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Contractile Force of Transplanted Cardiomyocytes
Actively Supports Heart Function After Injury
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BACKGROUND: Transplantation of pluripotent stem cell-derived cardiomyocytes represents a promising therapeutic strategy
for cardiac regeneration, and the first clinical studies in patients with heart failure have commenced. Yet, little is known about
the mechanism of action underlying graft-induced benefits. Here, we explored whether transplanted cardiomyocytes actively
contribute to heart function.

METHODS: We injected cardiomyocytes with an optogenetic off-on switch in a guinea pig cardiac injury model.

RESULTS: Light-induced inhibition of engrafted cardiomyocyte contractility resulted in a rapid decrease of left ventricular
function in #50% (7/13) animals that was fully reversible with the offset of photostimulation.

CONCLUSIONS: Our optogenetic approach demonstrates that transplanted cardiomyocytes can actively participate in heart
function, supporting the hypothesis that the delivery of new force-generating myocardium can serve as a regenerative
therapeutic strategy.

Key Words: cell transplantation ® regenerative medicine ® stem cells

ally.” Myocardial infarction results in a permanent loss of

contractile myocardium and regularly leads to the devel-
opment of heart failure2® Transplantation of pluripotent
stem cell-derived cardiomyocytes represents a regenera-
tive therapeutic concept with great potential for the treat-
ment of patients with heart failure* It was successfully
applied in various preclinical studies®® and is currently
evaluated in the first clinical trials (eg, HEAL-CHF [Treating
Heart Failure With hPSC-CMs], NCT03763136). The goal
of this strategy is conceptually different from all current clin-
ically established therapies because it aims to provide new
myocardium to the injured heart. It is intuitive to assume that
new myocytes actively participate in the mechanical work
of the heart and support its compromised pump function.

Ischemic heart disease is the main cause of death glob-

However, improvement in left ventricular function was also
reported in studies with only minimal'™ or even without cell
engraftment,'’ suggesting that other mechanisms are at
work here. Thus, the mode of action of this novel therapeu-
tic approach is largely unknown. With the first clinical tri-
als underway, mechanistic insight is not solely of academic
interest, but it has direct translational effect.

METHODS

Generation of the PSAM-GIyR and
Inhibitory Luminopsin 4 Induced

Pluripotent Stem Cell Line

AAVS1-CAG-hrGFP was a gift from Su-Chun Zhang
(Addgene plasmid No. 52344; http://n2tnet/addgene:52344;
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Clinical Perspective

What Is New?

» Transplanted cardiomyocytes actively participate in
heart function.

What Are the Clinical Implications?

* Reconstitution of lost myocardium can serve as a
conceptually new strategy to improve heart function.

Nonstandard Abbreviations and Acronyms

C1Z coelenterazine

EHT engineered heart tissue

iLMO4 inhibitory luminopsin 4

iPSC induced pluripotent stem cell
LVDP left ventricular developed pressure

RRID:Addgene_52344).'?  CAG:PSAML141FY115F:GlyR-
IRES-GFP was a gift from Scott Sternson (Addgene plasmid
No. 32480; http://n2tnet/addgene:32480; RRID:Addgene_
32480)." Inhibitory luminopsin 4 (iLMO4) plasmids were a
gift from Ute Hochgeschwender (Central Michigan University,
Mount Pleasant, MI).'* The plasmid vectors contained pharma-
cologically selective actuator module-'*'™!1® fused to the gly-
cine receptor chloride-selective ion pore domain (PSAM-GlyR)
or iLMO4 under the control of a CAG promoter, homology arms
(800 bp in size each) for the AAVS1 locus, and a puromy-
cin resistance cassette upstream of the promoter. PSAM-GlyR
was linked to EGFP (enhanced green fluorescent protein) by
a 2A linker. Nucleofection with the Cas9 ribonucleoprotein
was conducted using a 4D-Nucleofector (Lonza) accord-
ing to the manufacturer's protocol. The selected single guide
RNA targeted the AAVS1 between Exon 1 and 2 (Figure S1)
and was designed using CRISPOR (http://crisportefor.net).
Positively edited cells were enriched by fluorescence-activated
cell sorting (FACS; BD Aria Fusion), seeded as single cells and
expanded to cell banks.

Genotyping

Correct transgene integration was verified by Southern blotting.
EcoRI was used to digest genomic DNA. Transgene integra-
tion introduced 2 new EcoRI cutting sites. A 5" probe allowed
detection of a 4.9-kb fragment in case of transgene integration
or detection of an 8.3-kb fragment on the control allele. In addi-
tion, an internal probe was used to detect a 6.8-kb fragment
only on successfully targeted alleles. Moreover, polymerase
chain reaction amplification followed by Sanger sequencing
was used to verify correct transgene integration.

Human Induced Pluripotent Stem Cell Culture
and Cardiac Differentiation

UKEiOO01-A was reprogrammed with a Sendai Virus (CytoTune
iPS Sendai Reprogramming Kit, ThermoFisher). Expansion and
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cardiac differentiation of induced pluripotent stem cells iPSCs)
were performed as recently described.” In brief, iPSCs were
expanded in FTDA medium on Geltrex-coated cell culture ves-
sels. Formation of embryoid bodies was performed in spinner
flasks, followed by differentiation in Pluronic F-127-coated
cell culture vessels with a sequential administration of growth
factor— and small molecule—based cocktails to induce meso-
dermal progenitors, cardiac progenitors, and cardiomyocytes.
Dissociation of differentiated cardiomyocytes was performed
with collagenase. Cardiomyocytes designated for transplan-
tation underwent heat shock 24 hours before dissociation as
previously described®'®'® and were cryopreserved. Antibodies
used for characterization are listed in Table 1.

Flow Cytometry

Single-cell suspensions of iPSCs were blocked with 5% fetal
bovine serum in phosphate-buffered saline and stained. Single-
cell suspensions of iPSC-derived cardiomyocytes were fixated
in Histofix (Roth A146.3) for 20 minutes at 4°C and trans-
ferred to FACS buffer, containing 5% fetal bovine serum, 0.5%
saponin, 0.05% sodium azide in phosphate-buffered saline.
Antibodies are listed in Table 1. Samples were analyzed with
a BD FACSCanto Il Flow Cytometer and the BD FACSDiva
Software 6.0 or BD FlowJo V10.

Engineered Heart Tissue Generation and
Analysis

Engineered heart tissues (EHTs) were generated from cells and
fibrinogen/thrombin as previously described.” In brief, sponta-
neously beating wild-type (WT) or iLMO4 cardiomyocytes were
digested with collagenase Il (Worthington, LS004176; 200 U/
mL Ca?*-free Hanks Balanced Salt Solution [Gibco, 14175-
053] with 1 mmol/L HEPES [pH 7.4], 10 umol/L Y-27632, and
30 pmol/L N-benzyl-p-toluene sulfonamide [TCI, B3082]) for
3.5 hours at 37°C (5% CO,, 21% OQ). The dissociated cells
were resuspended in Ca?*-containing DMEM with 1% penicillin/
streptomycin. Cell concentration was adjusted to 10 to 15x10°
cells/mL. Fibrin-based human EHTs were generated in aga-
rose casting molds with solid silicone racks'” (100 pL per EHT,
1x10° cells). The culture medium was changed on Mondays,
Wednesdays, and Fridays. After 7 days in culture, human EHTs
displayed spontaneous coherent, regular beating, deflecting the
silicone posts that allowed video-optical contraction analysis.
Force measurement and photostimulation of iLMO4 EHTs were
performed as described by Lemme et al.'®. In brief, analysis of
contractile force was performed by video-optical recording on a

Table 1. Primary Antibodies for Flow Cytometry

Antigen Supplier Titer

SSEA3 (AlexaFluor | BD Pharmingen, clone MC-63, Cat. 1:50

647) 561145

Isotype SSEA3 BD Pharmingen, clone MOPC/21, Cat. 1:50
557714

Cardiac troponin T Miltenyi Biotec, clone REA400, Cat. 130- 1:50
(APC) 120-403

Isotype cardiac tro- | Miltenyi Biotec, clone REA293, Cat. 130- 1:50
ponin T 120-709

Cat. indicates catalog number.
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setup available from EHT Technologies. The contraction peak
analysis was performed during spontaneous beating under red
light illumination. Electric pacing was performed with pacing
electrodes for 24 well plates (EHT Technologies).

Animal Care and Experimental Protocol
Approval

The investigation conforms to the guide for the care and use
of laboratory animals published by the National Institutes
of Health (publication no. 85-23, revised 1985) and was
approved by the local authorities (Behorde fur Gesundheit
und Verbraucherschutz, Freie und Hansestadt Hamburg:
N098/2019).

Injury Model and Cardiomyocyte
Transplantation

Myocardial injury was induced as previously described.”'®
Cryoinjury of the left ventricular wall was induced in female
guinea pigs (300-470 g, 8-9 weeks of age, Envigo, n=35).
Cardiomyocyte transplantation was performed during a
repeated thoracotomy 7 days after injury (n=17 for iLMO4, n=5
for PSAM, and n=13 for WT); 20x10° cardiomyocytes, resus-
pended in prosurvival cocktail®® (growth factor-reduced Matrigel
[~50% v/v], cyclosporine A [200 nmol/L], pinacidil [50 umol/L],
insulin-like growth factor-1 [100 ng/mL], and Bcl-X BH4 [60
nmol/L]; total volume, 150 pL), were injected into 3 separate
injection sites: for example, 1 injection in the central lesion
and 2 injections in the flanking lateral border zones. Surgeons
were blinded regarding the injected cell line. Guinea pigs were
immunosuppressed with cyclosporine beginning 3 days before
transplantation (7.5 mg/kg body weight per day for the first 3
postoperative days and 5 mg/body weight per day for the fol-
lowing 25 days; mean plasma concentration: 435 pg/L) and
methylprednisolone (2 mg/kg body weight per day). Animals
were randomly assigned to the treatment groups and labeled
with a nonidentifying- number by an independent investigator.

Echocardiography
Echocardiography was performed with a Vevo 3100 System
(Fujifilm VisualSonics) as previously described.” Analysis was

Table 2. Primary Antibodies for Histology
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performed in a blinded manner. One animal in the iLMO4 group
showed no decrease in fractional area change 1 week after
injury and was therefore excluded from the echocardiographic
analysis.

Histology

Hearts were sectioned in 4 to b slices after fixation in Histofix.
Serial paraffin sections were acquired from each slice and used
for histology and immunohistology. Antigen retrieval and anti-
body dilution combinations used are summarized in Table 2. The
primary antibody was either visualized with the multimer tech-
nology—based UltraView Universal DAB Detection kit (Ventana
BenchMark XT; Roche) or a fluorochrome-labeled secondary
antibody (Alexa-conjugated, Thermofisher). Confocal images
were acquired with an LSM 800 (Zeiss). Whole short-axis sec-
tions were acquired with stitched images in 20x magnifica-
tion using the LSM 800 (Zeiss). For morphometry, images of
dystrophin-stained sections were acquired with a Hamamatsu
Nanozoomer whole slide scanner and viewed with NDP soft-
ware (NDPview 2.6.13) from all 35 animals. Infarct size was
determined with a length-based approach as described pre-
viously.®> Graft size was measured in dystrophin-stained short-
axis sections and expressed as a percentage of the scar area
measured in the same section using the NPD2.view software.

Langendorff Perfusion

Guinea pigs (bodyweight 430-570 g) were injected with hepa-
rin (1000 U/kg SC) and anesthetized with midazolam (1 mg/
kg IM), medetomidine (0.2 mg/kg IM), and fentanyl (0.02 mg/
kg IM). Hearts were excised and immediately immersed in ice-
cold modified Krebs-Henseleit solution containing (in mmol/L)
NaCl 120, KCI 4.7, MgSO, 1.2, NaHCO, 25.0, KH,PO, 1.2,
glucose 11.1, Na-pyruvate 2.0, and CaCl, 1.8. Lidocaine
(170 pmol/L) was added to prevent premature ventricular
contractions. Lidocaine had no significant effect on WT and
iLMO4-EHT contractility but was necessary because infarcted
hearts showed a large number of premature ventricular con-
tractions. Premature ventricular beats, in particular, post-rest
potentiation could hinder data interpretation. The aorta was
quickly cannulated, and the heart was connected to a custom-
made Langendorff apparatus. The heart was perfused using

Antigen Supplier Antigen retrieval Titer

Myosin light chaing 2A BD Pharmingen, clone S58-205, Cat. 565496 Citrate buffer 1:500
Myosin light chaing 2V Proteintech, pAb, Cat.10906-1-AP Citrate buffer 1:250
a-Actinin Sigma-Aldrich, clone EA-563, Cat. A7811 Proteinase K 1:600
Ku80 Cell Signaling Technology, clone C48E7, Cat. CST-2180 Citrate buffer 1:800
Connexin 43 BD Transduction Laboratories, clone 2, Cat. 610062 Citrate buffer 1:400
Connexin 43 Abcam, pAb, Cat. ab11370 Citrate buffer/proteinase K 1:400
N-Cadherin Sigma-Aldrich, clone CH19, Cat. C1821 Citrate buffer 1:400
Green fluorescent protein Abcam, clone 3H9, Cat. ab252881 Citrate buffer/proteinase K 1:500
Green fluorescent protein Abcam, pAb, Cat. ab6556 Proteinase K 1:500
Slow skeletal troponin | Novus Biologicals, clone OT18H8 Citrate buffer 1:100
Cardiac troponin | Abcam, Cat. Ab47003 Citrate buffer 1:100

Cat. indicates catalog number.
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hydrostatic pressure (%55 mmHg) with warm (36.5%1°C)
modified Krebs-Henseleit solution equilibrated with a mixture
of 95% O, and 5% CO, (pH 7.40). Left ventricular pressure
was recorded with a self-assembled balloon catheter, and data
were acquired using Chartd (ADInstruments).

After a stabilization period of (>15 minutes), hearts were
photostimulated by continuously illuminating the anterior wall
of the left ventricle (peak excitation 470 nm, (maximal light
intensity 712 mW pE4000, coolLED) for 30 to 60 seconds. At
least 3 photostimulations with blue light were performed per
heart, separated by 1 minute each. The photostimulation peri-
ods with blue light were followed by a photostimulation with
red light (660 nm, maximal light intensity 570 mW) for 30 to
60 seconds. After the termination of the photostimulation pro-
cedures, coelenterazine (CTZ; = 300 umol/L) was applied in a
subset of hearts (n=3).

Statistics

Statistical analyses were performed with GraphPad Prism 9,
USA and R, Vienna, Austria. Comparison among 2 groups was
made by 2-tailed unpaired Student ¢ test. To physiologically
compare EHTs from either PSAM-GIyR or iLMO4 cardiomyo-
cytes with WT EHTs, nested 2-tailed unpaired Student t test
was used. One-way ANOVA followed by Tukey test for mul-
tiple comparisons were used for >2 groups. When 2 factors
affected the result (eg, timepoint and group), 2-way ANOVA
analyses and Tukey test for multiple comparisons were per-
formed. Error bars indicate SEM. Pvalues are displayed graphi-
cally as follows: *F<0.05, **F<0.01, **P<0.001, **F<0.0001,
and #P<0.05, ##P<0.01. Additional statistical analyses were
performed in R 4.1.2 with a linear mixed-effects regression
model (packages ‘Ime4," “sjPlot’ ‘emmeans”). We regressed
left ventricular developed pressure (LVDP) against the fol-
lowing predictors: time in the experiment, photostimulation
(off/470 nm/660 nm, dummy coded in 2 variables), cell type
(WT/ILMQO4), the interaction of time and cell type, and the
interactions of photostimulation and cell type. Intercepts and all
within-animal factors (eg, time and photostimulation) were esti-
mated on the animal level. The between-animal factor cell type
was estimated on the group level. Before the analysis, we tem-
porally smoothed recordings with kernel regression smoother
(normal kernel, bandwidth 7) and removed outlier data points
outside 2.5 median absolute deviation.

RESULTS

Generation of Cardiomyocytes With Chemo-
and Optogenetic Off-On Switches

We generated cardiomyocyte lines with an off-on switch
to dissect the mechanism by which cardiomyocyte
transplantation improves heart function. We engineered
iPSCs with CRISPR/Cas9 to silence cardiomyocyte
contractility reversibly, hypothesizing that a selective
stop of cardiomyocyte contractility after transplantation
will result in a decline of left ventricular function, indi-
cating active contribution. To this end, we knocked in an
inhibitory pharmacologically selective actuator module
(PSAME#IRVIISE-GIyR, consisting of the chloride-selec-
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tive ion pore domain of the glycine receptor and mutated
ligand-binding domain of the a7 nicotinic acetylcholine
receptor) and cytosolic EGFP.'® In a second approach, we
used an optogenetic strategy. We knocked in an iLMO4
(consisting of the Gaussia luciferase M23, the improved
chloride-conducting channelrhodopsin, and EYFP [en-
hanced yellow fluorescent protein])."#2°2" iLMO4 can
be activated by light but also, because light delivery to
the heart is challenging, by the luciferase substrate CTZ.
Both constructs were knocked into the AAVS1 safe har-
bor locus of human iPSC (iPSC line UKEIOO1-A; Fig-
ure S1).'? PSAM-GlyR, iLMO4 iPSCs, and iPSCs, as
well, from the parental line UKEIOO1-A (WT) were dif-
ferentiated to cardiomyocytes (average troponin T posi-
tivity: 71£6% [PSAM-GlyR]; 84%5% [iLMO4]; 89+1%
[WT]; Figure 1A and Figure S2). Transgene expression
in PSAM-GlyR and iLMO4 cardiomyocytes was >95%
(Figure S2). Both strategies aimed to electrically silence
cardiomyocytes and thereby stop contractility.

For functional characterization, engineered heart tis-
sue (EHT) was generated from PSAM-GIyR and iLMO4
cardiomyocytes? (Figure 1A and Figure S3A). PSAM-
GlyR and iLMO4 EHTs developed similar to WT EHTs
and started to beat coherently after 7 to 10 days in
culture. Force and frequency of PSAM-GIlyR EHTs were
similar to WT EHTs (Figure S3B and S3C). Average
force at day 28 was lower in iLMO4 EHTs (0.17 mN in
WT EHTs versus 0.11 mN in iLMO4 EHTs; estimated
difference: —0.06 mN; 95% CI, —0.08 to —0.05 mN).
Average frequency of iLMO4 EHTs did not significantly
differ from WT EHTs (57 beats per minute [bpm] in
WT EHTs versus 62 bpm in iLMO4 EHTs; estimated
difference 0.2 bpm, 95% CI, —=10.54 to 10.95; Fig-
ure 1B=1D). PSAM-GlyR EHTs were exposed to a chi-
meric ion channel agonist (pharmacologically selective
effector module, PSEM?®) to test the off-on switch at
increasing concentrations. PSEM® (30-100 pmol/L)
stopped PSAM-GlyR EHT contractility. This effect was
completely reversible after washout and did not occur in
WT EHTs (Figure S3D-S3F).

iLMO4 EHTs were intermittently exposed to light
pulses (30 s, 470 nm). Photostimulation had no effect
in WT EHTs but induced an immediate stop of con-
tractility in iLMO4 EHTs, which resumed 5 to 10 sec-
onds after photostimulation (Figure 1E, Figure S4A,
and Video S1). Alternatively, iLMO4 can be activated
by CTZ. Application of CTZ resulted in light emission
(Figure S4B) and stopped EHT contractility. How-
ever, this strategy had several limitations: (1) a high
CTZ concentration was needed (=300 pmol/L); (2)
the effect was inconsistent; (3) the off-and-on switch
kinetics were slow (off switch 5—20 minutes; on switch
20-60 minutes after washout); and (4) not all EHTs
fully recovered after CTZ washout (Figure S4C). There-
fore, we focused on direct photostimulation to manipu-
late iILMO4 cardiomyocyte contractility.

Circulation. 2022;146:11569-1169. DOI: 10.1161/CIRCULATIONAHA.122.060124
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Figure 1. Photostimulation reversibly stops iLMO4-cardiomyocyte contractility.

A, Immunohistology of iLMO4 cardiomyocytes and an iLMO4 EHT, respectively. B and C, Physiological characterization of iLMO4 EHTs. B, Force
development of WT and iLMO4 EHTs over time. Data from 3 different batches per cell line (6—23 EHTs per batch) were averaged. Mean+SEM
are shown. Force (C) and frequency (D) analysis after 4 weeks in culture from 3 different batches (n=5—23 EHTs per batch and cell line, each
data point represents 1 EHT, 2-way ANOVA). E, Original force recording under photostimulation from WT (Top) and iLMO4 EHTs (Bottom).
Vertical blue lines indicate electric pacing (2 Hz; 2 V; 4 ms impulse duration). BPM indicates beats per minute; EHT, engineered heart tissue;
EYFR enhanced yellow fluorescent protein; iLMO4, inhibitory luminopsin 4; and WT, wild type.
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Transplanted Cardiomyocytes Actively Support
Left Ventricular Function

To assess whether the contractile force of transplanted
cardiomyocytes participates in left ventricular function,
PSAM-GlyR, iLMO4, or WT cardiomyocytes were in-
jected transepicardially in a subacute guinea pig injury
model (20x10° cardiomyocytes per animal in prosur-
vival cocktail, n=35; Figure Sb), hypothesizing that
switching off contractility in engrafted cardiomyocytes
would result in a decrease in left ventricular function.
Initially, we focused on PSAM-GIyR cardiomyocytes
(Figure S6) because the contractile function of PSAM-
GlyR EHTs more closely mirrored that of WT EHTs.
However, whereas PSEM®°S did not affect force in WT
EHTs in vitro, infusion of PSEM®S exerted a profound
negative chronotropic and inotropic effect in Langen-
dorff-perfused guinea pig hearts, irrespective of cardio-
myocyte transplantation (Figure S6). This effect might
be caused by PSEM®S-mediated off-target stimulation
of muscarinergic or nicotinic acetylcholine receptors
at the sinoatrial node or parasympathetic ganglia, re-
spectively. Electric pacing reversed the negative chro-
notropic effect, but the negative inotropic response
persisted and could not be abolished with a nicotinic
(hexamethonium) or a muscarinergic (atropine) an-
tagonist. Therefore, we switched to the optogenetic
approach because the nonselective negative inotropic
PSEMB®SS effect on the whole heart might have masked
effects on the much smaller human grafts.

Hearts were harvested 28 days after transplantation
of iLMO4 or WT cardiomyocytes (Figure 2A). Scar size
was similar in hearts that had received WT cardiomyo-
cytes (26+1% WT versus 21£1% iLMO4; Figure 2B and
Figure S7). Human cardiomyocytes partially remuscular-
ized the scar (15+5% of scar size in WT versus 14+2%
in iLMO4; Figure 2C). The engrafted cardiomyocytes
almost exclusively expressed the ventricular isoform of
the myosin light chain (Figure 2D). Still, they showed
signs of immaturity compared with host cardiomyocytes
(lower sarcomeric organization, peripheral myofibrils,
and high expression of the skeletal troponin | isoform;
Figure 2E and 2F). The grafts showed extensive zones
of close proximity with host myocardium, and human
cardiomyocytes (EYFP*) formed immature N-cadherin*
adherens junctions and connexin 43* gap junctions with
host cardiomyocytes (Figure 2G—2L), indicating cell-cell
coupling. Connexin 43 and cadherin expression patterns
further substantiated cardiomyocyte immaturity. Echocar-
diography was performed at baseline, before transplan-
tation, and 4 weeks after transplantation. Cardiomyocyte
transplantation stabilized left ventricular function (frac-
tional area change: 44+2% (WT) and 43%+2% (iLMO4)
at baseline; 29+2% (WT) and 33+2% (iILMO4) after
injury; and 30+2% (WT) and 32+2% (iLMO4) 4 weeks
after transplantation (Figure 2l and Figure S8).
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We used ex vivo Langendorff perfusion?® (Video S2)
for an accurate functional analysis for 2 reasons: (1)
in vivo imaging (by echocardiography) has limited pre-
cision, particularly after repeated thoracotomies,?* and
(2) switching off contractility of the human grafts was
expected to exert only a small effect because electric
coupling between graft and guinea pig host myocardium
was shown to be incomplete and spatially and tempo-
rally heterogeneous.?® In contrast to the chemogenetic
strategy, photostimulation did not affect the guinea pig
heart function. After a run-in period (>15 minutes, dur-
ing which LV pressure amplitude increased by 21.8£2.6
mmHg), repetitive (blue light pulses [470 nm, 30-60
seconds]) were applied to the anterior epicardial sur-
face of spontaneously beating guinea pig hearts (aver-
age beating frequency 1616 bpm; Figure S7 and
Video S2). Photostimulation resulted in an instanta-
neous drop in left ventricular pressure in 7 of 13 hearts
with iLMO4 cardiomyocytes (pressure amplitude before
light application [baseline]: 60.7£3.56 mmHg [n=13];
during light application: 60.3+3.4 mmHg [n=13];
ALVDP -0.520.3 mmHg [n=13]; relative ALVDP
between baseline and photostimulation -0.8%). The
maximal effect was a drop of 2.6 mm Hg accounting for
4.7% (Figure 3A—3D and Figure S9). The effect of blue
light reversed within a few seconds (x5—-10 s) after the
termination of the light pulse (relative ALVDP between
photostimulation and recovery +1.4% in iLMO4, n=13).
In contrast, no heart that had received WT cardiomyo-
cytes (n=7) reacted to blue light exposure (pressure
amplitude before light application [baseline]: 63.1£5.2
mmHg [n=7]; during light application: 63.5+5.2 mm Hg
[n=7]; ALVDP +0.4£0.2 mm Hg [n=7]; relative ALVDP
between baseline and photostimulation +0.6%; relative
ALVDP between photostimulation and recovery —0.2%;
Figure 3B and C and Figure S9). Photostimulation with
red light (which does not activate iILMO4; 660 nm; Video
S92) was used as an internal control and did not affect
left ventricular function in iLMO4 or WT transplanted
hearts (Figure 3B—3D and Figure S7), excluding non-
specific effects (eg, temperature effects).

Next, we used a linear mixed-effects regression
model to analyze the effect of photostimulation on
LVDP (Table S1). This method analyzes all LVDP mea-
surements (after the run-in period of 156 minutes) of
all animals at once and separates the effects of the
experimental manipulations (cell type and repeated
photostimulation) and nuisance variables (time drifts
and baseline differences between animals).?® The
estimated mean LVDP was not different between cell
types: 60.8 mmHg for WT and 60.8 mmHg for iLMO4
(95% ClI of the difference, —13.6 to 12.7; P=0.95). On
average, LVDP increased by 0.5 mmHg per minute dur-
ing the experiment (95% Cl, 0.27-0.81; A<0.001), and
there was no evidence of a difference in this increase
between cell types (difference 0.02 [95% CI, -0.31 to
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Figure 2. iLMO4 transplantation partially remuscularized the injured heart and preserved left ventricular function.

A Short-axis sections from 3 different hearts 4 weeks after iLMO4-cardiomyocyte transplantation. B, Infarct size quantification as percentage

of the left ventricle. C, Quantification of graft size as percentage of scar area (n=13-17; each data point represents 1 heart). MeantSEM are
shown. D, Analysis of myosin light chain isoform expression in the human graft and host myocardium. E, High magnification immunofluorescence
staining for a-actinin of engrafted and host myocytes. F, Troponin isoform immunostaining of human grafts and host myocardium. (Continued)
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Figure 2 Continued. G, Graft-host interaction in low magnification. H through J, Inmunofluorescence staining for connexin 43 and the
ventricular myosin light chain isoform depicting graft-host contacts in low magnification (H) and high magnification (I and J). Images from

2 different hearts, including a z-stack reconstruction. K and L, Inmunofluorescence staining for cadherin and the ventricular myosin light
chain isoform. Depicting contacts between engrafted and host cardiomyocytes in low magnification (K) and high magnification (L). M, Serial
echocardiographic analysis of heart function. Fractional area change values for baseline, postinjury and 4 weeks after transplantation (n=13
[WT] and n=16 [iILMO4]). Statistical analysis was performed by 2-way ANOVA followed by Tukey test for multiple comparisons ***P<0.001
and "A<0.0001 between WT baseline and WT after injury and WT after treatment. #/2<0.05 and ##/P<0.01 between iLMO4 baseline
and iLMO4 after injury and iLMO4 after treatment. cTnl indicates cardiac troponin I; Cx43, connexin 43; EYFP, enhanced yellow fluorescent
protein; iLMO4, inhibitory luminopsin 4; LV, left ventricle; MLC2v, ventricular myosin light chain 2; ns, not significant; ssTnl, slow skeletal

troponin I; Tx, transplantation; and WT, wild type.

0.35]; P=0.95). The combination of iLMO4 and 470 nm
photostimulation reduced LVDP by 0.8 mmHg (95%
Cl, =1.33 to —-0.28; /<0.01), whereas there was no
evidence for an effect of the combination of iLMO4
and 660 nm photostimulation on LVDP (95% CI, -0.36
to 0.32; P=0.89; Figure 3D). A post hoc test confirmed
that the difference between 470 nm and 660 nm pho-
tostimulation was larger in iLMO4 than in WT (differ-
ence of the difference, —0.78; £<0.01).

At the end of the experiment, CTZ was applied
(with the perfusion buffer) to assess graft perfusion
and cardiomyocyte viability. CTZ application resulted in
light emission from the anterior wall, indicating that the
engrafted cardiomyocytes were viable and functionally
vascularized (Figure 3E). The effect size fits well to the
graft mass (%40 mg) that accounts for 2% to 3% of
the left ventricular mass (1.5 g). The calculated graft
mass=left ventricular massx0.20 [scar size]x0.13 [graft
size]; average heart mass: 2.3 g, left ventricular mass:
2.3 gx0.6x1.5 g, scar size: 20% of left ventricle, graft
size: 13% of scar size. Yet only a subpopulation (7/13
hearts; 549%) showed a decline in left ventricular function
on photostimulation. Mean graft size in these hearts was
larger than in the hearts that did not react to photostimu-
lation (16.9+£3.2% versus 6.3+2.1; Figure 3F).

DISCUSSION

Preclinical models have repeatedly demonstrated the
efficacy of cardiomyocyte transplantation to stabilize
or even improve left ventricular function. Yet, so far, the
mechanism by which the transplanted cells exert their
effect was unknown. Our study now provides evidence
that transplanted cardiomyocytes actively support the
contractile heart function, fulfilling a central criterion
of cardiac remuscularization. There are several rea-
sons to conclude that it is a true effect: (1) Hearts that
received WT cardiomyocytes did not react to blue light
exposure; (2) the control with red light did not result
in a drop of left ventricular function; (3) the effect size
corresponds well with the engrafted myocardial mass
in relation to the left ventricular myocardial mass (40
mg versus 1.5 g). However, a drop in LVDP after the
off switch of engrafted cardiomyocytes was only seen
in ®60% of all hearts. Tissue penetration of blue light
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is critical to activate the engrafted cardiomyocytes.
However, iLMO4 cardiomyocytes were very light sen-
sitive and epicardial photostimulation was performed
with high intensity (712 mW). We estimated that en-
grafted cardiomyocytes (that were localized within 0.5
mm from the epicardial surface) received at least 1%
of total light intensity?” (=7 mW; 0.1 mW/mm?) and,
thereby, a much higher light intensity than required to
stop cardiomyocyte contractions in vitro. Another ex-
planation for the absence of an LVDP drop seems more
likely. It has been shown that electric coupling was in-
complete in the guinea pig cryoinjury model.?® Incom-
plete coupling could explain why an active contribution
was only detected in a subset of animals. Grafts were
smaller in the hearts that showed no drop in LVDP af-
ter photostimulation, indicating that a relevant mass of
new myocardium must be formed to actively affect left
ventricular function. There is evidence that coupling is
more efficient in a large-animal model'® and that the
cells mature over time,'® indicating that the beneficial
contractile effects after transplantation in humans can
be larger.

We have used the EHT model to characterize the
iLMO4 cardiomyocytes because the EHT model pro-
vides the opportunity to measure force and frequency
over time in a stable setting. Yet, cardiomyocytes within
the EHT most likely differ from the engrafted cardio-
myocytes regarding nutrient supply, fiber orientation,
and nonmyocyte signaling. In addition, (1) differences
between the guinea pig and human cardiac physiol-
ogy, (2) the immaturity of the transplanted cells, (3) the
unstructured myocyte orientation, and (4) the myocardial
edema, in particular, in the scarred region, in the Lan-
gendorff system?® might have attenuated the extent of
the force that contributes to left ventricular function in
this model and thereby result in an underestimation of
the true degree of active participation. Photostimulation
was performed in an ex vivo setting, and it remains to be
seen how our findings translate to the in vivo situation, in
which neurohumoral signaling cascades, and alterations
in pre- and afterload, as well, influence heart, and most
likely graft function.

Overall, our findings are encouraging regarding ongo-
ing and pending regenerative clinical trials for patients
with heart failure, because they demonstrate that

Circulation. 2022;146:11569-1169. DOI: 10.1161/CIRCULATIONAHA.122.060124
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Figure 3. Engrafted cardiomyocytes actively participate in left ventricular function.

A, Original left ventricular pressure recording from an iLMO4 heart during photostimulation with blue (470 nm) and red light (660 nm),
respectively. B, Normalized left ventricular pressure from WT (n=7) and iLMO4 (n=13) hearts. Shown are 10 beats before photostimulation,

and the first 30 beats during photostimulation (Left), and the last 10 beats during photostimulation followed by the first 30 beats after
photostimulation (Right). LV pressure was normalized to the contractions before photostimulation or the contractions after the termination

of photostimulation. C, Absolute (Left) and relative (Right) difference between left ventricular developed pressure between baseline (before
photostimulation) and photostimulation with blue light. The first 5 beats (before photostimulation (beats =5 to O in B) and 5 beats during
photostimulation (beats 25 to 30 in B) were averaged. D, Comparison of all heart beats during photostimulation and baseline. A mixed model was
used for statistical analysis. E, Photographs of an iLMO4 heart after the application of coelenterazine (=800 pmol/L). F, Graft size comparison
between hearts that showed a drop in LVDP on photostimulation with blue light (+, n=7) and hearts in which LVDP did not decrease during blue
light photostimulation (=, n=6). The Student t test was used for analysis. ILMO4 indicates inhibitory luminopsin 4; LV, left ventricle; LVDP, left
ventricular developed pressure; and WT, wild type.
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reconstitution of lost myocardium can serve as a con-
ceptually new strategy to improve heart function.
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