in remodeling the tissue matrix in an EHT system

Since cardiac fibroblasts play a key role in maintaining and remodeling the ECM, we
investigated the contribution of fibroblasts on matrix remodeling in our EHTs via the modulation
of the TGF-P canonical signaling pathway. Two groups with four EHTs each were seeded with
NRVMs and NRCFs as before, with 10uM of the TGF-B1 inhibitor SB-431542 added to the
treatment group the day after seeding. Brightfield images were recorded every day for both
groups at 4x magnification. The degree of tissue remodeling was quantified by measuring the
width of each tissue at its midline over several days of remodeling (Figure 4A). After eight days,
SB-431542 was removed from the treatment group, and images were recorded until day 14.
Images showed significantly reduced remodeling for tissues treated with SB-431542 when
compared with the control group (Figure 4A, effect size = 1.9). Moreover, the inhibition of

fibroblast activity was reversible since the treated tissues resumed remodeling after drug removal
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and reached an end-stage remodeling by day 14 that was similar to control tissues on day 8

(Figure 4B).

SB-431542 has been used to inhibit canonical TGF-B1 signaling in multiple cell types, including
cardiac fibroblasts [28—30]. As such, we considered the possibility that it could functionally
affect cardiomyocytes in our EHTs, rather than specifically targeting fibroblasts. Therefore, a
SB-431542 control experiment was next carried out to confirm its specificity to cardiac
fibroblasts and that it would not functionally impact cardiomyocytes in terms of systolic force. In
this experiment, EHTs seeded with isolated NRVMs and NRCFs were incubated for eight days
with either DMSO in the control (Ctrl) group, or with 10 uM SB-431542 in the SB group to
match the duration of reverse remodeling before testing (Figure 4C). OCT scans showed no
difference in tissue cross-sectional areas between the two groups following drug incubation
(Figure 4D), but SB group tissues had the expected lowered stiffness profile compared with Ctrl
tissues (Figure 4E, 2-way ANOVA P <0.0001). Less stiff SB tissues also had marginal increase
in slack length (Figure 4F, P = 0.0464). Looking at the active mechanics, the two groups did
have very similar normalized peak forces at 1Hz pacing and 10% stretch (Figure 4G, P =
0.5020), but SB tissues demonstrated significantly faster twitch, resulting in shorter TTP (Figure
4H, P <0.0001) and RT50 (Figure 41, P = 0.0002) compared with Ctrl tissues. This meant that,
from beat to beat, SB tissues spent less time in systole as shown by the force-time integral
(Figure 4J, P = 0.0058). Moreover, knowing that collagen from cardiac fibroblasts played a
dominant role in passive mechanics in longer stretch [31], linear correlations were performed
between active mechanics and tissue stiffness at 10% stretch. Lack of correlation between
normalized peak force and stiffness (Figure 4K, P = 0.2632) and similar normalized peak force
between Ctrl and SB group confirmed that SB-431542 did not functionally affect
cardiomyocytes. Additionally, the significant correlations between TTP and stiffness (Figure 4L,
P =0.0218) and RT50 and stiffness (Figure 4M, P < 0.0001) further validated that cardiac

fibroblast activity was highly correlated with the duration of tissue contraction.

Collectively, SB-431542 altered passive mechanical profiles, which were significantly correlated
with shortened active twitches. Meanwhile, it did not affect peak force production by

cardiomyocytes. This parallels findings of at least one other group, that observed that
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cardiomyocytes did not seem to respond to canonical TGF-f signaling blockade, and that TGF-
B-neutralizing antibody therapy did not restore cardiomyocyte systolic dysfunction in pressure-
overloaded mice hearts [32]. We concluded that SB-431542 constitutes a reasonably specific

modulator of fibroblast activity in our EHTs.

Effects of sarcomeric myosin inhibition on the time-course of in-vitro reverse remodeling
Having established the time constant of reverse remodeling and role of fibroblast activity
in our system, we next examined the role of active sarcomeric contraction in reverse remodeling.
To this end, we allowed EHTs that had been stretched to 20% (as before) to remodel either in the
presence or absence of continued 500 nM mavacamten exposure (SIRR, sarcomere-inhibited
reverse remodeling, and RR, reverse remodeling, respectively). Control groups were also
included in which tissues were not subjected to the stretch protocol, either with mavacamten
during the nine-day recovery period (DC, drug control) or without (Ctrl). Finally, data were
collected at two time points, at either day 1 or day 9 post unloading (Timepoints 1 and 2,
respectively). This gave a total of 8 groups (Figure 5A, all groups n > 6 from four batches of
tissues). Mavacamten was washed out for 30 min prior to data collection during mechanical

testing.

Representative normalized passive stress traces showed visible separations in passive properties
among the groups (Figure 5B). Most notably, the RR2 group was able to reverse remodel back to
a passive mechanical profile similar to Ctrl2, while the SIRR2 group at the same time point was
less stiff, being unable to regain control levels of passive stiffness. 3-way ANOVA analysis of
the slack length indicated statistically significant interactions among the groups, meaning that
mavacamten treatment was a significant modulator of reverse remodeling in both degree and
time course (Figure 5C, P =0.0116). The significant difference between RR2 and SIRR2
demonstrated attenuation of reverse remodeling in the absence of active contraction (P = 0.0168,
effect size = 1.5). Interestingly, administration of mavacamten to unstretched tissue did not alter
slack length, suggesting that the connection between tissue slack length and sarcomeric
contraction is specifically relevant to the remodeling scenario, and not normal tissue

maintenance (compare DC2 and Ctrl2 in Figure 5C).
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In order to have a more detailed understanding of the passive mechanical behavior, we compared
the stiffness of the EHTs at 7% stretch (Figure 5D). 3-way ANOVA analysis of the stiffness at
7% stretch indicated significant interaction among the groups, meaning that stretch and
mavacamten treatment significantly altered the time-course of remodeling. These experiments
revealed a striking increase in stiffness in the RR group during the 9 days after unloading (RR1
vs. RR2, P < 0.0001, effect size = 1.6), and suggested a stretch-induced role for activated cardiac
fibroblasts in re-stiffening the matrix. The far greater stiffness in RR2 tissues compared with
control (Ctrl2) further implicated the role of active fibroblasts (P = 0.0438, effect size = 0.6).
Moreover, the significant difference between RR2 and SIRR2 in both slack length (Figure 5D, P
=0.0168) and stifftness (Figure SE, P = 0.0306) revealed that contractile activity played a role in
augmenting the reverse remodeling on top of the fibroblast-based ECM and diastolic force
recovery. Furthermore, length-dependent activation of EHTs were compared in the Frank-
Starling gain at 1Hz pacing and up to 10% stretch (Figure 5E). The marked recovery of Frank-
Starling gain from RR1 to RR2 demonstrated the presence of reverse remodeling (duration of
reverse remodeling P = 0.014) and the role of cardiomyocyte contractility in the recovery process
(mavacamten P = 0.0002). It was also noted that the robust length-dependent activation of Ctrl2

tissues offered indirect evidence of mature sarcomeres in our EHTs.

Representative active twitch contraction data from select groups were plotted together (Figure
5F) and showed clear recovery in the active force from RR1 to RR2. A closer look at the
normalized peak forces of each group at 1Hz pacing (Figure 5G) showed the same trend, with
RR2 able to reverse back to the same level as Ctrl2. There was also significant interaction in time
to peak force among the groups (Figure SH, P = 0.0002), with RR2 having slower time to peak
than RR1 and Ctrl2. Collectively, this experiment hinted at the potential roles of both

cardiomyocytes and fibroblasts to achieve an advanced degree of reverse remodeling.

Evidence for cardiomyocyte-fibroblast interaction in reverse remodeling
After observing the separate contributions of both active sarcomeric contraction and
activated fibroblasts on reverse remodeling, we next examined the interaction of these two

factors. In this experiment, EHTs were subjected to the stretch/unloading protocol as before, then
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treated during reverse remodeling with either 0.5 uM mavacamten (sarcomere-inhibited reverse
remodeling group, SIRR), 10 uM SB-431542 (fibroblast-inhibited reverse remodeling group,
FIRR), or a combination of both (double-inhibited reverse remodeling group, DIRR). After
conditioning, the tissues were characterized to identify possible interaction (Figure 6A). Both
drugs were washed out for 24 hours before mechanical testing. All data came from EHTs in a

single batch.

Representative stretch traces for all four groups showed different passive mechanical profiles.
Clear separations were observed among the groups, especially between RR and the other three
groups (Figure 6B). To ascertain whether the magnitude of reverse remodeling was statistically
different among the groups, a 3-way ANOVA analysis with repeated measures was conducted
for the passive stresses (Figure 6C). Significant interaction was found among the three factors
(mavacamten treatment, SB-43152 treatment, and tissue stretch, 3-way ANOVA P =0.0151).
This indicated that sarcomere contraction and fibroblast activity interacted synergistically to
produce diastolic reverse remodeling. Full remodeling was only evident across all levels of tissue
stretch when both cardiomyocytes and cardiac fibroblasts were uninhibited. Analysis of passive
stress at culture length also showed significant interactions from the 3-way ANOVA analysis
(Figure 6D, P = 0.0013), with RR recovering the most diastolic stress compared to the rest of the
three groups (effective sizes > 2.2). This further confirmed the synergistic role of both cell types.

Without the active cardiomyocytes, the activated fibroblasts alone simply stiffened the tissues
without completely taking up the slack introduced by the stretch protocol (Figure 6E). Having
established that RR regained similar slack length to Ctrl at the same time point (RR2 vs. Ctrl2,
Figure 5C), the higher slack length of SIRR compared with RR (Figure 6E) indicates an
incomplete recovery (P < 0.0001, effect size = 2.2). Two-way ANOVA analysis of stiffness at
95% culture length indicated significant interaction among the four groups (Figure 6F, P =
0.0011) and confirmed the lack of reverse modeling without sarcomere contraction for SIRR,
without fibroblast activity for FIRR, or both at low stretch compared with RR with the highest
stiffness of all groups (2-way ANOVA P <0.0001, effect size = 2). Moreover, two-way ANOVA
analysis of stiffness at 9% stretch found that only SB-431542 had a significant P value (Figure

6G, P <0.0001), suggesting that diastolic reverse remodeling required significant
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cardiomyocyte-fibroblast interaction at strains near culture length but was dominated by

fibroblast activity at higher strains.

Active mechanics demonstrated additional cardiomyocyte-fibroblast functional interactions.
Representative twitches were plotted at 1Hz pacing and showed marked recovery for RR (Figure
6H). RR tended to recover normalized peak contraction force better than the treated groups (Figure
61, effect sizes > 0.7), but this did not reach statistical significance (2-way ANOVA P = 0.0795).
However, significant interactions were found for the twitch kinetic parameters time to peak (TTP,
Figure 6J, 2-way ANOVA P = 0.01, effect sizes > 2.3) and the relaxation to 50% from the peak
force (RT50, Figure 6K, 2-way ANOVA P = 0.0003, effect sizes > 2.1). In both cases, RR tissues
produced the slowest TTP and RT50. Moreover, force-time integral offered a look at the time
tissues spent in systole on a beat-to-beat basis, and again showed that only RR tissues were able

to recover to Ctrl-level force-time integral value (Figure 6L).

Active twitch properties are correlated with matrix stiffness

In order to understand whether altered twitch properties in the RR group were dependent
on tissue remodeling, we performed linear regression of normalized peak force, TTP, and RT50
vs stiffness for individual EHTs across all treatment groups (Figure 7A-C). All three twitch
properties were significantly correlated with tissue stiffness. Stiffening of EHTs appeared to
result in larger, slower twitches with a more prominent effect on tissue relaxation. This
collectively indicated that the increase in matrix stiffness provoked by the stretch protocol
profoundly affected EHT active mechanics, both in kinetics and in magnitude of the contraction.
At the same exposure time and magnification, polarized light microscopy images of tissues
stained with picrosirius red from all four groups were indicative of enhanced total collagen

content in RR EHTs compared with the other groups (Figure 7D-G).

Evidence of reverse remodeling is observed in human EHT platform

To further validate our in vitro reverse remodeling model, the reverse remodeling
experiments were performed in human EHT model with human induced pluripotent stem cell-
derived cardiomyocytes (hiPSC-CMs) and adult cardiac fibroblasts (HCFs) (Figure 8A). One
million cells were seeded per tissue with 80% hiPSC-CMs and 20% HCFs, and biomechanical
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testing was conducted immediately after unloading (timepoint 1) and 9 days after unloading
(timepoint 2). After stretch, RR1 group had significantly reduced tissue stiffness (Figure 8B) but
RR2 would recover stiffness after 9 days compared to the Ctrl2 (Figure 8C). Compared to Ctrll,
RR1 also experienced significantly increased slack length (Figure 8D), markedly lowered peak
stress (Figure 8E, F), slightly elevated TTP (Figure 8G), the same RT50, and significantly
depressed Frank-Starling response to stretch (Figure 81). However, after 9 days of reverse
remodeling, RR2 showed comparable slack length to Ctrl2 (Figure 8J) and peak force and stress
(Figure 8K, L). Reduced TTP and identical RT50 were also observed (Figure 8M, N). Lastly,
Frank-Starling response of RR2 recovered in lower stretch range but still showed significant

deviation at higher stretch percentage (Figure 8O).

Omecamtiv mecarbil improves reverse remodeling in human EHTs

To further test the hypothesis that active contraction contributes to the reverse remodeling
process, cardiac specific inotrope omecamtiv mecarbil was used in a group of stretch and
unloaded tissues (group name OM) to augment its contractility after unloading [33].
Biomechanical testing was performed 9 days post-unloading and results were compared to the
reverse remodeling group without the drug serving as the new control (Ctrl group, Figure 9A). 9
days after unloading, similar tissue stiffness profiles between Ctrl and OM groups were observed
(Figure 9B), and a marginally improved slack length result was seen for OM tissues (Figure 9C).
In addition, the OM group demonstrated significantly increased peak stress (Figure 9D, E) while
maintaining near-identical active kinetics in TTP and RT50 after 24-hr drug washout (Figure 9F,
G). Lastly, OM tissues revealed marked improvement in Frank-Starling response over the Ctrl
group (Figure 9H). Collectively, OM-treated tissues showed enhanced reverse remodeling results

in both passive and active mechanics compared to untreated reverse remodeling controls.
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Discussion

To our knowledge, this study is the first of its kind to specifically characterize the interaction of
cardiomyocytes and cardiac fibroblasts in a simple in vitro representation of myocardial reverse
remodeling. A series of controlled in vitro experiments in an engineered three-dimensional tissue
model revealed an essential role for both cell types in successful recovery of both active and

passive tissue functions.

Reflecting on these results, we propose a mechanistic model for the processes that drive reverse
remodeling (Figure 10). In this ratchet-and-gear model, cardiac fibroblasts act as a ratchet,
holding in place the temporary gains made by the cyclically contracting cardiomyocytes (gear).
When fibroblast activity is curtailed, as when a TGF-f inhibitor is used, cyclical contractions of
cardiomyocytes are insufficient to remove slack from the tissue (Figure 10A). When
cardiomyocyte activity is inhibited as in the case of mavacamten incubation, fibroblasts alone
can only lock the ratchet and stiffen the system in place, resulting in incomplete recovery of
tissue shape (Figure 10B). Full recovery of passive and active myocardial properties following
chronic stretch only occurs when both fibroblasts and cardiomyocytes are fully engaged (Figure
10A). This paradigm is further supported by our observations of enhanced remodeling after

treatment with OM, which enhances sarcomeric contraction (Figure 9).

We choose mavacamten to modulate myofilament-based contraction in our in vitro model for
several reasons. First, mavacamten targets cardiac myosin isoforms specifically and does not
affect fast skeletal or non-muscle isoforms [34,35]. Moreover, mavacamten was developed to
reduce peak tension without affecting calcium transients [34]. Based on this, we used the drug to
prevent possible tissue injury during the static stretch phase. We also chose to use omecamtiv
mecarbil as a target approach to enhance cardiac myosin ATPase activity without perturbing
calcium cycling or other myosins [33]. Second, extended mavacamten use after unloading
(Figures 5, 6) served to test the hypothesis that active contraction contributes to the recovery
process. Since mavacamten does not affect calcium homeostasis, we focused on the
improvement of diastolic and systolic mechanical properties as measures of reverse remodeling.

In addition, we looked into the role of activated cardiac fibroblasts that sense and respond to
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reduced cardiomyocyte stiffness [36].

Although fibroblast activity may be generally viewed as pathogenic in heart failure, our
experiments suggest that these cells play an essential role in recovery after unloading. Matrix
metalloproteinases (MMPs), which denature and degrade collagen, are shown to be
downregulated after unloading, protecting ECM from further damage [37]. At the same time,
tissue inhibitors of metalloproteinases (TIMPs) are upregulated after unloading [38]. However,
studies disagree on the ultimate consequence of MMP/TIMP expression changes. Decreased
collagen content and fibrosis have been reported after LVAD implantation [39-43], while other
studies show an increase in collagen content and the ratio of collagen type I to III with LVAD
support [37,44-46]. Such apparently contradictory findings may simply reflect a biphasic
fibroblast response to unloading. This is supported by at least one study, which showed an
increase in collagen synthesis and the ratio of type I to III collagen up to 200 days after LVAD

implantation and a decrease thereafter [46].

Our in-vitro reverse remodeling EHT model seems to recapitulate the initial pro-fibrotic phase of
ECM changes after unloading. Responding to the mechanical unloading, tissues allowed to have
undisturbed recovery in RR groups from both experiments show significantly increased stiffness
compared with other unloaded groups (Figure 5D, 6F, 6G). At the same time, there is noticeable
recovery in peak stress (Figure 5G and 61) accompanied by a decrease in active contraction
speed in terms of both TTP (Figure 5H, 6J) and RT50 (Figure 6K). This is consistent with a
previous report that increased collagen heavily contributes to an increase in systolic force and
slower active twitch kinetics [24]. Our findings may help explain why LVAD patients with acute
HF are more likely to have greater cardiac function recovery. Specifically, it seems that when the
onset of fibroblast activation is synchronous with unloading, it may help normalize diastolic and

systolic dysfunction through fibroblast-cardiomyocyte interactions.

Our in vitro system mimics aspects of cardiomyocyte recovery reported in LVAD patients after
unloading, which can include remarked drop in plasma BNP level [47,48], reversal of contractile
dysfunction, and improvement of calcium handling and cytoskeletal protein structures [46,49—
52]. However, there is debate on the possible detriment of prolonged unloading on the

cardiomyocytes. Studies of explanted patient tissue suggest that cardiomyocyte atrophy and
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degeneration do not occur with long-term LVAD support [9,53], while studies of unloaded

myocardium in rat show reduced contractility and myofilament sensitivity to calcium [54,55].

To address the possibility of atrophy during unloading, several pharmacological treatments have
been used in combination with LVADs to facilitate reverse remodeling. These include
administration of the B2-adrenergeic receptor agonist clenbuterol as part of the Harefield protocol
along with a Bi-blocker [56—58] and have led to some promising results [58,59]. However,
therapies inspired by Harefield protocols fail to prevent myocardial atrophy and cause
downregulation of B2-adrenergeic receptor with chronic clenbuterol administration [60], result in
less improvement in EC-coupling as a combination therapy of B2-agonist and Bi-blocker than
using either P2-agonist or Bi-antagonist alone [58], and do not demonstrate a synergistic effect of
B2-agonist and Pi-blocker in ischemic HF models [61]. In light of the studies reported here, it
seems possible that a lack of proper fibroblast activity could be the missing component from the

Harefield-type protocols.

Lastly, although the goal of this study is to use our in vitro model to gain a better fundamental
understanding of the reverse remodeling phenomenon with a reductionist approach, it should be
acknowledged that our current method does not precisely capture the in vivo conditions. First,
dynamic control of EHT loading conditions would be required to begin to recapitulate the
hemodynamic effects of LVAD implantation. Future work could include applying our recently
reported bioreactor to imitate in vivo work loops on human EHTs, enabling greater physiological
fidelity in our model [62]. In addition, our in vitro model does not specifically include all of the
complex factors present in chronic heart failure, including changes to neurohumoral activation,
excitation-contraction coupling, apoptotic and metabolic signaling, cardiomyocyte size and
shape, or fetal gene programming [41,63]. Lastly, given the focused nature of our study, we have
not distinguished between in vivo myocardial recovery and myocardial remission [64]. The
conclusions from this study are limited to the mechanisms of cellular contraction that may be
required to accomplish bulk myocardial morphology changes. Determining the extent to which
our findings are applicable to reverse myocardial remodeling in a clinical setting will require

future study.
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Figure 1. Engineered heart tissue (EHT) production, stretch, and data collection workflow.

A. schematics of engineered heart tissue (EHT) making process using decellularized porcine ventricular scaffold and
isolated neonatal rat ventricular myocytes (NRVMs) and cardiac fibroblasts (NRCFs). EHTs were assembled at constant
culture length and mechanically tested isometrically. B. An image of an EHT being stretched with our custom-made stretch
device in a 6-well plate. C. Individual EHT static stretch protocol after 1 week of normal culture. The stretch was started at
10% stretch by turning the pair of octagons (highlighted in green), then increased to 20% for 24hr by further turning the
octagons (highlighted in red), and ended with unloading. D. Representative raw data collected with our mechanical testing
system. Data were collected with 2 kHz sampling rate and 1 Hz electrical stimulation while the tissue was being stretch. E.
Representative tissue cross-sectional scan by optical coherence tomography. F. Processed and normalized representative
passive stress profile was used to determine tissue slack length (the position where it started to develop passive force) and
stiffness. G. Representative active twitch following a 1 Hz stimulus (in red). Automated scripts were used to measure peak
force (PF), time to peak (TTP), time to 50% relaxation (RT50).
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Figure 2. Reverse remodeling is observed and characterized in our in-vitro model following stretch and unloading.
A. Schematic of the experimental design. A control group (Ctrl) was compared to a reverse remodeling (RR) group with static step-wise
stretch. Biomechanical testing was conducted immediately after unloading and every day for 12 days after unloading. Data in panels B-
H were from tissues immediately after unloading (Ctrl tissue n = 3, RR n =4). B. Normalized passive traces for both groups plotted over
the majority of the stretch (P < 0.0001). C.Tissue cross-sectional areas obtained from OCT to normalize tissue passive force (P =
0.0105). D. Slack lengths were determined from tissues' passive stress profile (B) as a measure of mechanical deformation after stretch
(P=0.0131). E. Tissue stiffness was calculated from tissues' passive mechanical data with Matlab script (P < 0.0001). F. Normalized
peak forces at 1Hz pacing and 10% stretch (P = 0.0152). G. BNP-45 level was measured by ELISA in cell culture medium after 48-hour
stretch (n = 4). H. Newly synthesized collagen levels measured by soluble collagen assay in cell culture medium after 48-hour stretch (P
=0.0106, n =4). I. BNP-45 level measured by ELISA in cell culture medium 24 hours after unloading (P = 0.0344, n = 4). J. Newly
synthesized soluble collagen level in cell culture medium 9 days after unloading (n = 3). K. Time course study of tissue slack length up
to 12 days after unloading to characterize the progression of reverse remodeling (n = 27). This was used to determine the data collection
time points in subsequent experiments. Dashed line indicated the mean slack length value for unstretched control tissues at day 9 post-
unloading as a reference. L. Time course study of tissue cross-sectional area up to 12 days after unloading. Dashed line indicates the
mean value from the control group for reference. M. Time course study of tissue stiffness at 7% stretch from 0 to 12 days after
unloading. Dashed line indicates the mean value from the control group for reference. N. Time course study of normalized peak force
from O to 12 days after unloading. Dashed line indicates the mean value from the control group for reference. O-Q. Representative
immunohistochemistry (IHC) tiled image of an RR tissue day 9 post-unloading stained for cardiac troponin T (¢TnT, red), a-smooth
muscle actin (a-SMA, green), and DAPI (blue). R. Representative IHC merged image of a RR tissue day 9 post-unloading stained for
c¢TnT, a-SMA, and DAPI at 20x magnification. Experiments were analyzed with two-tailed unpaired t tests (C, D, F, G, H, I, J), 2-way
ANOVA with repeated measures (B, E), non-linear regression (K), and linear regression (L, M, N). * P <0.05, ** P <0.01, *** P <
0.001, **** P <(.0001. All error bars are expressed as standard deviations.



UNLOADING ~ MECHANICAL TESTING 1.5+ -e- Passive control C25_
NO STRETCH GROUP )
0% ¢ o v h -#- Unloaded passive control .
‘ ‘ ‘ 1.10 u —e— Passive control
ro— " " 10 .20
DRUG: o ! ' PC K —#- Unloaded passive control
I ' ) °
P ; ' o 1.059 = 15+
. ' : 3 [
STATIC STRETCH GROUP  [20%] . X X 2 4
1.004 £ -
0% |_|10% ] ' ' ' - E 10
v ! ‘ 0.95- i/\ ? 5
DRUG: U] ! ' UPC
DAYS v ! ' 0.90 T T T 0 ——— —
AFTER 1 0 1 3 6 0 2.5 5 75 10
UNLOADING -4 -2 0 2 4 6 Days after unloading Stretch percentage (%)

Figure 3. Decellularized tissue passive mechanics.
A. Passive control experimental design (n = 2). B. Slack lengths of the unstretched and stretch and unloaded decellularized
tissues. C. Decellularized tissue stiffness at day 6 after unloading. All error bars are expressed as standard deviations.
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Figure 4. SB-431542 is an reversible TGF-beta inhibitor and functionally specific to cardiac fibroblasts in our EHT

system.

A. Brightfield images of EHTs at 4x magnification. Tissues were seeded normally with isolated NRVMs and NRCFs, and
one day after seeding, media were changed with or without 10 pM SB-431542. Media were changed every other day until
day 8 when SB-431542 was removed to examine the reversibility of the drug. Control tissues did not show further width
changes after day 8. B. Tissue width at the center of the tissues was quantified as a measure of the matrix remodeling and
was plotted over time (n = 4 per group). C. SB-431542 control experiment design with DMSO vehicle as the control (Ctrl,
n =10) and 10pM SB-431542 as the experimental group (SB, n = 11) to examine the functional specificity of SB-431542

to cardiac fibroblasts. D. Cross-sectional areas of CTL and SB tissues. E. Tissue stiffness from culture length to 9% stretch
(P <0.0001). F. Slack lengths of CTL and SB tissues (P = 0.0464). G. Normalized peak forces at 1Hz pacing and 10%
stretch (P =0.5020). H. Time to peak (TTP) at 1Hz pacing and 10% stretch (P < 0.0001). I. Time to 50% relaxation (RT50)
at 1Hz pacing and 10% stretch (P = 0.0002). J. Force-time integral at | Hz pacing and 10% stretch (P = 0.0058). K. Non-
significant correlation between normalized peak force and tissue stiffness at 10% stretch (P =0.2632). L. Significant
correlation between TTP and stiftness at 10% stretch (P = 0.0216). M. Significant correlation between RT50 and stiffness at
10% strtech (P < 0.0001). Two-tailed unpaired t tests (D, F, G, H, I, J), two-way ANOVA with repeated measures (E), and
simple linear regressions (K-M) were performed. * P < 0.05, ** P <0.005, *** P <0.001, **** P <0.0001. All error bars
are expressed as standard deviations.
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Figure 5. NRVM inhibition with mavacamten shows the role of sarcomeric contraction in reverse remodeling.

A. 3-way ANOVA experimental design to assess the role of active contraction in reverse remodeling. The three factors
were the stretch, mavacamten, and two data collection time points based on the time course study (Figure 2J). Ctrll n =8,
Ctr2n=7,DCI n=8,DC2n=10,RR1 n=6,RR2n=12, SIRRI n= 3§, SIRR2 n =7. B. Representative passive stress
traces for select groups, with dashed lines indicating the slack length positions. C. Slack length (3-way ANOVA P =
0.0116). D. Tissue stiffness at 7% stretch (3-way ANOVA P = (0.0244). E. Frank-Starling gain at 1Hz pacing and up to 10%
stretch (Duration of reverse remodeling P = 0.014, mavacamten P = 0.0002). F. Representative active twitch from select
groups at 1Hz pacing and 10% stretch. G. Normalized peak forces of all groups at 1Hz pacing and 10% stretch. H. Time to
peak of all groups at 1Hz pacing and 10% stretch (3-way ANOVA P = 0.0002). Experiments were analyzed with 3-way
ANOVA analysis with planned comparisons (C, E, G, H). * P <0.05, ** P <0.01, *** P <(0.001, **** P <0.0001. All
error bars are expressed as standard deviations.
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Figure 6. Interactions between NRVMs and NRCFs contribute to the reverse remodeling process.

A. Experimental design with RR group as the control. 500nM Mavacamten and 10uM SB-431542 were used to selectively
inhibit myofilament activity and fibroblast activation. DIRR n =12, FIRR n =11, SIRR n =9, RR n =9. B. Representative
stress traces normalized with tissue cross-sectional areas. Dashed lines indicated the slack length positions along the
stretch. C. Force vs. length curves for all four groups (3-way ANOVA P =0.0151). D. Passive stress comparisons at
culture length (2-way ANOVA P =0.0013). E. Slack length comparison (2-way ANOVA P = 0.0051) with dashed line
indicating slack length from time-matched control group (Figure 4C) as a reference. F. Tissue stiffness comparisons at
95% culture length or -5% stretch (2-way ANOVA P =0.0011). G. Tissue stiffness comparison at 9% stretch (SB-431542
P <0.0001). H. Representative twitch from all groups at 1Hz pacing and 10% stretch. I. Normalized peak forces at 1Hz
pacing and 10% stretch. Dashed line indicated the peak force from time-matched control group (Figure 5G) for reference
(Mavacamten P = 0.0024, SB-431542 P =0.0196). J. TTP at 1Hz pacing and 10% stretch (2-way ANOVA P=0.01).
Dashed line indicated the TTP from time-matched control group (Figure SH) for reference. K. RT50 at 1Hz pacing and
10% stretch (2-way ANOVA P = 0.0003). L. Force-time integrals at 1Hz pacing and 10% stretch (Mavacamten P = 0.0353,
SB-431532 P =0.0009). 2-way ANOVA with planned comparisons (E, J, K) or Tukey's post hoc test (D, G, H) and 3-way
ANOVA with repeated measures (C, F) were performed. * P <0.05, ** P <0.01, *** P <0.001, **** P <(0.0001. All error
bars are expressed as standard deviations.
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Figure 7. Matrix stiffness is highly correlated to EHT active mechanics.

A. Correlation between stiffness and peak force for aggregated data among all four groups at 10% stretch (total n = 41). B.
Correlation between stiffness and TTP for aggregated data among all four groups. C. Correlation between stiffness and
RT50 for aggregated data among all four groups. Linear regression analysis was performed for A-C. D-G. Representative
polarized picrosirius red staining for total collagen content for DIRR, FIRR, SIRR, and RR tissues respectively, with 20x
magnification and 12ms exposure time.
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Figure 8. Reverse remodeling is observed and characterized in EHTs containing human iPSC-derived cardiomyocytes.

A. Schematic of the experimental design. A control group (Ctrl) was compared to a reverse remodeling (RR) group with static step-wise
stretch immediately after unloading (timepoint 1) and 9 days post-unloading (timepoint 2). Ctrl1 tissue n =6, Ctrl2 n =7, RR1 n=6,
RR2 n =7. Data in panels B, D-I were from timepoint 1, and C, J-O were from timepoint 2. All data were collected at 1Hz pacing. B.
Stiffness of Ctrll and RR1 from 0 to 8% stretch (P = 0.0028). C. Stiffness of Ctrl2 and RR2 from 0 to 8% stretch. D. Slack lengths of
Ctrll and RR1 (P =0.0003). E. Representative active twitch of Ctrll adnd RR1 at 10% stretch. F. Peak stress of Ctrll and RR1 at 10%
stretch. G. TTP of Ctrll and RR1 at 10% stretch (P = 0.0374). H. RT50 of Ctrll and RR1 at 10% stretch. I. Frank-Starling response of
Ctrll and RR1 from -16% to 10% stretch (P < 0.0001). J. Slack lengths of Ctrl2 and RR2. K. Representative active twitch of Ctrl2 adnd
RR2 at 10% stretch. L. Peak stress of Ctrl2 and RR2 at 10% stretch. M. TTP of Ctrl2 and RR2 at 10% stretch. N. RT50 of Ctrl2 and
RR2 at 10% stretch. O. Frank-Starling response of Ctrl2 and RR2 from -16% to 10% stretch (P < 0.0001). Experiments were analyzed
with two-tailed unpaired t tests (D, F, G, H, J, L, M, N), 2-way ANOVA with repeated measures (B, C, I, O). * P <0.05, ** P<0.01, ***
P <0.001, **** P <0.0001. All error bars are expressed as standard deviations.
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Figure 9. Omecamtiv Mecarbil (OM) enhances reverse remodeling in human EHTs.

A. Schematic of the experimental design. The control group (Ctrl, n = 6) consisted of the standard reverse remodeling protocol and was
compared to 1 uM OM-treated reverse remodeling (OM, n = 8) group. Data were collected 9 days after unloading and 24-hr drug
washout. Contractions were elicited by 1Hz pacing during data collection. B. Tissue stiffness from 0 to 8% stretch. C. Ctrl and OM
group slack length (P = 0.0468). D. Representative active raw twitch of Ctrl and OM tissues. E. Peak stress at 10% stretch (P = 0.0009).
F. TTP of Ctrl and OM tissues. G. RT50 of Ctrl and OM tissues. H. Frank-Starling response from -16% to 10% stretch (P < 0.0001).
Experiments were analyzed with 2-way ANOVA with repeated measures (B, H) and two-tailed unpaired t tests (C, E, F, G). * P <0.05,
** P <0.01, *** P<0.001, **** P <0.0001. All error bars are expressed as standard deviations.




