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ORIGINAL RESEARCHARTICLE

Large Cardiac Muscle Patches Engineered
From Human Induced-Pluripotent Stem
Cell-Derived Cardiac Cells Improve Recovery
From Myocardial Infarction in Swine

BACKGROUND: Here, we generated human cardiac muscle patches (hCMPs)
of clinically relevant dimensions (4 cm x 2 cm x 1.25 mm) by suspending
cardiomyocytes, smooth muscle cells, and endothelial cells that had been
differentiated from human induced-pluripotent stem cells in a fibrin scaffold
and then culturing the construct on a dynamic (rocking) platform.

METHODS: In vitro assessments of hCMPs suggest maturation in response to
dynamic culture stimulation. In vivo assessments were conducted in a porcine
model of myocardial infarction (MI). Animal groups included: Ml hearts
treated with 2 hCMPs (MI+hCMP, n=13), Ml hearts treated with 2 cell-free
open fibrin patches (n=14), or Ml hearts with neither experimental patch
(n=15); a fourth group of animals underwent sham surgery (Sham, n=8).
Cardiac function and infarct size were evaluated by MR, arrhythmia incidence
by implanted loop recorders, and the engraftment rate by calculation of
guantitative polymerase chain reaction measurements of expression of the
human Y chromosome. Additional studies examined the myocardial protein
expression profile changes and potential mechanisms of action that related to
exosomes from the cell patch.

RESULTS: The hCMPs began to beat synchronously within 1 day of
fabrication, and after 7 days of dynamic culture stimulation, in vitro
assessments indicated the mechanisms related to the improvements in
electronic mechanical coupling, calcium-handling, and force generation,
suggesting a maturation process during the dynamic culture. The
engraftment rate was 10.9+1.8% at 4 weeks after the transplantation.
The hCMP transplantation was associated with significant improvements
in left ventricular function, infarct size, myocardial wall stress, myocardial
hypertrophy, and reduced apoptosis in the periscar boarder zone
myocardium. hCMP transplantation also reversed some Ml-associated
changes in sarcomeric regulatory protein phosphorylation. The exosomes
released from the hCMP appeared to have cytoprotective properties that
improved cardiomyocyte survival.

CONCLUSIONS: We have fabricated a clinically relevant size of hCMP with
trilineage cardiac cells derived from human induced-pluripotent stem cells.
The hCMP matures in vitro during 7 days of dynamic culture. Transplantation
of this type of hCMP results in significantly reduced infarct size and
improvements in cardiac function that are associated with reduction in left
ventricular wall stress. The hCMP treatment is not associated with significant
changes in arrhythmogenicity.
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Clinical Perspective
What Is New?

e Human cardiac muscle patches (hCMPs) of clini-
cally relevant dimensions (4 cm x 2 cm x 1.25 mm)
were generated by suspending cardiomyocytes,
smooth muscle cells, and endothelial cells that had
been differentiated from human induced-pluripo-
tent stem cells in a fibrin matrix and culturing the
construct on a dynamic (rocking) platform.

e The results from in vitro assessments of calcium
transients, action potential propagation, and force
generation, and the presence of intercalated disk-
like structures, as well, suggest that cardiomyocytes
mature in the hCMP during the 7-day dynamic cul-
ture period.

What Are the Clinical Implications?

e We present hCMPs with larger dimensions.

e After fabrication and culture on a dynamic, rocking
platform, the electrophysiological and contractile
properties of the hCMPs resembled those of native
myocardial tissue.

e When 2 of the hCMPs were transplanted onto
infarcted swine heart, measurements of cardiac
function, infarct size, and wall stress improved signif-
icantly with no increase in the occurrence of arrhyth-
mogenic complications. Changes in the expression
profile of myocardial proteins indicated that hCMP
transplantation partially reversed abnormalities in
sarcomeric protein phosphorylation.

e Collectively, these observations indicate that
hCMPs of clinically relevant dimensions can be suc-
cessfully generated and may improve recovery from
ischemic myocardial injury.

technology has advanced medical science signifi-

cantly. A number of studies have shown that when
hiPSCs are differentiated into cardiomyocytes and evalu-
ated in rodent, swine, and nonhuman primate models
of myocardial infarction (M), the treatment is associated
with functional improvement.™ However, in nonhuman
primate models of MI, when the dose and grafts are
large enough, the cardiomyocytes derived from human
embryonic stem cells or nonhuman primate iPSCs have
been associated with increased incidences of ventricular
arrhythmias.?®> The hiPSCs and human embryonic stem
cells are pluripotent stem cells (PSCs), and PSC-derived
cardiomyocytes are structurally and functionally similar
to neonatal cardiomyocytes,®” which may limit their
contractile activity and could lead to electric instability
after graft into recipient adult hearts. The previously
reported preclinical trials of cardiac tissue—-engineering
therapy of rodent models used relatively small and thin
fabricated cardiovascular tissues,® which are limitations

The human induced-pluripotent stem cell (hiPSC)
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from the clinical perspective. Thus, methods for fabrica-
tion of larger and thicker functional cardiac tissue, and
methods for promoting the maturation of cardiomyo-
cytes derived from hPSCs are urgently needed.

Cardiac tissue patch—based approaches for cell deliv-
ery are more effective from the engraftment rate per-
spective because of the unique characteristics of the
high pressure and high flow of the left ventricle (LV).8"3
Cardiac muscle patch could also provide the structure
strengthening the injured LV, thereby preventing the LV
dilation and the overstretching of the border zone (B2)
myocardium.8121415 |t js noteworthy that the cardio-
myocytes present in 3-dimensional, engineered human
cardiac muscle patches (hCMPs) are more mature than
those obtained via monolayer-culturing techniques,5'"
and hiPSC-derived cardiomyocytes (hiPSC-CMs) assumed
a more mature and structurally aligned phenotype after
transplantation when the hiPSCs were reprogrammed
from cardiac-lineage cells (hciPSCs) rather than from
dermal fibroblasts or umbilical cord blood mononuclear
cells.” However, most of the hiPSC-hCMPs have been too
small and too thin from the translational perspective.’'81°

Previously, we have shown that cardiomyocytes
(CMs) are more resistant to hypoxic injury when cocul-
tured with endothelial cells (ECs) and smooth muscle
cells (SMCs) than when cultured alone,>? and that the
engraftment of transplanted CMs, and measurements
of myocardial perfusion, metabolism, and contractile
activity, as well, improves when the cells are coadmin-
istered with ECs and SMCs.? Thus, for the experiments
described in this report, hiPSC-derived CMs, ECs (hiPSC-
ECs), and SMCs (hiPSC-SMCs) were differentiated from
hciPSCs,"” seeded into a 3-dimensional fibrin scaffold to
fabricate a novel type of hCMP with clinically relevant
size and thickness (4 cm x 2 cm x 1.25 mm), and subse-
guently cultured with dynamic and mechanical stimula-
tion to promote maturation. The effectiveness of these
hCMPs for improving cardiac function after myocardial
injury was then evaluated in a large-animal model of MI.

METHODS

The data, analytic methods, and study materials are made
available to other researchers for purposes of reproducing
the results or replicating the procedure. (See Gao Ling. Large
Cardiac-muscle Patches [Internet]. 2017. https://osf.io/hrzjb/).
A detailed description of the experimental procedures used
in this study is provided in the online-only Data Supplement.
All procedures and protocols involving animals were approved
by the Institutional Animal Care and Use Committee of the
University of Alabama at Birmingham and performed in
accordance with the National Research Council's Guide for
the Care and Use of Laboratory Animals.

Statistical Analysis
All values are expressed as mean+SEM, and were tested for
significance level of type | error (P<0.05) via the Student ¢ test
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or ANOVA for differences between the values. The Bonferroni
correction for the significance level was used to take into
account of multiple comparisons.

RESULTS

Differentiation and Characterization of
hiPSC-CMs, -SMCs, and -ECs

hiPSCs were reprogrammed from human cardiac
fibroblasts, engineered to express green fluorescent
protein (GFP) (Figure 1A through 1C), and then differ-
entiated into hiPSC-CMs, -ECs, and -SMCs as previously
reported.>?'-23 Spontaneous contractions (Movie | in the
online-only Data Supplement) were typically observed in
hiPSC-CMs on day 8 after differentiation was initiated,
and the number of contracting cells usually increased
up to day 12. One week after purification, the hiPSC-
CMs (Figure 1D through 11) expressed cardiac troponin
T (cTnT), a sarcomeric actinin (aActinin), a-sarcomeric
actin, slow cardiac myosin heavy chain, cardiac tropo-
nin | (cTnl), and ventricular myosin light chain 2; the
gap-junction protein cardiac connexin 43 (Con43) was
commonly observed between adjacent cells. hiPSC-
SMCs (Figure 1J through 1L) and hiPSC-ECs (Figure 1M
through 10) expressed SMC-specific (& smooth muscle
actin [aSMA], calponin 1, and smooth muscle 22 alpha)
and EC-specific (CD31, vascular endothelial cadherin,
and von Willebrand factor) markers, respectively, and
when stimulated with vascular endothelial growth fac-
tor, the hiPSC-ECs formed tube-like structures in Matri-
gel (Figure IA in the online-only Data Supplement).
Flow cytometry analysis confirmed that each of the
final hiPSC-derived cell populations was at least 90%
pure: 96.4% of the hiPSC-CMs expressed cTnT (Figure
IB in the online-only Data Supplement), 91.5% of the
hiPSC-SMCs expressed aSMA (Figure IC in the online-
only Data Supplement), and >95% of the hiPSC-ECs ex-
pressed CD31 and vascular endothelial cadherin (Figure
ID and IE in the online-only Data Supplement).

Fabrication and Characterization of
Large, Thick, hiPSC-Derived hCMPs

Large, thick hCMPs (4 cm x 2 cm x 1.25 mm) were fabri-
cated in vitro by mixing a fibrinogen solution containing
4 million hiPSC-CMs, 2 million hiPSC-ECs, and 2 million
hiPSC-SMCs with thrombin, and then quickly adding
the mixture to a mold (Figure 2A).The mixture solidified
within a few minutes, and the patches were cultured on
a dynamic (rocking, 45 rpm) platform for 7 days before
subsequent in vitro analyses were performed (Movie Il in
the online-only Data Supplement).The hiPSC-CMs began
to beat synchronously across the entire hCMP within 1
day of seeding (Movie Il in the online-only Data Supple-
ment); by day 7, the amplitude of contraction was no-
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ticeably greater (Movie IV in the online-only Data Sup-
plement), whereas the expression of genes required for
contractile function (cTnT, cTnl, a-myosin heavy chain,
and cardiac actin 1) and for generating calcium tran-
sients (ryanodine receptor 2, sarcoplasmic/endoplasmic
reticulum calcium ATPase 2, Con43) was significantly
greater in the hCMPs than in monolayers of equivalent
populations of hiPSC-derived cardiac cells (Figure Il in the
online-only Data Supplement, Table | in the online-only
Data Supplement). cTnT, cTnl, ryanodine receptor 2, and
sarcoplasmic/endoplasmic reticulum calcium ATPase 2
protein levels were also greater in the dynamically cul-
tured hCMPs than in hCMPs that had been grown under
static culture conditions (Figure llIA and IlIB in the on-
line-only Data Supplement), and observations of hCMPs
stained with phalloidin (Figure 2B) (to visualize F-actin) or
hematoxylin and eosin (Figure 2C) suggested that they
could be easily permeated by the culture medium. Less
than 5% of the cells displayed evidence of apoptosis or
necrosis (ie, positive staining for terminal deoxynucleoti-
dyltransferase dUTP nick end labeling or phosphorylated
mixed lineage kinase domain like pseudokinase, respec-
tively) (Figure 2D and 2E), whereas analysis of hCMPs
that had been stained for the endothelial marker CD31,
the SMC marker aSMA, and the CM-specific protein
cTnl confirmed that the 3 cell types interacted with
each other (Figure 2F, Figure IlIC in the online-only Data
Supplement), and that the original 2:1:1 ratio of hiPSC-
CMs, -SMCs, and -ECs was largely retained at day 7 (Fig-
ure 2G). Con43 expression was prevalent throughout
the hCMPs (Figure 2H), suggesting that the hiPSC-CMs
were strongly interconnected, and structures that resem-
bled primitive intercalated discs with stress-transmitting
fascia adherens junctions and desmosomes were visible
in transmission electron microscopy (Figure 21).

Functional Assessment of hCMPs In Vitro

Optical mapping studies confirmed that the transmem-
brane potential of the hCMPs could be paced at cycle
lengths ranging from 1000 ms to 450 ms (Figure 3A).
When paced at 800 ms (Figure 3B and 3C), the average
conduction velocity was 14.1+1.0 cm/s; the average
durations of the action potential until 50% and 80%
repolarization were 179+15 and 231+15 ms, respec-
tively; and the average Ca?* transient durations until
50% and 80% relaxation were 189+15 and 276+23
ms, respectively (Figure 3D). Furthermore, when a linear
array system of electric sensors was used to evaluate
intercellular coupling (Figure 3E), the results from as-
sessments in the hCMPs were similar to those in myo-
cardium from the left ventricles of rabbits (Figure 3F).
The data suggest that gap-junction communication in
the hCMPs at day 7 of dynamic culture is comparable to
that observed in native myocardium, at least from the
perspective of intercellular impedance.

Circulation. 2018;137:1712-1730. DOI: 10.1161/CIRCULATIONAHA.117.030785
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Figure 1. Characterization of human induced-pluripotent stem cells (hiPSCs) and hiPSC-derived cardiac cells.
A, The hiPSCs used for this investigation were reprogrammed from human left atrial fibroblasts and engineered to ex-
press green fluorescent protein (GFP). When cultured as a monolayer with Matrigel, the cells grew to form flat, compact
colonies with distinct cell borders (magnification: 40x) (B) and displayed the morphological characteristics of hiPSCs,
including prominent nuclei and a high nucleus-to-cytoplasm ratio (magnification: 100x) (C). D through I, hiPSC-derived
cardiomyocytes (hiPSC-CMs) were characterized via immunofluorescent analyses of cardiac troponin T (cTnT) (D), o-
sarcomeric actinin (aActinin) (E), a-sarcomeric actin (aSA) (F), slow myosin heavy chain (SMHC) (G), cardiac troponin

| (cTnl) and myosin light chain 2v (MLC-2v) (H), and connexin43 (Con43) and cTnT expression (). J through L, hiPSC-
derived smooth muscle cells (hiPSC-SMCs) were characterized via immunofluorescent analyses of a-smooth muscle actin
(aSMA) (J), calponin 1(K), and smooth muscle 22 alpha (SM22a) expression (L). M through O, hiPSC-derived endothelial
cells (hiPSC-ECs) were characterized via immunofluorescent analyses of CD31 (M), vascular endothelial cadherin (VE-
cadherin) (N), and von Willebrand factor (VWF) (O) expressions. Nuclei were counterstained with 4/,6-diamidino-2-
phenylindole (DAPI). Bar=100 pym.
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Figure 2. Characterization of the structure and cellular composition of the human cardiac muscle patch (hCMP).

A, Large hCMPs (4 cm x 2 cm x 1.25 mm) were fabricated by suspending 4 million hiPSC-CMs, 2 million hiPSC-ECs, and 2
million hiPSC-SMCs in a fibrinogen solution, mixing the cell-containing fibrinogen solution with a thrombin solution, quickly
pouring the mixture into a mold (internal dimensions: 4 cmx2 cmx1 cm), and then culturing the cells for 1 week. B and C, The
internal structure of the hCMP was evaluated via hematoxylin/eosin staining (B) and phalloidin staining (C) to identify the pres-
ence of F-actin (bar= 00 um). D, Apoptotic and necrotic cells were identified via terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) (Di) and immunofluorescence staining (Dii) for a phosphorylated mixed lineage kinase (Continued)

1716 April 17,2018 Circulation. 2018;137:1712-1730. DOI: 10.1161/CIRCULATIONAHA.117.030785



0202 ‘€T Afenige4 uo Aq Bio'sfeuno feye//:dny wouy papeojumoq

Gao et al

The functional maturation of the hCMPs was evaluat-
ed via measurements of force generation. Spontaneous
twitch-force generation (Figure 3G) was weak at slack
length (ie, in the absence of stretching), but increased
in magnitude as the hCMPs were stretched in 3% incre-
ments to 121% of its original slack length (Figure 3H).
This finding is consistent with observations that the
force of ventricular contraction increases as the muscle
fibers stretch in response to larger amounts of blood en-
tering the ventricle (ie, the Frank-Starling mechanism).*
Spontaneous twitch-force transients (at 110% of slack
length) also disappeared on incubation with a revers-
ible inhibitor of the actin-myosin interaction (30 mmol/L
2,3-butanedione monoxime) but reappeared after the
inhibitor was washed out of the medium (Figure IV
in the online-only Data Supplement), suggesting that
hCMP has a normal function in response to cross-bridge
inhibition. Studies of pacing-induced contractions indi-
cated that as the frequency increased from 1 to 3 Hz,
the magnitude of force generation declined slightly, but
not significantly, in the hCMPs (Figure 31 and 3J), which
reflects a superior contractile functional benefits of this
hCMP with trilineage cardiac cells from hciPSCs,"” with
the best ever positive force-frequency relationship than
previous hiPSC-hCMP, and similar to what have been
observed in adult human CMs."1° This may be because
of maturation of the sarcoplasmic reticulum in the dy-
namic culture system. Furthermore, force generation in
the hCMPs increased in response to higher extracellu-
lar calcium concentrations (Figure V in the online-only
Data Supplement) and when the hCMPs were cultured
with a B-adrenergic agonist (isoproterenol) (Figure 3K
and 3L). Collectively, these observations suggest that
the force-generation and calcium-handling machinery
of the hCMPs was relatively further developed within
hCMP in the dynamic culture. It is noteworthy that the
total amount of force generated by the hCMPs did not
differ significantly from the force generated by patches
that contained the same total number of cells but were
composed of only hiPSC-CMs (Figure 3M); thus, the
amount of force generated per CM was approximately
twice as great in the hCMPs (Figure 3N). Collectively,
these observations indicate that the hCMPs were elec-
trically integrated and exhibited significant functional
maturation after 7 days of dynamic culture.

Engineered Large Human Cardiac Patch for Therapy

hiPSC-Derived Cardiac Cells Engraft and
Survive After hCMP Transplantation Into
a Porcine Model of Mi

The cardioprotective efficiency of hCMP transplantation
was evaluated in a porcine model of MI. Ml was surgically
induced by occluding the distal left anterior descending
coronary artery for 60 minutes before reperfusion, and
then 2 hCMPs were sutured over the site of infarction in
animals from the MI+hCMP group (Movie V in the online-
only Data Supplement). Two large cell-free open fibrin
patches (OPs), which were otherwise identical to the hC-
MPs, were sutured over the injury site in animals from the
MI+OP group, whereas animals in the Ml group recovered
without either experimental treatment. A fourth group of
animals, the Sham group, underwent all surgical proce-
dures for Ml induction, with the exception of coronary
occlusion (Table Il in the online-only Data Supplement).
Because the experiments were performed with female
pigs, while the transplanted cells were generated from
the tissues of male humans and engineered to express
GFP, the engraftment and survival rates of the transplant-
ed cells were evaluated via quantitative polymerase chain
reaction assessments for the human Y chromosome, and
the lineages of the surviving cells were determined via im-
munofluorescent analyses of the expression of GFP, cTnl,
aSMA, cTnT, CD31, human nuclear antigen, aActinin,
and the human-specific isoforms of cTnT (hcTnT), cal-
ponin 1 (hCalponin 1), and CD31 (hCD31) (Figure 4). The
engraftment rate was #11% (10.9+£1.8%, n=6 hearts) at
week 4 after treatment, and all 3 transplanted cell lin-
eages were present in the treated region. Furthermore,
GFP* cells were generally found in clusters (Figure 4A)
and interspersed with aSMA* (Figure 4B) and CD31*
(Figure 4C) structures, indicating that the hCMPs were
vascularized (Figure 4D), whereas the hiPSC-CMs (Fig-
ure 4E), although structurally immature, displayed some
evidence of sarcomeric organization (Figure 4F). However,
only a small proportion (=10%) of the vessels in the patch
expressed GFP (Figure 4G), hCalponin 1 (Figure 4H), or
hCD31 (Figures 4l and 4J). These data demonstrate that
the hiPSC-ECs and -SMCs do incorporate, to a small ex-
tent, to the vasculature as the native vessels sprouting
into the grafted hCMPs, which is consistent with our pre-
vious observations in rodent studies.?>?6

Figure 2 Continued. domain like pseudokinase (p-MLKL), respectively (bar=100 pm), and then quantified as the percentage
of cells that were positive for each stain (n=4 hCMPs) (E). F, ECs, SMCs, and CMs were identified in the hCMP via immuno-
fluorescence staining for the presence of CD31, aSMA, and cTnl, respectively (bar=300 pum); then, the percentage of cells that
stained positively for each marker was calculated (n=4 hCMPs) (G). H, Gap-junctions between adjacent cardiac cells were iden-
tified in hCMPs stained for the presence of F-actin and Con43 (bar= 00 pm). I, The ultrastructure of the hCMP was analyzed
by transmission electron microscope to identify myofibrils (Mf), Z-lines, and mitochondria (Mito) (li) and primitive intercalated
disc-like structures with fascia adherens junctions and desmosomes (lii). Scale bar=1 pm. Con43 indicates connexin43; cTnl,
cardiac troponin I; DAPI, 4’,6-diamidino-2-phenylindole; hiPSC, human induced-pluripotent stem cell; hiPSC-CMs, hiPSC-
derived cardiomyocytes; hi-PSC-EC, hiPSC-derived endothelial cell; hi-PSC-SMC, hiPSC-derived smooth muscle cell; and aSMA,

a-smooth muscle actin.
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Figure 3. Characterization of hCMP electrophysiology and function.

A through D, Action potential (AP) propagation and Ca?* transient kinetics were evaluated in hCMPs 7 days after manufac-
ture by staining hCMPs with a voltage-sensitive dye (RH-237, for AP assessments) or a Ca?*-sensitive dye (Cal-520FF, for Ca?*
transient measurements) and then measuring the intensity of transmitted light. A, Traces (ie, light intensity) were recorded at
the indicated cycle lengths (CLs). Isochronal maps of AP propagation (AT: activation time) (B) and optical traces of membrane
potential (Vblue) and Ca?* transient traces (red) (C) were recorded during pacing at CL=800 ms and used to determine the
conduction \/elocity (CV), duration of the action potential until 50% and 80% repolarization (APD,, and APD,, respectively),
and the duration of the Ca** transients until 50% and 80% relaxation (CaTD, and CaTD,, respectively) (D). E, Voltage (red)
and current (blue) recordings were obtained in hCMPs during stimulation at 40 Hz, 400 Hz, and 4000 Hz; recordings were
windowed to enable the current and voltage traces to be compared across 1.5 cycles for each frequency. F, Tissue resistivity
and reactivity in the hCMPs and in rabbit ventricular myocardium (from a previous report®) were summarized as a function of
stimulation frequency. G through L, hCMP force-generation measurements were determined 7 days after hCMP generation.
G, The relationship between force generation and tensile strain was evaluated by recording force traces as the hCMP was
stretched from 100% to 121% of slack length over a 4-minute period. H, Active and passive force generation was summa-
rized as a function of hCMP length. I, hCMPs were stretched to 110% of slack length, and force traces were recorded as the
hCMPs beat spontaneously (s) or in response to electronic pacing at frequencies of 1, 2, and 3 Hz. J, Twitch force (Continued)

020z ‘€T A%eniged uo Aq Blio'sfeulnofeyey/:dny woly papeojumoqd

1718  April 17,2018 Circulation. 2018;137:1712-1730. DOI: 10.1161/CIRCULATIONAHA.117.030785



0202 ‘€T Afenige4 uo Aq Bio'sfeuno feye//:dny wouy papeojumoq

Gao et al

Engineered Large Human Cardiac Patch for Therapy

G Strain (%)
121
=
£
@
L
o
('8
0 ,
0 1 2 3 4
Time (min)
| 2.04
=1.71
£
o 1.4+
2
119 | |
081 1 2 3
Pacing frequency (Hz)
K
_ 2.7 \ \
=
Z 221 N \
§ 1.7 ; “ \\
£ 1.2 [\ J u
0.74 +lso +Iso
0.1 uM 1uM
M
O CMs+ECs+SMCs
~2.01 B CMs
oZ
8 E 1.6
Lol
c8 1.2 L
£T 0.8
; Q
G 0.4
o
0

H m Active force
5 ePassive force

4_

¥
3- ; .
| L
2 . L] s ¢
11 m : s & b

0
100 103 106 109 112 115 118 121
Strain (%)

Force (mN)

1 L 1 1 L

2 3

[ =
=
[+

N

w
-

e o
> ©

Twitch force
generation (mN)

o

@

o
I

Pacing frequency (Hz)

*

-

g
o
L

1.6+

Twitch force
generation (mN)

oo =
o A~ OOMN
I 1 1 N

+Iso +Iso
0.1 uM 1uM

0O CMs+ECs+SMCs

B CMs

*

N o o
R N

1

ee»=2 Db

o:ll:-oa

Twitch force Generation <
(nN/input myocytes)

Figure 3 Continued. was summarized as a function of pacing frequency. K, hCMPs were stretched to 110% of slack length,
and force traces were recorded as the hCMPs beat in the presence of increasing concentrations (0, 0.1 pmol/L, T pmol/L) of
isoproterenol. L, Twitch force was summarized as a function of isoproterenol concentration. M and N, Twitch force was mea-
sured at 110% of slack length in hCMPs and in patches that lacked hiPSC-SMCs and -ECs but were otherwise identical to the
hCMPs; then, force generation was calculated for the entire hCMP or patch (M) and per cardiomyocyte in the hCMP or the
patch (N). *P<0.05. n=4 to 5 in each group. CM indicates cardiomyocyte; EC, endothelial cell; hCMP, human cardiac muscle
patch; ISO, isoproterenol; LV, left ventricle; and SMC, smooth muscle cell.

hCMP Transplantation Improves
Myocardial Performance, Regional Wall
Stress, and Limits Adverse Remodeling
After MI

Cardiac function was evaluated 4 weeks after injury
via MRI (Figure 5A) and hemodynamic analysis. Mea-

surements of left ventricular (LV) end-diastolic volume
(Figure 5B), LV ejection fraction (Figure 5C), infarct size

Circulation. 2018;137:1712-1730. DOI: 10.1161/CIRCULATIONAHA.117.030785

(Figure 5D), systolic thickening fractions in the infarcted
zone of the LV wall and in the periscar border zone (BZ)
of the infarct (Figure 5E), LV systolic pressure (Figure 5F),
and regional wall stress in both the infarcted zone and
BZ (Figure 5G) were significantly better in MI+hCMP
animals than in animals from either the MI+OP or MI
group. Furthermore, the ratio of LV weight to body-
weight (Figure 5H), and the cross-sectional area of
CMs located in the BZ (Figure 5| and 5J), as well, in
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Figure 4. hCMPs engraft and survive after transplantation onto infarcted swine hearts.

Ischemia-reperfusion injury was surgically induced in swine hearts, and then 2 hCMPs were sutured over the site of infarction.
Sections taken at week 4 from the region of patch application were immunofluorescently stained for the presence of cTnl,
cTnT, GFP, human specific nuclear antigen (HNA), human specific TnT (hcTnT), a-sarcomeric actinin (aActinin), aSMA, human
specific calponin 1 (hCalponin 1), CD31, and the human isoform of CD31 (hCD31); nuclei were counterstained with DAPI. A,
Engrafted hiPSC-CMs were identified by the coexpression of GFP and cTnl; the transplanted hCMP is located to the right of
the dashed line in the merged image. B through D, Vascular structures were identified via the presence of aSMA (B) or CD31
expression (C); then, vessel density in the hCMP was quantified by calculating the number of aSMA* or CD31* structures per
unit area (D). E, Engrafted hiPSC-CMs were further identified by the coexpression of HNA or hcTnT. F, Evidence of maturing
sarcomeric structure (insets) was visible in sections stained for the coexpression of GFP and aActinin. G and H, hiPSC-SMCs
were identified as evidence of arterioles within the engrafted patch via the coexpression of aSMA and GFP (G), or hCalponin

1 and aSMA (H). I and J, hiPSC-ECs were identified in the vasculature of the engrafted patch via the expression of CD31 and
hCD31 (I), and in arterioles within the engrafted patch via the expression of hCD31 and aSMA (J). These data indicate that the
majority of neovascularization vessels are from angiogenesis, with small portion of the total spouting arterials or arterioles that
are involved by vascular genesis. Scale bar=100 pm. cTnl indicates cardiac troponin I; cTnT, cardiac troponin T; hiPSC, human
induced-pluripotent stem cell; hiPSC-CMs, hiPSC-derived cardiomyocytes; hi-PSC-EC, hiPSC-derived endothelial cell; DAPI,
4’,6-diamidino-2-phenylindole; GFP, green fluorescent protein; hCMP, human cardiac muscle patch; hcTnT, human-specific
isoforms of cTnT, and aSMA, a-smooth muscle actin.
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Figure 4 Continued.

MI+hCMP and Sham animals were similar and signifi-
cantly lower than in MI+OP or MI animals. Thus, the
hCMPs appeared to improve cardiac function, reduce
wall stress and infarct size, and limit myocardial remod-
eling when transplanted over the infarcted region of
swine hearts.

hCMP Transplantation Does Not Induce
Ventricular Arrhythmia

Because the potential for arrythmogenic complications
may be the most prominent safety concern associated
with CM transplantation,?” loop recorders were im-
planted in a subset of animals from the MI, MI+OP, and
MI+hCMP groups, and ECGs were continuously moni-
tored from before MI induction until 4 weeks after-
ward. Although severe arrhythmias and ST-segment el-
evations occurred in all animals (MI: n=6, MI+OP: n=7,
MI+hCMP: n=5) during occlusion and reperfusion and
within the first 14 days after the MI, however, after the
initial 14 days post-acute MI, no animal in any group
developed spontaneous arrhythmia during the remain-
ing 2-week follow-up period. Furthermore, incidents of
ventricular tachycardia or ventricular fibrillation were

Circulation. 2018;137:1712-1730. DOI: 10.1161/CIRCULATIONAHA.117.030785

not significantly different between the different groups
based on the loop recorder data. In response to pro-
grammed electric stimulation protocol, there was no
significantly increased arrhythmogenicity among the
different groups of hearts. Thus, hCMP transplantation
did not adversely affect the electric stability of infarcted
swine hearts.

hCMPs Secrete Exosomes That Promote
CM Proliferation and Cell-Cycle
Progression, Enhance the Angiogenic
Activity of ECs, and Protect CMs From
Hypoxic Damage

The potentially important role of exosomes in myocar-
dial repair and protection is just beginning to be rec-
ognized?®2%; thus, we studied whether the beneficial
paracrine activity associated with hCMP transplanta-
tion may have been partially mediated by secreted
exosomes. Nanoparticle tracking (Figure 6A) and trans-
mission electron microscopy (Figure 6B) analyses indi-
cated that the exosomes in the hCMP culture medium
were typically =100 nm in diameter and had bilayered
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Figure 5. hCMP transplantation improves the recovery of cardiac function and limits adverse remodeling in in-
farcted pig hearts.

MI was surgically induced in swine hearts by occluding the coronary artery for 60 minutes; then, 2 hCMPs were sutured over
the site of infarction in animals from the MI+hCMP group, 2 large fibrin patches lacking the hiPSC-derived cardiac cells were
sutured over the injury site in animals from the MI+OP group, and animals in the MI group recovered without either experi-
mental treatment. Animals in the Sham group underwent all surgical procedures for Ml induction, with the exception of the
occlusion step. A through E, Four weeks after MI or Sham surgery, magnetic resonance images (A) (Left, end systole; Right,
end diastole) were obtained and used to measure left ventricular end-diastolic volumes (LVEDV) (B), left ventricular ejection
fractions (LVEF) (C), infarct sizes (D), and systolic thickening fractions (E) in the infarcted zone (IZ) of the LV wall, in the border
zone (BZ) of the infarct, and in a remote (ie, noninfarcted) zone (RZ). n=8 to 10 per experimental group. F, (Continued)
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membranes, whereas Western blots confirmed the
presence of the exosomal marker proteins ALG-2-inter-
acting protein X (Alix), tumor susceptibility gene 101
protein (TSG101), CD81, CD63, and CD9 (Figure 6C).
Furthermore, images of PKH26 fluorescence indicated
that when CMs were cultured with PKH26-labeled exo-
somes, the number of exosomes taken up by the cul-
tured cells increased substantially over 24 hours, which
were inhibited by pretreatment with the exosome inter-
nalization inhibitor, annexin V3° (Figure 6D).

When cultured with hCMP-secreted exosomes, ex-
pression of the proliferation marker Ki67 (Figure VIA in
the online-only Data Supplement), the M-phase marker
phosphorylated histone 3 (Figure VIB in the online-only
Data Supplement), and the cytokinesis marker Aurora
B (Figure VIC in the online-only Data Supplement) in-
creased significantly in hiPSC-CMs. hCMP-secreted
exosomes also promoted tube formation (Figure VIIA
and VIIB in the online-only Data Supplement) and mi-
gration (Figure VIIC in the online-only Data Supplement)
in cultured hiPSC-ECs. Furthermore, measurements of
lactate dehydrogenase leakage (Figure 6E), cell viability
(Figure 6F), and apoptosis (Figure 6G and 6H) indicated
that hCMP-secreted exosomes protected cultured CMs
from the cytotoxic effects associated with serum-free
hypoxic media, but not when pretreated with inhibi-
tors of exosome release (GW4869) or internalization
(annexin V). Exosomes isolated from cocultures of hiP-
SC-ECs and -SMCs also protected cultured CMs from
serum-free and hypoxic injury, and exosomes obtained
from all 3 hiPSC-derived cell types were significantly
more protective than those from hiPSC-CMs alone (Fig-
ure 61 and 6J). Collectively, these observations suggest
that hCMP-secreted exosomes may contribute to the
beneficial effects associated with hCMP transplantation
by promoting CM proliferation and cell-cycle activity,
enhancing the neovascularization activity of ECs, and
protecting ischemic infarct boarder zone myocytes from
apoptosis.

hCMP Transplantation Promotes
Angiogenesis and Cell Survival in the
Periscar BZ After Ml

It is known that CMs function better when there are
ECs within the microenvironment. However, it re-
mains too low (11% of 16 million cells delivered) to
account for the observed improvements in LV cham-

Engineered Large Human Cardiac Patch for Therapy

ber function and infarct size reduction, unless the
cells promoted the activity of beneficial paracrine
mechanisms. Therefore, we investigated whether
hCMP transplantation may have improved the recov-
ery of infarcted hearts by promoting the activity of
mechanisms that contribute to myocardial repair and
protection. The number of vascular structures either
expressing CD31 (Figure 7A and 7B) or coexpressing
CD31 and aSMA (Figure 7A and 7C), and the num-
ber of cells expressing the proliferation marker Ki67
(Figure 7D and 7E), as well, was significantly higher
in the BZ of hearts from MI+hCMP animals than in
the corresponding regions of hearts from MI+OP or
Ml animals. The BZ of hearts from hCMP-treated ani-
mals also had significantly fewer apoptotic (ie, termi-
nal deoxynucleotidyltransferase dUTP nick end label-
ing—positive) cells (Figure 7F and 7G) and significantly
higher levels of the prosurvival proteins erythropoi-
etin, hepatocyte growth factor, and angiopoietin 1
(Ang1) (Figure 7H and 71). Collectively, these results
suggest that the benefits of hCMP transplantation
likely occurred, at least in part, through paracrine
mechanisms that promote the growth of blood ves-
sels and arterioles, and cell proliferation and survival,
as well.

hCMP Transplantation Partially Prevents
or Reverses MI-Induced Changes in
Sarcomeric Protein Phosphorylation

Studies have demonstrated that the phosphoryla-
tion states of sarcomeric proteins are altered by M,
and that these alterations correlate with contractile
dysfunction®'#?; thus, we conducted top-down pro-
teomics analysis® (Figure VIII in the online-only Data
Supplement) to determine whether the improvements
in cardiac function observed in MI+hCMP animals
were accompanied by the normalization of sarcomeric
protein phosphorylation. cTnT (Figure 8A) and myo-
sin light chain 2 (Figure 8B) phosphorylation levels did
not change significantly in response to Ml injury or
subsequent hCMP transplantation, and although a-
tropomyosin (aTpm) (Figure 8C) and Tpm (Figure 8D)
phosphorylation was significantly higher in Ml than in
Sham animals, measurements were similarly elevated
in animals from the MI+hCMP group. However, mea-
surements of cTnl (Figure 8E) and enigma homolog
isoform 2 (Figure 8F) phosphorylation in the MI+hCMP

Figure 5 Continued. Hemodynamic measurements. G, End-systolic LV wall stress in the I1Z, BZ, and RZ. n=5 to 7 per ex-
perimental group. H through J, Animals were euthanized at week 4; then, the LV weight to body weight (LVW/BW) ratios
were determined (n=8-11 per experimental group) (H). I and J, Sections from the border zone of the infarct were collected
and stained with wheat germ agglutinin (WGA) and cTnl to visualize cardiomyocytes (n=6-8 per experimental group, scale
bar=100 pm) (I). Nuclei were counterstained with DAPI, and cardiomyocyte cross-sectional surface areas were measured (J).
*P<0.05. **P<0.01. cTnl indicates cardiac troponin I; DAPI, 4’,6-diamidino-2-phenylindole; hCMP, human cardiac muscle
patch; hiPSC, human induced-pluripotent stem cell; LV, left ventricle; MI, myocardial infarction; and OP, open fibrin patches.
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Figure 6. Characteristics and cytoprotective effects of hCMP-secreted exosomes.

Exosomes were isolated from the hCMP culture medium; then, exosome size was evaluated via nanoparticle tracking analysis
(A), exosome morphology was evaluated via electron microscopy (bar=100 nm) (B), and the presence of exosome marker pro-
teins (ALG-2-interacting protein X [Alix], tumor susceptibility gene 101 protein [TSG101], CD81, CD63, CD9) was evaluated via
Western blot (C). D, Cardiomyocytes were incubated for 30 minutes or 24 hours with PKH26-labeled (Continued)
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and Sham groups were similar and significantly great-
er than in MI animals. Taken together, these results
indicate that hCMP transplantation may prevent or re-
verse at least some of the changes in the phosphoryla-
tion of these key sarcomeric regulatory proteins that
occur in response to MI; this previously unrecognized
mechanism may be partially responsible for the im-
proved myocardial contractility observed in hCMP-
treated animals.

DISCUSSION

The present study is the first to evaluate hCMPs with
trilineage cardiac cells and with clinically relevant di-
mensions (4 cm x 2 cm x 1.25 mm) in a large-animal
model of ischemic myocardial injury. The hCMPs were
cultured under dynamic (rocking) conditions for 1
week, which results in a prominent force generation of
1.1 nN/myocyte (Figure 3N) of the fabricated hCMP. Af-
ter 7 days of dynamic culture, a superior physiological
function of the novel fabricated hCMP was achieved,
which is evidenced by the functional assessments of
conductive velocity, calcium transients, microimpe-
dence, and twitch-force generation. These functional
data demonstrate that the mechanisms related to the
intercellular communication, calcium handling, and
force generation were significantly improved during
the 7-day dynamic culture stimulation. The engraft-
ment rate for the transplanted cells exceeded 10% at
week 4. The exosome released from the hCMP results
in significant reduction of myocyte apoptosis in vitro.
The treatment of novel hCMP with CMs, ECs, and
SMCs was associated with significant improvements
in LV wall stress, infarct size, vascular density, apop-
tosis, and prevented/reversed maladaptive changes in
the phosphorylation states of sarcomeric proteins in BZ
myocardium. The hCMP did not increase the risk of ar-
rhythmogenic complications.

Engineered Large Human Cardiac Patch for Therapy

It is well known that cardiac myocytes survive and
function much better in the microenvironment with
the copresence of ECs than the microenvironment with
myocytes only. In the present study, the hCMP superior
functional level based on the mechanical and electro-
physiological performance is likely contributed, in part,
by the trilineage cardiac cell presence within the engi-
neered tissue (Figure 2). The graft of hiPSC-derived car-
diac cells can contribute directly to cardiac function, but
they are also less mature than the native cardiac cells
of adult hearts, which could lead to safety concerns.
The gene-expression profile, and a variety of structural
and functional properties, as well, of hiPSC-CMs more
closely resembles that of neonatal CMs than of adult
CMs.534 The abnormal calcium transients or electro-
physiological properties in engrafted CMs may cause
regional variations in repolarization.?® These observa-
tions may partially explain why hPSC-CMs, and even al-
logeneic monkey iPSC-derived CMs, led to incidents of
spontaneous arrhythmia when studied in a nonhuman
primate Ml model.>> Therefore, the electrophysiologi-
cally more mature hCMPs (Figure 3A through 3K) with
the trilineage cardiac cells under this dynamic culture
condition may have better translational potential.

The CMs present in 3-dimensional, engineered
heart tissue appear to be more mature than those ob-
tained via monolayer culturing techniques.®'"'® For the
experiments presented here, maturation was further
promoted by rocking the hCMPs during culture and by
using trilineage cardiac cells that had been differentiat-
ed from cardiac-lineage hciPSCs'® (rather than hiPSCs
of dermal or other lineages). Our analyses confirmed
that the expression of genes involved in contraction
and calcium-transient generation was significantly
greater in the hCMPs than in monolayer-cultured CMs
(Figure Il in the online-only Data Supplement), and in
hCMPs that were cultured under dynamic rather than
static conditions.® Furthermore, the conduction veloc-

Figure 6 Continued. hCMP-secreted exosomes that had been pretreated with or without the exosome uptake inhibitor

annexin V (2 pg/mL); then, the cardiomyocytes were fixed and immunofluorescently stained for a-actinin, nuclei were coun-
terstained with DAPI, and exosomes that had been taken up by the cardiomyocytes were identified by PKH26 fluorescence
(bar=100 pm). E through H, Cardiomyocytes were cultured under hypoxic conditions in serum-free Dulbecco modified Eagle
medium (DMEM) for 48 hours with phosphate-buffered saline (PBS) or with exosomes from hCMPs (hCMP-Exo) that had been
treated with or without an exosome-release inhibitor (GW4869, 10 pmol/L) or an exosome-internalization inhibitor (annexin
V, 2 yg/mL). E, The intensity of lactate dehydrogenase (LDH) fluorescence observed in the media was measured and expressed
as a percentage of the intensity observed in PBS-cultured cells. F, Cell viability was measured with a colorimetric assay that
detected the reduction of a tetrazolium compound into a colored formazan product (the conversion occurs through the meta-
bolic activity of living cells), and expressed as a percentage of the measurement in PBS group. G, Cardiomyocytes were fixed,
immunofluorescently stained for cTnT expression and TUNEL stained; nuclei were counterstained with DAPI (bar=100 pm). H,
Apoptosis was quantified as the percentage of cells that were TUNEL positive. I and J, Cardiomyocytes were cultured under
hypoxic conditions for 48 hours in serum-free DMEM medium and treated with PBS or with exosomes collected from monolay-
er cultures of ECs (EC-Exo), SMCs (SMC-Exo), or cardiomyocytes (CM-Exo), from a coculture of ECs and SMCs (EC/SMC-Exo),
or from a coculture of all 3 cell types (EC/SMC/CM-Exo). Cytotoxicity was evaluated via measurements of cardiomyocytes LDH
leakage (1) and cell viability(J). *P<0.05, **P<0.01. n=4 to 5 experiments. CM indicates cardiomyocyte; cTnT, cardiac troponin
T, DAPI, 4’,6-diamidino-2-phenylindole; EC, endothelial cell; hCMP, human cardiac muscle patch; SMC, smooth muscle cell;
and TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.
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Figure 7. hCMP transplantation enhances the vasculogenic response, promotes cell proliferation, and reduces

apoptosis after MI.

Sections were collected from the border-zone of the infarct in MI, MI+OP, and MI+hCMP animals 4 weeks after Ml induction.
A, Sections were stained with fluorescent antibodies against CD31, aSMA, and cTnl (bar=200 pym), and nuclei (Continued)
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ity in our hCMPs reached 14.1+1.0 cm/s, which is con-
sistent with observations from other laboratories,*> and
suggests that mechanisms for gap-junction connectiv-
ity and action-potential initiation®*3’” functioned with
efficiency within the structure of the novel hCMP. The
enhanced electromechanical coupling of CMs in the
hCMPs was also evident from analyses of resistivity-
reactivity spectra (Figure 3E and 3F), which suggest-
ed that intercellular gap-junction communication in
the hCMPs and in native rabbit LV myocardium?® was
similar. Similarly, the superior functional performance
of the hCMP was evidenced by the assessments of
contractile force per CM, calcium-transient dynamics,
responsiveness to a B-adrenergic agonist, the Frank-
Starling mechanism,' and the dependence of twitch
force on pacing frequency and calcium concentration
(Figure 3).

The porosity of the hCMP (Figure 2) likely improved
the diffusion of nutrients and oxygen, which is particu-
larly important for patches of this size, and could have
improved engraftment by facilitating in-growth of an-
giogenesis (Figure 4B through 4D). The unique spatial
relationship of the ECs and CMs (Figure 2F and Figure
I1IC in the online-only Data Supplement) may have con-
tributed to the superior functional characteristics the
novel hCMPs of this size.

The electrophysiological activity of the hCMPs is also
likely to have been influenced by the inclusion of hiP-
SC-SMCs and -ECs in the hCMP. Endothelial cells have
been shown to improve recovery from myocardial in-
jury, regulate cardiovascular physiology, and promote
the survival of transplanted CMs primarily by activating
cytokine-associated mechanisms. The results from ex-
periments in our laboratory indicate that CMs are more
resistant to hypoxia-induced apoptosis and lactate de-
hydrogenase leakage when cultured with EC- and SMC-
conditioned medium.? Furthermore, the data presented
here suggest that at least some of the cytoprotective
effects associated with ECs and SMCs are mediated by
exosome release (Figure 6), and the exosomes may also

Engineered Large Human Cardiac Patch for Therapy

carry paracrine factors that contributed to the observed
increases in angiogenesis and native CM proliferation.
Collectively, these paracrine mechanisms, and the mi-
croenvironment of the patch itself, likely contributed
to the relatively high engraftment rate (10.9+1.8%),
which is consistent with the results from studies in ro-
dentS.A'”'ﬁ

Our top-down proteomics analyses confirmed that
4 weeks after Ml injury, phosphorylation of the sarco-
meric proteins enigma homolog isoform 2 and cTnl
was significantly reduced in animals from the Ml group,
which is consistent with the results from previous stud-
ies,?32 and that these reductions were prevented (or
reversed) in MI+hCMP animals. The hCMP-associated
increase in cTnl phosphorylation may be particularly rel-
evant, because reports from other groups indicate that
declines in cTnl phosphorylation can contribute to con-
tractile dysfunction after Ml or during end-stage heart
failure by increasing myofilament Ca?* sensitivity.323°
Thus, these results are the first to suggest that hiPSC-
derived cardiac cells may improve contractile function
in infarcted hearts by preventing or reversing maladap-
tive changes in the phosphorylation states of sarcomer-
ic proteins.

The experiments presented in this report are the
first to evaluate a novel type of hCMP of clinically
relevant dimensions (4 cm x 2 cm x 1.25 mm) in
a large-animal model of ischemic myocardial injury.
In vitro assessments indicated that the machinery re-
quired for calcium handling and force generation of
CMs within the hCMP was relatively well developed
in response to the dynamic culture stimulation for 7
days. When tested in a porcine Ml model, the engraft-
ment rate for the transplanted cells exceeded 10% at
week 4, and the treatment was associated with im-
provements in LV dilatation, wall stress, infarct size,
and preventing/reversing maladaptive changes in the
phosphorylation states of sarcomeric proteins in BZ
myocardium. The hCMP therapy did not increase the
risk of arrhythmia.

Figure 7 Continued. were counterstained with DAPI; then, vascular density was determined by quantifying the number

of structures that expressed CD31 (B), and arteriole density was determined by quantifying the number of structures that
expressed both CD31 and aSMA (C). D, Sections were stained for expression of the cell proliferation marker Ki67, muscle
fibers were visualized by fluorescent immunostaining for cTnl, and nuclei were counterstained with DAPI (bar=100 um); then,
cell proliferation was quantified as the number of Ki67-positive cells per high-power field (HPF) (n=6-8 per experimental
group) (E). F, Sections taken from the border zone of infarction at week 1 after Ml were stained with antibodies against cTnl,
apoptotic cells were identified via a TUNEL staining, and nuclei were counterstained with DAPI (bar=100 pum); then, apopto-
sis was quantified as the percentage of cells that were positive for TUNEL staining (n=3-4 in each group) (G). H, Expression
of the prosurvival proteins erythropoietin (EPO), hepatocyte growth factor (HGF), and angiopoietin 1 (Ang1) at week 1 after
Ml were evaluated in tissues from the border zone of infarction via Western blot. Glyceraldehyde phosphate dehydrogenase
(GAPDH) protein levels were evaluated to serve as a control for unequal loading. I, EPO, HGF, and Ang1 protein levels were
guantified via densitometry analysis and normalized to GAPDH protein levels (n=3 in each group). *P<0.05, **P<0.01. cTnl
indicates cardiac troponin I; DAPI, 4’,6-diamidino-2-phenylindole; hCMP, human cardiac muscle patch; MI, myocardial infarc-
tion; OP, open fibrin patches; aSMA, a-smooth muscle actin; and TUNEL, terminal deoxynucleotidyl transferase dUTP nick

end labeling.
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Figure 8. Ml-induced changes in sarcomeric protein phosphorylation are partially prevented or reversed by hCMP

transplantation.

Four weeks after Ml induction, phosphorylation of the sarcomeric proteins, cTnT (A), MLC-2v (B), a-tropomyosin (aTpm)

(©), pTpm (D)

, CTnl (E), and enigma homolog isoform 2 (ENH2) (F), was quantified in myocardium from the border zone of

infarction in animals from the Ml and MI+hCMP groups and from the corresponding region of hearts in Sham animals via top-
down proteomics and mass spectroscopy. The star in the cTnT/pcTnT spectrum identifies a peak caused by the loss of H_PO,,
diamonds identify peaks caused by the loss of NH,, and ovals identify peaks caused by oxidation of the protein. *P<0.05,
**P<0.01, ***P<0.001. n=6 per experimental group. Calc’'d indicates calculated most abundant molecular mass based on the
DNA-predicted protein sequence; cTnl, cardiac troponin I; Expt’l, experimentally determined most abundant molecular mass;
hCMP, human cardiac muscle patch; MI, myocardial infarction; and MLC-2v, myosin light chain 2v.
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