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Abstract: Transplanted human pluripotent stem cell-derived cardiomyocytes (hPSC-CMs) improve 34 
ventricular performance when delivered acutely post-myocardial infarction but are ineffective in 35 
chronic myocardial infarction/heart failure. 2’-deoxy-ATP (dATP) activates cardiac myosin and 36 
potently increases contractility.  Here we engineered hPSC-CMs to overexpress ribonucleotide 37 
reductase, the enzyme controlling dATP production. In vivo, dATP-producing CMs formed new 38 
myocardium that transferred dATP to host cardiomyocytes via gap junctions, increasing their dATP 39 
levels. Strikingly, when transplanted into chronically infarcted hearts, dATP-producing grafts increased 40 
left ventricular function, whereas heart failure worsened with wild-type grafts or vehicle injections. 41 
dATP-donor cells recipients had greater voluntary exercise, improved cardiac metabolism, reduced 42 
pulmonary congestion and pathological cardiac hypertrophy, and improved survival.  This combination 43 
of remuscularization plus enhanced host contractility offers a novel approach to treating the chronically 44 
failing heart.  45 
  46 
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One Sentence Summary: Transplanting gene-edited dATP-donor cardiomyocytes in chronically 47 
infarcted heart restores their cardiac function, improving both exercise tolerance and survival.  48 
 49 
Main Text:  50 
 51 
Ischemic heart disease is the number one cause of death worldwide (1). In myocardial infarction (MI), 52 
commonly known as a ‘heart attack’, the obstruction of a coronary artery results in cardiomyocyte 53 
(CM) cell death.  Since the adult myocardium has no regenerative capacity, recovery is limited and 54 
proceeds by scar formation, interstitial fibrosis, and CM hypertrophy, with a maladaptive myocardium 55 
remodeling that leads to wall thinning, ventricular dilation, and progressive heart failure (HF) (2). 56 
Pharmacological treatments for chronic ischemic HF, such as neurohumoral blockade or diuretics, 57 
alleviate downstream sequelae but do not address the root causes of CM deficiency and impaired 58 
contractility of surviving CMs (3). No curative remedies are available, leaving heart transplantation as 59 
the only option for patients with severe chronic HF (4). 60 
 61 
In recent years, regenerative therapies have focused on developing human pluripotent stem cell-derived 62 
cardiomyocytes (hPSC-CMs) for the treatment of HF resulting from MI, leading to early clinical trials 63 
(5–8). Previously, we and other groups have demonstrated that hPSC-CMs can remuscularize 64 
experimental infarcts, integrating and beating in synchrony with the host myocardium (9, 10). In 65 
subacute models of MI, these cells directly contribute to contractile function (11) and attenuate adverse 66 
ventricular remodeling and progressive heart failure (12). Enigmatically, despite clear benefits after 67 
acute injury, hPSC-CMs have not been effective in improving the lost contractile function in chronic 68 
MI (13, 14), perhaps because of widespread host cardiomyocyte dysfunction in chronic heart 69 
failure.  Thus, hPSC-CMs require an upgrade to reach their full potential to be cardio-regenerative and 70 
restorative as an effective treatment for established HF.   71 
 72 
We previously demonstrated that dATP, a naturally occurring nucleotide produced by ribonucleotide 73 
reductase (RNR), is a potent allosteric myosin activator with multiple cardiac benefits (15). In viral 74 
gene therapy and transgenic mice models, we have overexpressed RNR to elevate cellular dATP levels 75 
that resulted in 1) stronger, faster contraction and relaxation of cardiomyocytes in vitro (16, 17), 2) 76 
rescue of left ventricular (LV) function in acutely infarcted rat and pig hearts via gene therapy 77 
(although viral transduction in the pig was not sufficiently robust to support clinical development)  (17, 78 
18), and 3) improvement of cardiac aerobic metabolism in a transgenic mouse model (19).  79 
Importantly, we have shown that dATP can spread through the myocardium via gap junctions, thereby 80 
increasing contractility in a non-cell autonomous manner (20). Together, these studies highlight 81 
multiple effects of dATP elevation that contribute to enhanced cardiac function. Hence, we 82 
hypothesized that engineering hPSC-CMs to act as factory cells that produce and deliver dATP to the 83 
native myocardium would improve cardiac function when delivered during chronic MI.   84 
 85 
Results 86 
Generation of genome-edited hPSC-CMs to elevate the cardiac inotrope, dATP. 87 
Our overall strategy was to engineer the hPSC-CMs to produce a sufficient elevation of dATP so that 88 
they engraft and diffuse dATP to the chronic MI heart (Fig. 1A).  89 
  90 
RNR is the key enzyme that regulates the synthesis of deoxynucleotide triphosphates, including dATP. 91 
The enzyme is a hetero tetramer consisting of a large subunit, R1, and one of two small isoform 92 
subunits, R2 or R2b, encoded by RRM1 and RRM2 or RRM2B, respectively.  The large R1 subunit 93 
contains a catalytic site, and the small subunit (R2 or R2b) contains the free radical generator that, 94 
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together with the catalytic site, removes oxygen from the 2’ position of the ribose ring. RRM2 is tightly 95 
regulated by the ubiquitin-proteasome pathway to maintain its activity during the cell cycle but is 96 
down-regulated in non-dividing cell states (21).  This proteasomal degradation poses a challenge to its 97 
stable expression in post-mitotic CMs.     98 
 99 
To alleviate this problem, we designed a double mutant R2 (RNRDM) with mutations at the two critical 100 
recognition sites for ubiquitination and proteolysis (the KEN box at amino acid residues 30-32 and 101 
cyclin-binding domain 49RxL) to stabilize R2 (22, 23).  Using site-directed mutagenesis in RRM2, we 102 
converted the KEN box to AAA and the 49RxL to AxA, both individually and in combination. 103 
Transfection of WT-CMs with equal amounts of plasmids containing different R2 mutants showed that 104 
double R2 mutants gave the highest enzyme levels (Fig. 1B). Thus, we chose the RNRDM construct 105 
with both mutations for maximum R2 stability in hPSC-CMs.  106 
 107 
To express high levels of RNR in hPSC-CMs, we initially tested the strong and constitutively 108 
expressed CAG promoter, then subsequently tested three strong muscle-specific promoters (cTnT, 109 
CK8e, and CK8m; the CK8e and CK8m promoters are derived from the muscle creatine kinase 110 
promoter). hPSC-CMs were transduced with equal amounts of different adeno-associated viral vectors, 111 
serotype-6 (AAV6), carrying each of the three promoters driving RNR or RNRDM expression. The 112 
proteosome inhibitor MG-132 was added to inhibit proteolysis of RNR. R2 expression and dATP/ATP 113 
percentage were highest in cells that received AAV6-CK8m-RNRDM (Fig 1C). Hence, we chose the 114 
CK8m promoter to express RNRDM for the second dATP-donor hPSC cell line.  115 
  116 
Next, we used CRISPR-Cas9 technology to knock either the CAG-RNRDM or the CK8m-RNRDM 117 
cassette into the AAVS1 safe harbor locus of WTC11 hiPSCs (Figs S1, S2, and S3).  Two hiPSC lines 118 
(CAG-RNRDM (clone #7)) and CK8m-RNRDM (clone #15)) were selected that exhibited the highest R1 119 
and R2 protein levels as differentiated CMs (Fig 1D and Fig S2B, C). ATP and dATP assays via 120 
HPLC-MS/MS (24) showed that the CAG-RNRDM- and CK8m-RNRDM-CMs had 4.7- and 26-fold 121 
elevation of dATP levels (dATP/ATP%: 0.28±0.03% and 1.5±0.3%, respectively), compared with WT-122 
CMs (0.059±0.01%) (Fig. 1e). Elevated dATP levels were consistent across multiple sets of 123 
differentiated CAG-RNRDM and CK8m-RNRDM cell lines, thus confirming stable RNR enzyme 124 
activities. 125 
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 126 
Fig. 1. Generation of stable genome edited hiPSC cell lines and resultant dATP elevation. (A) 127 
Strategy to improve cell therapy for chronic myocardial infarction (B) Schematic representation of WT 128 
R2 highlighting recognition sites for ubiquitination and proteolysis and the more stable R2 mutants 129 
produced by site directed mutagenesis. Representative immunoblot (below) showing R1 and R2 levels 130 
in the hPSC-CMs transfected with expression plasmid containing different R2 mutants (N=2) (C) 131 
Promoters cTnT, CK8e and CK8m were screened for R2 expression (immunoblot) and ratio of dATP 132 
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to ATP % levels (bar graph) in the hPSC-CMs transduced with AAV6 vectors carrying different 133 
promoters driving R2 expression (N=1) along with proteasome and calpain inhibitor MG-132.  Each 134 
symbol represents technical replicate (solid circle (CK8e-GFP), open square (cTnT-RNR), solid 135 
squares (CK8e-RNRDM), and solid triangles (CK8m-RNRDM). (D) Representative immunoblot showing 136 
expression of R2 subunit in cardiomyocytes derived from selected CAG and CK8m-RNRDM clone’s vs 137 
WT cells (lanes are rearranged for presentation purposes). (E) Bar graph showing the ratio of dATP to 138 
ATP % in WT-CMs, CAG and CK8m-RNRDM-CMs. Each symbol represents biological replicate (solid 139 
circle (WT), solid inverted triangles (CAG-RNRDM-CMs), solid triangles (CK8m-RNRDM-CMs)). N>3 140 
directed differentiation. All data are presented as mean ± S.E.M. P values were determined using 141 
Kruskal-Wallis test with Dunn’s correction for multiple comparisons (**p<0.01). (Panels A and B were 142 
created with Biorender.com).  143 
 144 
Enhanced cardiac function positively correlates with increased dATP levels. 145 
We next assessed whether the transplantation of CAG-RNRDM- and CK8m-RNRDM-CMs results in 146 
engraftment and elevation of dATP in the host myocardium, subsequently increasing cardiac function. 147 
Naïve athymic rats were injected intramyocardially with either CAG-RNRDM-CMs, CK8m-RNRDM-148 
CMs, or WT-CMs (10x106 cells) in a pro-survival cocktail (PSC).  These were compared with a no-149 
cells (PSC-only) control (Fig 2a). The CAG-RNRDM- and CK8m-RNRDM-CMs preparations employed 150 
for this study had a cardiac purity and R2 co-expression of >80%, as determined by flow cytometry 151 
(fig S3B).   152 
Prior to cell transplantation, baseline echocardiography showed that all groups exhibited similar 153 
fractional shortening (%FS) (41.8±0.6%).  At 4-weeks following transplantation, animals receiving 154 
WT-CMs, or vehicle had a similar %FS (38.6±1.4% and 41.04±2.4%, respectively).  In contrast, %FS 155 
was improved in CAG-RNRDM- and CK8m-RNRDM-CMs recipients from their baseline values (45.8 ± 156 
0.8% and 47.7±0.6%, p<0.01) (Fig. 2B, C, table S1). This was significantly greater than WT-CMs 157 
recipients at 4 weeks post-transplantation (p<0.01, Fig. 2B). The elevation of %FS by CAG-RNRDM-158 
CMs required 4 weeks to achieve statistical significance, whereas the CK8m-RNRDM-CMs hearts had 159 
increased %FS by 1-week and a maximal increase by 2-weeks post-transplant (Fig. 2B, C). Animals 160 
receiving CAG-RNRDM- and CK8m-RNRDM-CMs had comparable heart weights (table S1), heart rates 161 
(table S1), and LV end-diastolic dimensions (LVEDD) at both 2- and 4-weeks post-transplantation 162 
compared to WT-CMs recipients (table S1). This suggests the increase in FS% was due to the inotropic 163 
effect of elevated cardiac dATP independent of ventricular remodeling (Fig. 2D).  Overall, both the 164 
CAG-RNRDM- and CK8m-RNRDM-CMs increased contractility of the uninjured heart, with the higher 165 
dATP-producing CK8m-RNRDM-CMs yielding faster increases.     166 
 167 
To investigate the dynamics of dATP diffusion from cell grafts to host myocardium at 4-weeks post-168 
transplant, we measured dATP levels in different zones of the heart using HPLC-MS/MS (Fig. 2D). 169 
The cardiac apex (site of cell transplantation, fig. S4) had the highest levels of dATP in animals 170 
receiving CK8m-RNRDM-CMs, with progressively lower levels in the border zone and the remote 171 
myocardium (Fig. 2D). In the apex, dATP levels were significantly elevated in CAG-RNRDM- and 172 
CK8m-RNRDM-CMs recipients as compared to vs. WT-CMs (0.11% of ATP levels (p<0.05) vs. 173 
0.41±0.17% (p<0.01) vs. 0.03±0.01%, respectively. There was also a trend toward higher dATP levels 174 
in the border zone and remote myocardium in hearts receiving the CAG-RNRDM- or CK8m-RNRDM-175 
CMs, though values were not statistically different due to fewer animals tested. We found a strong 176 
positive correlation between dATP levels in the apex and cardiac function at 4-weeks post-transplant 177 
for both the CAG-RNRDM- and CK8m-RNRDM-CMs recipient’s hearts (CAG-RNRDM-CMs, R2=0.96, 178 
p=0.1, N=3; CK8m-RNRDM-CMs, R2=0.76, p=0.1, N=4; Fig. 2E). Histology of these hearts showed 179 
successful integration of CAG-RNRDM- and CK8m-RNRDM-CMs grafts with formation of adherens 180 
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and gap junctions between graft and host (fig. S4, S5), consistent with our previous reports for WT-181 
CMs engraftment (25).  182 
  183 
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184 
Fig. 2. dATP- producing cardiomyocyte grafts increase contractility in healthy hearts. (A) Study 185 
timeline (B) Echocardiographic evaluation at baseline, 1 – 4 weeks (wk) post-transplantation (PT) (C) 186 
Δ% Fractional shortening, difference between baseline and 2-, 4- wk PT, N= No-cells (3), WT (6), 187 
CAG -RNRDM-CMs (4), CK8m-RNRDM-CMs (7). (D) dATP to ATP % measured by mass 188 
spectrometry at apex (cell injection sites), border and remote zones at the 4-wk PT endpoint, N= WT 189 
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(3), CAG-RNRDM-CMs (3), CK8m-RNRDM-CMs (4). (E) Scatter plot of %FS at 4-wk PT plotted as a 190 
function of dATP to ATP % measured 4-wk PT in apex. Each symbol represents biological replicate 191 
(solid circle (WT), Solid inverted triangles (CAG-RNRDM-CMs), Solid triangles (CK8m-RNRDM-192 
CMs). All data are presented as mean ± S.E.M. P values for %FS vs. timepoint, D%FS vs. timepoint, 193 
and dATP/ATP% vs zones were determined using repeated measure 2-way ANOVA with Tukey’s 194 
multiple comparison test, *P<0.05, **P<0.01 vs. WT-CMs; #P<0.05, ##P<0.01 vs. No-cells.  (Panel A 195 
and D were created with Biorender.com). 196 
 197 
Transplanted CK8m-RNRDM-CMs improve cardiac function, exercise capacity, and survival in 198 
chronic myocardial infarction.   199 
To test the hypothesis that CK8m-RNRDM-CMs would improve cardiac function in a chronic MI 200 
model (Fig. 3A), the cells were transplanted 1-month after ischemia-reperfusion (I/R) injury. We chose 201 
to use CK8m-RNRDM-CMs due to their superior improvements in LV function in non-infarcted hearts. 202 
Prior to infarction, all groups exhibited normal cardiac function (%FS 44.6±0.3%; Fig. 3C).  At 1-203 
month post-injury, when chronic MI was established, animals were enrolled into 3 groups (N= No-cells 204 
(10), WT-CMs (14), CK8m-RNRDM-CMs (16)), designed to have comparable pre-transplantation %FS. 205 
Accordingly, 1-month post I/R, cardiac function decreased to a similar extent in all animal groups 206 
(average %FS; No-cells: 29.5%±2.5%, WT: 29.2±1.7%, CK8m-RNRDM-CMs: 25.2±1.3%) (Fig. 3C; 207 
table S2). The cell transplantation at 1-month post-I/R and echocardiography scans and interpretations 208 
at baseline (1-month post-I/R) and 1-, 2-, and 3-months post-transplantation were done in a blinded 209 
manner. Ten million CMs of each genotype or vehicle control were injected into the central ischemic 210 
and lateral border zones of the scar. Prior experience led us to expect significant mortality associated 211 
with the chronic MI model (14, 25). Indeed, 40% of the No-cells control group died by the end of the 212 
3-month post-transplantation period. Interestingly, only 1 of the 14 animals from the WT-CMs group 213 
died (7.1%), and none of the 16 animals receiving CK8m-RNRDM-CMs died. Kaplan–Meier curves 214 
showed that the difference in percent survival within the three animal groups is significant (Fig. 3B) 215 
(P<0.01).    216 

From 1- to 3-months post-transplantation, the No-cells recipients continued to have significant 217 
reductions in cardiac function (%FS average: 24.3±2.6, 20.6±1.1 and 18.5±1.1; respectively). 218 
Confirming our previous observations (14), recipients of WT cells showed no %FS benefit when 219 
transplanted at one month post-I/R, and their functional trajectory from 1–to 3-months post-220 
transplantation overlapped with the No-cells group (Fig. 3C, D; fig. S6A). In stark contrast, animals 221 
receiving CK8m-RNRDM-CMs began to recover function by 1-month post-transplant (Fig. 3C, D; fig. 222 
S6A) and at 2- and 3- months exhibited significantly higher %FS than WT-CMs and No-cells groups 223 
(P<0.01). Cardiac function recovery continued to improve at the 3-month post-transplantation endpoint 224 
(Fig. 3D), where %FS in CK8m-RNRDM-CMs recipients averaged 29.7±1.1% vs. 19.5±1.8% in WT-225 
CM and 18.5±1.1% in No-cells controls (P<0.01 CK8m-RNRDM-CMs vs. WT-CMs or No-cells group; 226 
Fig. 3C, D; fig. S6A; table S2).  227 

We also explored the progression of heart failure by examining each animal’s D%FS from baseline 228 
(Fig. 3D). The No-cells and WT-CMs recipients showed similar decreases over the 3-month post-229 
transplantation observation, reaching -10.4±2.6% in No-cells recipients and -10.3±1.9% in WT-CM 230 
recipients.  Strikingly, CK8m-RNRDM-CMs recipients showed significant increases in D%FS at 1-, 2-, 231 
and 3-months post-transplant, averaging +1.9±0.8%, +2.7±0.9%, and +4.5±1.0% relative to the 232 
baseline function (P≤0.01 compared to WT and No-cells recipients; Fig. 3D). Left ventricular end-233 
systolic dimension (LVESD) increased from 1-3-months post-transplantation in both No-cells and WT-234 
CMs recipients, indicating significant systolic dysfunction. In contrast, there was a significant 235 
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reduction in LVESD in the CK8m-RNRDM-CMs recipients (fig. S6B). For left ventricular end-diastolic 236 
dimension (LVEDD), the data trended towards lower LVEDD in CK8m-RNRDM-CMs recipients 237 
(p=0.06 vs. No-cells, p=0.13 vs. WT) (fig. S6C). Together, these data demonstrate that dATP-donor 238 
hiPSC-CM reverse the progression of heart failure in chronically infarcted rats, principally through 239 
benefitting systolic function with a minor trend toward reduced LV remodeling.   240 

Along with depressed cardiac function, chronic HF patients exhibit exercise intolerance, fatigue, and 241 
exertional dyspnea (26). Hence, we evaluated exercise tolerance by assessing voluntary wheel running 242 
over a single 12-hour period (second dark cycle) (27, 28). There was no significant difference between 243 
the No-cells and WT-CMs in wheel activity (Fig. 3E, F G; fig. S6D). However, the recipients of 244 
CK8m-RNRDM-CMs recipients ran 3.04±1.4-fold further than the No-cells group (p<0.05) and trended 245 
(p=0.08) for further running distance compared to the WT-CMs group (Fig. 3E). The enhanced 246 
exercise occurred principally through greater distance run per wheel engagement, with a non-247 
significant trend toward increased wheel engagements (Fig. 3F, 3G, S6D).    248 
  249 
In addition to measuring changes in cardiac function, we also measured heart weight, lung weight, and 250 
plasma BNP levels as markers of chronic HF. The CK8m-RNRDM-CMs recipients had the lowest heart 251 
weights (HW/BW) of any group, indicating a significant sparing of cardiac hypertrophy compared to 252 
the No-cells group (Fig. 3H).  Similarly, the CK8m-RNRDM-CMs group had the lowest lung weights 253 
(LW/BW) (p<0.01) and plasma BNP levels (fig. S7A, B) of any group, indicating reduced pulmonary 254 
congestion/edema and reduced cardiac congestion (p<0.01; Fig. 3I). The WT group also had 255 
significantly lower LW/BW compared to the No-cells controls (p<0.01; Fig. 3I).  Interestingly, 256 
voluntary exercise activity showed a high correlation with LW/BW, %FS, and HW/BW (R2 > 0.7, >0.5, 257 
>0.3 respectively in each group; fig. S7C-E).   258 
  259 
To test whether these functional improvements correlated with the diffusion of dATP from the donor 260 
cells, we measured dATP levels in different zones of the heart at 3-month post-transplantation. Using 261 
mass spectrometry, we confirmed that the highest levels of dATP were in the apical heart sections 262 
(injection site) of animals. Animals injected with CK8m-RNRDM-CMs had the greatest dATP/ATP 263 
contents (Fig. 3J; CK8m-RNRDM-CMs = 0.98±0.24% vs WT-CMs = 0.5±0.07% vs No-cells = 264 
0.22±0.04%). Most importantly, significantly higher dATP/ATP% was also found in the border (2.7-265 
fold and p≤0.05 vs. No-cells) as well as remote myocardium (2-Fold and p≤0.01 vs. No-cells, 1.6-Fold, 266 
and p≤0.01 vs. WT-CMs) in CK8m-RNRDM-CMs recipients (Fig. 3J).      267 
  268 

WITHDRAWN

see manuscript DOI for details

.CC-BY-ND 4.0 International licenseavailable under a 
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 28, 2023. ; https://doi.org/10.1101/2023.04.24.538108doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.24.538108
http://creativecommons.org/licenses/by-nd/4.0/


10 
 

 269 
Fig. 3 CK8m-RNRDM-CMs transplantation improve cardiac function in chronic myocardial 270 
infarction (A) Study design of cell injection in chronic MI model (B) Percent survival (P = 0.0076 271 
using one-sided log-rank test) post transplantation (PT) between the groups. (C) Mean % Fractional 272 
shortening at Pre-I/R, Baseline (BL) 1-month post MI, and 1-3-months (Mo) PT (D) Δ% Fractional 273 
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shortening, difference between %FS at BL and the timepoints. N=No-cells (10), WT-CMs (14), CK8m-274 
RNRDM-CMs (16). (E) Total distance run in the second 12h dark cycle. (F) Wheel counts per 15mins in 275 
the second 12h dark cycle. (G) Distance covered per wheel count in the second 12h dark cycle. N= No-276 
cells (6), WT-CMs (13), CK8m-RNRDM-CMs (16). (H) Heart weight/Body weight (HW/BW) (I) Lung 277 
weight/Body weight (LW/BW) at the 3 months post transplantation. N= No-cells (10), WT (13), 278 
CK8m-RNRDM-CMs (16). (J) dATP to ATP % at apex, border, and remote zones at the 3-Mo PT. N= 279 
No-cells (4), WT-CMs (4), CK8m-RNRDM-CMs (4).  Each symbol represents biological replicate 280 
(open circles (No-cells), solid circle (WT-CMs), Solid triangles (CK8m-RNRDM-CMs)). All data are 281 
presented as mean ± S.E.M. P values for %FS vs. timepoint, Δ %FS vs. timepoint, dATP/ATP% vs. 282 
zones were determined using repeated measure 2-way ANOVA with Tukey’s multiple comparison test. 283 
P value for exercise capacity measurements were determined using 1-way ANOVA with Dunnett’s 284 
correction and with Sidak’s correction (LW/BW).  P values for HW/BW were determined using 285 
Kruskal-Wallis with Dunn’s correction. *P≤0.05, **P≤0.01. (Panel A and J were created 286 
with Biorender.com).   287 
 288 
CK8m-RNRDM-CMs form comparable grafts to WT cells in chronic myocardial infarction.   289 
Histological analysis was used to compare infarct size, graft size and integration, and the consequences 290 
of long-term expression of RNRDM on graft properties. Morphometric measurements at 3-months post- 291 
transplantation showed that all groups had nearly transmural scars with a thin rim of spared 292 
subepicardial myocardium. Scar sizes were similar in all the groups (Fig. 4A, B), indicating 293 
consistency in performing I/R surgical procedures and no effect of the treatment on the scar at 3-294 
months post-transplantation.  Immunostaining against human slow skeletal Troponin I (ssTnI, a 295 
developmental isoform not expressed in the host adult rat myocardium) (Fig. 4A) showed comparable 296 
graft sizes occupying 1.5±0.6% and 1.7±0.5% of the total LV area in WT-CMs and CK8m-RNRDM-297 
CMs recipients, respectively (Fig. 4C). Furthermore, the % area occupied by graft compared with total 298 
scar area was similar for the recipients of WT and CK8m-RNRDM-CMs, respectively (17.1±8.1% and 299 
23.2±8.0%) (Fig. 4D), suggesting similar remuscularization and fibrosis between the groups. Double 300 
immunolabelling for ssTnI and Ki67 (a marker for cell proliferation) showed no differences in the 301 
percentage of Ki67+ cells in either group (Fig. 4E; fig. S8A, B), suggesting no effect of RNR 302 
overexpression on cell proliferation in the grafts. Thus, the quantity and proliferation rates between 303 
transplanted WT-CMs and CK8m-RNRDM-CMs were similar.  304 
 305 
In addition to expressing ssTnI, both WT and CK8m-RNRDM grafts co-expressed the more mature 306 
cardiac TnI (cTnI) isoform (fig. S9A, B) and had almost entirely switched from the expression of 307 
myosin light chain 2a to myosin light chain 2v (fig. S9C, D).  This indicates that the grafts are maturing 308 
at comparable rates. Immunolabelling analysis showed that CK8m-RNRDM-CMs grafts expressed the 309 
cell adhesion molecule, N-cadherin (Fig. 4F, G), between the host and graft interface and formed 310 
effective gap junctions (connexin43+) essential for dATP diffusion (20) between the graft and the host 311 
(Fig. 4H, I). Finally, both WT and CK8m-RNRDM grafts contained vessels that immunolabeled with the 312 
endothelial marker, CD31 (fig. S8C, D).  In summary, histology shows that CK8m-RNRDM-CMs 313 
integrated effectively within chronic scar tissue and formed stable, maturing, and vascularized cardiac 314 
grafts.   315 
 316 
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 317 
Fig. 4 Remuscularization of mature scar by CK8m-RNRDM-CMs (A) Low-magnification 318 
photomicrographs of representative hearts from both groups at 3-months after transplantation. Graft 319 
myocardium expressed ssTnI and scar by Picrosirius red. Bar graph depicting (B) Scar size %LV (C) 320 
Graft area % LV (D) Scar area % LV per group (E) quantification of graft cell expressing proliferation 321 
marker Ki67 at 3 months post transplantation. N= No-cells (3), WT (5), CK8m-RNRDM-CMs (5). Each 322 
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symbol represents biological replicate (open circle (No-cells), solid circle (WT), Solid triangles 323 
(CK8m-RNRDM-CMs)). Representative image of immunofluorescence staining of the N-Cadherin (N-324 
Cad) (white arrows) between graft and host in (F) WT-CMs and (G) CK8m-RNRDM-CMs recipient. 325 
Representative image of immunofluorescence staining of the Connexin 43 (Cx-43) (white arrows) 326 
between graft and host in (H) WT-CMs and (I) CK8m-RNRDM-CMs recipient. All data are presented 327 
as mean ± S.E.M. P value were determined using Student t-test.  328 
  329 
CK8m-RNRDM-CMs shift failing heart metabolism towards aerobic respiration.  330 
Chronically failing hearts face a severe energy deficit to support continual cardiac function (29).  331 
Hence it is important to know if the increased work resulting from CK8m-RNRDM-CMs contributes to 332 
the failing heart’s energy deficit or if it allows for metabolic remodeling toward a more energetically 333 
efficient myocardium.  334 
 335 
To address this question, we performed targeted metabolomic profiling on LV tissue at 3-months post 336 
transplantation by liquid chromatography–mass spectrometry (LC-MS/MS).  Substantial differences 337 
were identified for CK8m-RNRDM-CMs recipient hearts compared to other groups (fig. S10A, B). 338 
There were greater levels in most of the tricarboxylic acid cycle (TCA) intermediates (Fig. 5A) and 339 
lower levels of glycolytic intermediates (Fig. 5B) in CK8m-RNRDM-CMs recipient hearts. In the fatty 340 
acid metabolism pathway, acyl-carnitines and (poly)-unsaturated metabolites such as linolenic acid, 341 
linoleic acid, and arachidonic acid (Fig. 5C) were also greater in CK8m-RNRDM-CMs hearts, 342 
suggesting a higher fatty acid supply and oxidation. These data indicates that CK8m-RNRDM-CMs 343 
recipients’ hearts have an oxidative profile, while both WT-CMs and No-cells recipients were more 344 
dependent on glycolytic metabolism.  We also found higher levels of energetic metabolites (NAD+, 345 
NADH, AMP, and phosphocreatine (pCr)) in the hearts of CK8m-RNRDM-CMs recipients as compared 346 
to the No-cells and WT group (Fig. 5D).    347 
 348 
We next sought to investigate the mechanisms underlying dATP-induced changes in heart metabolism. 349 
To achieve this, we conducted in vitro assays of CK8m-RNRDM-CMs to study the CM-specific effects 350 
of chronic dATP elevation. Targeted metabolomics of the CK8m-RNRDM-CMs showed greater TCA 351 
intermediates such as aconitate, succinate, and a-ketoglutarate as compared to WT-CMs (Fig. 352 
5E), together with slightly increased ATP that would likely improve cellular energetics. CK8m-353 
RNRDM-CMs also had elevated levels of acyl-carnitines, free fatty acids, and intermediate products of 354 
oxidative decomposition of fatty acids compared to WT-CMs, suggesting increased fatty acid 355 
metabolism.  Overall, CK8m-RNRDM-CMs had greater levels of metabolites in oxidative 356 
phosphorylation and energy generation (Fig. 5E). 357 
  358 
We performed bioenergetic flux analysis to study metabolic differences in the living cells used for 359 
transplants. The CK8m-RNRDM-CMs exhibited elevated basal respiration (89.1±8.9 vs. 61.3±7.4 360 
pmoles O2/min/µg protein) (Fig. 5F, G), maximal respiration (175.4±21.5 vs. 86.9±11.3 pmoles 361 
O2/min/µg protein), and spare respiratory capacity (86.2±16.7 vs. 25.6±5.2 pmoles O2/min/µg protein) 362 
compared to WT-CMs (Fig. 5G). To further dissect the underlying mechanisms, we determined 363 
mitochondrial DNA (mtDNA, UUR gene) content normalized to nuclear DNA content (nuDNA, B2M 364 
gene) (Fig. 5H). The CK8m-RNRDM-CMs had 2.1-fold greater mtDNA than WT-CMs (p≤0.05), 365 
indicating a substantial induction of mitochondrial biogenesis. Taken together, these bioenergetic 366 
studies demonstrate that CK8m-RNRDM-CMs have greater oxidative metabolic capacity than WT-CMs.  367 
  368 

WITHDRAWN

see manuscript DOI for details

.CC-BY-ND 4.0 International licenseavailable under a 
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 28, 2023. ; https://doi.org/10.1101/2023.04.24.538108doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.24.538108
http://creativecommons.org/licenses/by-nd/4.0/


14 
 

 369 
Fig. 5 CK8m-RNRDM-CMs therapy induces a dynamic metabolic shift in chronic MI. Relative 370 
difference in selected metabolites detected by targeted metabolomics in hearts at the endpoint of the 371 
Chronic MI study related to (A) TCA cycle, (B) Glycolysis (C) Fatty acid oxidation (D) Energetics. 372 
N=4 animals per group. Each symbol represents biological replicate where open circles (No-cells), 373 
solid circle (WT-CMs), solid triangles (CK8m-RNRDM-CMs)). (E) Heat-map depicting relative 374 
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abundance of selected metabolites in CK8m-RNRDM-CMs vs. WT-CMs, N=4 independent 375 
differentiations/cell line (F) Oxygen consumption rate (OCR) trace in CK8m-RNRDM-CMs vs. WT-376 
CMs. (G) Bar graphs depicting basal, maximal, and spare respiratory capacity. Each symbol represents 377 
technical replicate where solid circle (WT-CMs) and solid triangles (CK8m-RNRDM-CMs)). N=3 378 
independent differentiations/cell line, n=3 technical replicates /differentiation. (H) Mitochondrial 379 
(mtDNA): nuclear DNA (nuDNA) ratios in CK8m-RNRDM-CMs vs. WT-CMs, normalized to WT 380 
ratio, N=4 independent differentiations/cell line. P values (metabolites) were determined using Kruskal 381 
Wallis with Dunn’s correction or one- way ANOVA with Sidak’s multiple comparisons, *P<0.05, 382 
**P<0.01. P values (cellular energetics and mitochondrial content) were determined by Student t test, 383 
*P<0.05, **P<0.01. All data are presented as mean ± S.E.M. (Panel A and E were created 384 
with Biorender.com).   385 
 386 
Discussion 387 
 388 
The application of hPSC-CM-based cell therapy for Chronic MI has been challenging, mainly due to 389 
the profound dysfunction of residual host cardiomyocytes, the inability to resorb or remodel matured 390 
scar, inefficient energetics, and insufficient remuscularization. Our goal was to improve regenerative 391 
strategies by genome-editing hPSC to make dATP-donor cells that can perform dual functions of 392 
replacing damaged myocardium while delivering dATP to the native myocardium to boost contractility 393 
in dysfunctional host cardiomyocytes (20)(18). Our results indicate that dATP donor CMs (CK8m-394 
RNRDM-CMs) can remuscularize and persistently improve the function of the chronically injured heart 395 
in ways that enhance exercise behavior and reduce mortality. 396 
 397 
Our initial concern that activating myosin throughout the failing heart might worsen the heart’s energy 398 
imbalance proved unfounded.  Instead, donor cells shifted their recipient heart’s metabolism from 399 
glycolysis to oxidative phosphorylation and improved energy balance, whereas the No-cells and WT-400 
CMs recipients exhibited a more glycolytic profile, characteristic of HF. Earlier, our biochemical and 401 
molecular modeling studies (30)(31) have shown that dATP induces structural and mechanical changes 402 
in cardiac muscle myosin which can improve CM energetics (32). Moreover, sustained elevated 403 
cellular and mitochondrial dATP have beneficial effects such as remodeling of cellular metabolic 404 
pathways and mitochondria in the heart (19). Thus, the dATP donor cells are uniquely robust toward 405 
improving cardiac function as well as physiological function at the organismal level.  406 
 407 
Interventions to increase the contractility of the failing heart have been sought for decades. This has 408 
challenged drug developers due to the increased lethal arrhythmias associated with agents that elevate 409 
intracellular Ca2+ levels in cardiomyocytes (33). Our novel strategy of cell therapy-mediated, cardiac-410 
specific elevation of dATP targets cardiac myosin directly without increasing Ca2+ levels (34), 411 
bypassing this arrhythmogenic trigger. In support of this idea, the small molecule myosin activator, 412 
Omecamtiv mecarbil, recently was shown to reduce hospitalizations in patients with chronic heart 413 
failure while having no adverse effect on mortality (35). The allosteric activation of cardiac myosins by 414 
dATP is widely conserved across species (17, 18, 34). Importantly, we previously showed that dATP 415 
augments contractility in permeabilized myocardial strips from failing human hearts (36), supporting 416 
the hypothesis that dATP donor cells would improve function in patients with HF.  While substantial 417 
recent progress has been made in reducing the arrhythmias associated with hPSC-CM therapy (37, 38), 418 
remaining challenges to hPSC-CM therapy include immunogenicity of allogeneic cells, scaled 419 
manufacturing, delivery to the heart, and absence of tumor formation in a longer-term follow-up. 420 
Further studies may provide information on the optimization of dose, delivery, efficacy, and safety. 421 
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Overall, therapeutic applications of these dATP donor cell lines can be envisioned beyond ischemic 422 
heart disease, e.g., dilated cardiomyopathy, thereby benefiting the greater chronic HF population with 423 
reduced function.  424 
 425 
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