
Protein Phosphatase Inhibitor-1 Gene Therapy in a Swine Model 
of Nonischemic Heart Failure

Shin Watanabe, MD, PhDa, Kiyotake Ishikawa, MDa, Kenneth Fish, PhDa, Jae Gyun Oh, 
PhDa, Lukas J. Motloch, MDa, Erik Kohlbrenner, BSa, Philyoung Lee, PhDa, Chaoqin Xie, 
PhDa, Ahyoung Lee, PhDa, Lifan Liang, MDa, Changwon Kho, PhDa, Lauren Leonardson, 
LVTa, Maritza McIntyre, PhDb, Scott Wilson, LATc, R. Jude Samulski, PhDd, Evangelia 
Kranias, PhDe, Thomas Weber, PhDa, Fadi G. Akar, PhDa, and Roger J. Hajjar, MDa

aCardiovascular Research Center, Icahn School of Medicine at Mount Sinai, New York, New York

bASKBIO, Chapel Hill, North Carolina

cMPI Research Inc, Mattawan, Michigan

dDepartment of Pharmacology, University of North Carolina, Chapel Hill, North Carolina

eDepartment of Pharmacology & Cell Biophysics, University of Cincinnati, Cincinnati, Ohio

Abstract

BACKGROUND—Increased protein phosphatase-1 (PP1) in heart failure (HF) induces molecular 

changes deleterious to the cardiac cell. Inhibiting PP1 through the overexpression of a 

constitutively active inhibitor-1 (I-1c) has been shown to reverse cardiac dysfunction in a model of 

ischemic HF.

OBJECTIVES—We sought to determine the therapeutic efficacy of a re-engineered adeno-

associated viral vector carrying I-1c (BNP116.I-1c) in a preclinical model of nonischemic HF, and 

to assess thoroughly the safety of BNP116.I-1c gene therapy.

METHODS—Volume-overload HF was created in Yorkshire swine by inducing severe mitral 

regurgitation (MR). One month after MR induction, pigs were randomized to intracoronary 

delivery of either BNP116.I-1c (n = 6) or saline (n = 7). Therapeutic efficacy and safety were 

evaluated 2 months after gene delivery. Additionally, 24 naïve pigs received different doses of 

BNP116.I-1c for safety evaluation.

RESULTS—At 1 month after MR induction, pigs developed HF as evidenced by increased left 

ventricular (LV) end-diastolic pressure and LV volume indexes. Treatment with BNP116.I-1c 

resulted in improved LV ejection fraction (−5.9 ± 4.2% vs. 5.5 ± 4.0%; p < 0.001) and adjusted 
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dP/dt maximum (−3.39 ± 2.44 s-1 vs. 1.30 ± 2.39s-1; p = 0.007). Moreover, BNP116.I-1c-treated 

pigs also exhibited a significant increase in left atrial (LA) ejection fraction at 2 months after gene 

delivery (−4.3 ± 3.1% vs. 7.5 ± 3.1%; p = 0.02). In vitro I-1c gene transfer in isolated LA 

myocytes from both pigs and rats exhibited increased calcium transient amplitude, consistent with 

its positive impact on LA contraction. We found no evidence of adverse electrical remodeling, 

arrhythmogenicity, activation of a cellular immune response, or off-target organ damage by 

BNP116.I-1c gene therapy in pigs.

CONCLUSIONS—Intracoronary delivery of BNP116.I-1c was safe and improved contractility of 

the left ventricle and atrium in a large animal model of nonischemic HF.

Keywords

chimeric adeno-associated virus; contractility; intracoronary gene therapy; inhibitor-1; mitral 
regurgitation

Despite advances in medical care of chronic cardiovascular disorders, the 5-year mortality 

rate of patients with heart failure (HF) remains unacceptably high (1). Novel therapeutic 

approaches, such as gene therapy and cell therapy, hold the promise of complementing if not 

replacing existing therapies for HF (2).

Abnormal calcium handling plays a central role in the pathophysiology of the failing heart 

(3,4). The key drivers of cardiomyocyte calcium handling are the sarcoplasmic reticulum 

Ca2+ ATPase (SERCA2a) together with phospholamban (PLN). Together, they play a pivotal 

role in mediating intracellular calcium homeostasis. Decreased SERCA2a expression and 

activity are strongly associated with HF (5). Inhibitor-1 (I-1), which decreases the activity of 

protein phosphatase 1 (PP1), is one of the upstream regulators of the SERCA2a-PLN 

complex and linked to the β-adrenoceptor system (6). Upon protein kinase A 

phosphorylation, I-1 activation enhances SERCA2a activity by increasing phosphorylation 

of its endogenous inhibitor PLN (7). It has been shown that, in failing hearts, I-1 messenger 

ribonucleic acid (mRNA), protein, and phosphorylation levels are reduced by 50%, 60%, 

and 80%, respectively (8). Accordingly, gene transfer of constitutively active I-1 (I-1c) was 

proposed as an HF therapy to augment PLN phosphorylation and SERCA2a activity and to 

increase cardiac contractility. Indeed, promising beneficial effects in alleviating HF have 

been shown in experimental small animal studies (9–11). To translate this approach to the 

clinic, we previously examined I-1c gene transfer in pigs using 2 different viral vectors: 1) 

adeno-associated virus (AAV) type 9 (12); and 2) BNP116, which is a chimeric vector of 

AAV-2 and 8 that has strong muscle tropism (13). In our studies, we demonstrated that I-1c 

gene transfer improved left ventricular (LV) function in pigs with ischemic HF secondary to 

myocardial infarction. The efficacy and safety of this approach in nonischemic HF, however, 

remain unknown. Around 30% to 40% of HF with reduced ejection fraction (EF) is reported 

to be of a nonischemic origin (14) and prior reports have shown that ischemic and 

nonischemic HF exhibit different profiles of calcium handling abnormalities (15,16).

To eventually apply BNP116.I-1c gene therapy to a clinical HF population composed of 

diverse etiologies, in this study we aimed to: 1) determine if BNP116.I-1c gene therapy is 
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also effective in nonischemic HF; and 2) thoroughly examine the safety of BNP116.I-1c 

gene therapy.

METHODS

ANIMAL PROCEDURES AND STUDY PROTOCOL

This study was composed of 2 independent experiments that addressed the efficacy, safety, 

and bio-distribution of our gene therapy approach. Efficacy-safety experiments were 

conducted in HF pigs at the Icahn School of Medicine at Mount Sinai (Figure 1) and the 

safety-biodistribution study was conducted in naïve pigs at MPI Research Inc (Figure 2). 

The animal protocols complied with the National Institutes of Health Guide for the Care and 

Use of Laboratory Animals and standards of United States regulatory agencies. They were 

approved by the Institutional Animal Care and Use Committee of the Icahn School of 

Medicine at Mount Sinai and MPI Research Inc.

For the efficacy-safety study, nonischemic HF was induced by creating mitral regurgitation 

(MR) in female Yorkshire pigs (18 to 22 kg) as previously described (17), except for using a 

transseptal approach in this study. Cardiac performance was evaluated at 1 month after MR 

induction and the pigs received either BNP116.I-1c (1 × 1014 vector genomes [vg]) or the 

equivalent volume of saline through the coronary arteries (18). The titer of neutralizing 

antibodies in the sera before MR induction was used as a primary selection criterion for 

assigning treatment groups, since high neutralizing antibodies have been shown to reduce 

the gene transduction efficacy (19). The cutoff value of neutralizing antibodies for inclusion 

in the BNP116.I-1c treatment arm was set to 1:16, based on the initial screening and 

previous data (13). Thus, animals with high neutralizing antibody titers were assigned to the 

control group, whereas animals with titer ≤1:4 were assigned to the treatment group (Figure 

1, Online Figure 1). When animals had a neutralizing antibody titer between 1:4 and 1:16, 

we applied a stratified randomization approach guided by the severity of MR as assessed by 

echocardiography. Two months after injection (3 months after MR creation), cardiac 

performance was re-evaluated to determine gene transfer efficacy. Pigs were subsequently 

euthanized and tissue samples were collected for histology and molecular analyses. Based 

on the expected I-1c effect on cardiac contractility and our previous findings (12,13), we 

defined the change in LV-adjusted rate of rise of pressure (dP/dt) maximum as the primary 

efficacy endpoint. Secondary efficacy endpoints included changes in echocardiographic 

volumetric and functional parameters of the LV and the left atrium (LA), pressure catheter-

derived LV systolic and diastolic parameters, and PLN phosphorylation levels in the 

postmortem tissue analysis. Study sample size (n = 6 per group) was determined by using an 

alpha value of 0.05, a power of 80% to detect a 4s−1 difference in adjusted dP/dt maximum 

change with the expected 2.2% SD with 1 control per treatment animal. Scheme of this 

experimental protocol is shown in Figure 1.

In the safety-biodistribution study, healthy Yorkshire crossbred swine (27 to 37 kg) were 

subjected to the vector injection and its impact on cardiac function, arrhythmogenicity, blood 

chemistry, immune response, and biodistribution were examined at different time points 

after gene delivery (Figure 2). Three treatment groups of 2 male and 2 female pigs 

underwent the same intracoronary infusion procedure as the HF experiment. The 
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experimental groups comprised a control plus 2 doses: saline; 1 × 1013 vg; or 1 × 1014 vg. 

Animals were sacrificed at 5, 30, or 90 days after vector delivery, making a total of 9 groups. 

Complete methods and protocols for both efficacy-safety study in HF pigs and safety-

biodistribution study in naïve pigs are provided in the Online Appendix.

STATISTICAL ANALYSIS

Data are expressed as mean ± SD or median and interquartile range (IQR). The Shapiro-

Wilk normality test was conducted to check the normality of the distribution. The unpaired 

Student t test was used to compare differences between 2 groups, and the Mann-Whitney U 
test was used where appropriate. Comparisons between 2 time points were performed by 

paired Student t test, whereas group differences between the time points were performed 

using repeated-measures analysis of variance (ANOVA). Fisher exact test was used to 

compare the 2 categorical variables between the groups. A p value < 0.05 was considered 

statistically significant.

RESULTS

Fourteen of 27 pigs that underwent the MR induction procedure survived to 1 month (52% 

survival), reflecting the severity of the HF phenotype in this model, as reported previously 

(17). One pig with only mild MR at 1 month was excluded from the study. At this point in 

time, pigs had chronic congestive HF, as evidenced by increased LV end-diastolic pressure 

and LV dilation (Online Table 1). These 13 pigs were assigned to receive either 

BNP116.I-1c (1.0 × 1014 vg; n = 6) or saline (control group; n = 7) (Figure 1). We employed 

a stratified randomization procedure that was guided by the severity of MR to reduce 

baseline differences between the groups; however, the titers of neutralizing antibodies 

(Online Figure 1) precluded a completely balanced stratified randomization and the pigs in 

the BNP116.I-1c group tended to be sicker despite any significant differences between the 

groups (as described previously in Methods and Figure 1). One pig in the saline group died 1 

week after gene delivery. This pig’s post-mortem examination revealed a large amount of 

plural and pericardial effusion, suggesting that the cause of death was cardiac pump failure 

rather than the delivery procedure per se.

IMPACT OF INTRACORONARY BNP116.I-1C THERAPY

To determine the impact of BNP116.I-1c gene therapy on LV function in nonischemic HF, 

we evaluated cardiac function, volumes, and MR severity using a high-fidelity pressure-

volume catheter, right heart catheterization, and echocardiography. Prior to gene transfer, 

functional and volumetric parameters were not significantly different between the 

BNP116.I-1c and control (saline injected) groups (Table 1). Exclusion of the control pig that 

died prematurely did not result in significant differences in baseline characteristics between 

the 2 groups, except for greater LV end-diastolic pressure in the BNP116.I-1c group (Online 

Table 2). The effective regurgitant orifice area (EROA), an established surrogate measure to 

assess MR severity, was measured echocardiographically by the proximal isovelocity surface 

area method (20). There was no difference in EROA between baseline and follow-up in 

either group (Figure 3). LVEF improved significantly in pigs treated with BNP116.I-1c by 

an average of +5.5% (p = 0.02), whereas it decreased by −5.8% (p = 0.02) in the control 
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group (p = 0.001 for time × group interaction by repeated measures ANOVA) (Figure 3, 

Online Figure 2, Online Table 3). The control group exhibited a strong trend towards 

increased LV end-systolic volume index over the course of the study (+5.3 ml/m2; p = 0.06, 

before vs. 2 months after saline delivery). In contrast, I-1c-treated pigs exhibited a stable LV 

end-systolic volume index over the same time-course (−1.8 ml/m2; p = 0.55, before vs. 2 

months after gene therapy) (p = 0.08 for time × group interaction by repeated measures 

ANOVA) (Figure 3, Online Figure 2, Online Table 3). Significant differences were 

documented between the saline and BNP116.I-1c groups for changes in LV dP/dt maximum 

(p = 0.006), and adjusted LV dP/dt maximum (p = 0.007) (Figure 3) consistent with findings 

in the previous studies in pigs (13,17). Pressure-volume loop-derived LV stroke work at 2 

months after gene therapy was higher in the BNP116.I-1c group than the saline-treated 

controls (6.9 ± 1.0 mm Hg × 1 vs. 5.2 ± 1.6 mm Hg × 1; p = 0.04) (Figure 3). In contrast to 

significant improvement in LV contractility after BNP116.I-1c gene therapy, changes in 

cardiac lucitropy, as evaluated by dP/dt minimum and tau, were not different between the 

groups (Figure 3, Online Table 3). Similarly, change in LV end-diastolic pressure was 

similar between the groups. There was no difference in the heart weight between the groups 

after gene therapy (saline 204 ± 27 g vs. BNP116.I-1c 218 ± 44 g; p = 0.51).

We then examined the cardiac tissues to evaluate if improved LV systolic function was 

associated with expected molecular changes after I-1c gene transfer. LV tissue samples from 

BNP116.I-1c-treated animals presented an average of 2.1 ± 1.9 × 104 copies of I-1c mRNA 

per μg RNA (Figure 4). As previously reported, I-1c protein detection by Western blot in 

cardiac tissue remained challenging (21) (Online Figure 3); thus, we examined PLN 

phosphorylation in these tissue samples by Western blot as a surrogate marker of I-1c 

expression. The analyses revealed a significant decrease in the ratio of phosphorylated PLN 

to total PLN in the saline group relative to the BNP116.I-1c-treated heart with some 

interanimal variability, possibly due to the severity of HF induced by chronic MR. 

Meanwhile, the relative protein expression of SERCA2a was not different between the 

groups (Figure 4). Interestingly, there was a significant correlation between the 

phosphorylated-to-total PLN ratio and the adjusted dP/dt maximum at the final time point (R 

= 0.65; p = 0.02) (Figure 4).

IMPACT OF BNP116.I-1C THERAPY ON THE LA

The LA is under continuous exposure to increased volume and pressure load from 

regurgitant flow in the heart with MR, an effect that promotes atrial remodeling leading to 

atrial fibrillation. To examine the impact of MR and I-1c gene therapy on the LA, we 

examined the changes in LA function and remodeling using 3-dimensional (3D) 

echocardiography (Figure 5). Maximum and minimum LA volumes were not different 

between the groups at 2 months after gene therapy (maximum LA volume index: 50.5 ± 14.6 

ml/m2 vs. 70.8 ± 37.4 ml/m2; p = 0.24; minimum LA volume index: 24.4 ± 6.0 ml/m2 vs. 

31.9 ± 24.4 ml/m2; p = 0.48; saline vs BNP116.I-1c, respectively), and there was a linear 

relationship between EROA and maximum LA volume (R = 0.62; p = 0.03). Because mitral 

valve opening and LV filling precedes onset of LA contraction, the LA has 2 phases of 

systole. From the mitral valve opening to the LA contraction is the passive emptying phase; 

the start of the LA contraction to the mitral valve closing is the active emptying phase. These 
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emptying functions can be calculated as passive LA-EF and active LA-EF respectively, 

while the sum of the 2 is the total LA-EF (see Online Appendix for detailed methods). 

Changes in total and active LA-EF from before to 2 months after gene therapy were 

significantly improved in the BNP116.I-1c group compared to controls, suggesting an 

improvement of LA contraction with I-1c gene transfer. (Figure 5, Online Figure 4). To 

determine if improved LA-EF was due to a direct gene therapy effect on LA myocytes or an 

indirect effect from improved LV function, we isolated LA myocytes from rats and pigs and 

examined the impact of I-1c gene transfer on calcium transients in vitro. I-1c gene transfer 

resulted in increased calcium transient amplitudes in LA myocytes from both rats and pigs, 

supporting the direct effect of I-1c gene transfer on the LA (Figure 5). In the LA of pigs 

treated with BNP116.I-1c, I-1c mRNA was also expressed, albeit to a lower level compared 

to the LV (Online Figure 5). In examining PLN phosphorylation status, where there was 

higher variability among the samples, we found no significant difference between the 

groups, although there was a tendency for an increase in the phosphorylated-to-total PLN 

ratio in the BNP116.I-1c group (Online Figure 5). The large variability may be due to 

sampling, because the MR jet was directly hitting the LA posterior wall in some pigs, which 

was the location from which we collected tissue. Interestingly, the ratios of total PLN against 

SERCA2a or glyceraldehyde-3-phosphate dehydrogenase were generally lower in the LA 

compared to the LV, indicating that a smaller fraction of SERCA2a is inhibited by PLN in 

the LA of pig hearts (Online Figure 6), possibly reducing the potential impact of I-1c 

expression in LA myocytes.

I-1c GENE TRANSFER AND CARDIAC ARRHYTHMIAS

To translate I-1c gene therapy to the clinic, its side effects must be minimal. Augmenting 

cardiac contractility has the potential of increasing the incidence of malignant arrhythmias, a 

major drawback for β-agonists. To evaluate whether I-1c gene transfer is associated with 

increased arrhythmogenicity, we conducted a programmed electrical stimulation study in the 

pigs at 2 months after gene therapy. None of the pigs developed ventricular arrhythmias 

(Figure 6) in contrast to the high inducibility in pigs with ischemic HF (~80%) (data not 

shown). We also performed rapid right atrial pacing to assess susceptibility to atrial 

arrhythmias and found a trend towards lower atrial arrhythmia propensity in HF pigs treated 

with BNP116.I-1c compared to controls. To examine further the impact of BNP116.I-1c 

gene transfer on LV arrhythmogenicity, we used an established ex vivo optical mapping 

technique (22) to examine detailed electrophysiological properties of the LV tissues. None of 

the tissues exhibited onset of ventricular tachycardia or fibrillation upon highfrequency 

stimulation. Moreover, BNP116.I-1c gene therapy did not alter key electrophysiological 

properties, including transmural conduction velocity, action potential duration (APD), and 

APD heterogeneity at basal or rapid rates (Figure 6).

SAFETY-BIODISTRIBUTION STUDY IN NORMAL PIGS

To further establish cardiac BNP116.I-1c gene therapy safety, we delivered BNP116.I-1c 

into naïve pigs at 1.0 × 1013 to 1014 vg per animal and examined acute and chronic impacts 

of vector delivery (Figure 2). No apparent changes in cardiac function were noted, and no 

events attributable to fatal arrhythmias were documented after vector delivery (Online Figure 

7, Online Tables 4 and 5). The number of vector genomes in the major organs was 
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determined in these pigs. The results indicated that the vector was cleared from the blood 

within 5 days after the injection (Online Figure 8, Online Table 6). Cardiac samples, 

including the coronary arteries, retained the vg copies up to 90 days after vector delivery 

with 30 to 150 times higher amounts in 1.0 × 1014 vg treated animals compared to those 

receiving 1.0 × 10 vg. Detailed blood chemistry revealed no changes that would suggest off-

target effects (Online Table 7). As expected, the titer of neutralizing antibody against 

BNP116 was increased post-vector delivery (Online Figure 9).

SAFETY OF INTRACORONARY DELIVERY OF HIGH-DOSE BNP116.I-1c

One concern using a high dose of viral vectors is invoking a cellular immune response (23). 

After the delivery of 1.0 × 1014 vg per animal, we evaluated the tissue for the presence of an 

immune response at a relatively high dose compared to the previous studies in animals and 

humans (12–13,17,24). LV samples were stained by anti-CD3 antibody to evaluate the 

presence of T-cell immune response against BNP116.I-1c, which was negative in both the 

efficacy-safety and safety-biodistribution studies (Online Figure 10). Additionally, we found 

no pathological histology changes in off-target organs including liver, kidney, and lung in the 

BNP116.I-1c-treated pigs (Online Figure 10).

DISCUSSION

The main finding of the present study was that intracoronary delivery of BNP116.I-1c at a 

dose of 1.0 × 1014 vg was safe and improved LV systolic function in a large animal model of 

nonischemic HF (Central Illustration). Furthermore, LA function – which is impaired by 

mitral regurgitation – was improved in the BNP116.I-1c-treated pigs, likely due to a direct 

effect on atrial myocytes. Importantly, these effects were not associated with atrial or 

ventricular arrhythmogenicity, which are major concerns for inotropic therapies in HF. 

Together with previously reported efficacy of BNP116.I-1c in an ischemic HF pig model 

(13), our results supported testing of this novel therapeutic approach in clinical trials for 

patients with ischemic and nonischemic HF.

Mechanistically, the increased PLN phosphorylation in the LV myocardium after I-1c gene 

transfer, together with its correlation to adjusted dP/dt maximum, suggested that I-1c gene 

transfer improves cardiac contractility through increased SERCA2a activity. Beyond its 

impact on the LV, we also demonstrated improved LA contractility in vitro using adenoviral 

gene transfer and in vivo using 3D echocardiography. Previous studies have focused on LV 

function with minimal attention to potential changes in LA function. In HF, the LA plays an 

important role in maintaining cardiac output and its contribution to cardiac output becomes 

larger than in nonfailing hearts (25). There is also growing evidence that LA dysfunction can 

actively contribute to HF symptoms and disease progression (25,26). More importantly, MR 

is a major risk factor for atrial fibrillation, the most common sustained arrhythmia 

encountered in clinical practice, and a major cause of stroke and HF. Therefore, improving 

both LA and LV function might more positively impact HF and prevent its progression.

Increased probability of arrhythmias is a common concern for any therapy that augments 

cardiomyocyte contractility. To determine if I-1c gene transfer is proarrhythmic, we 

conducted in vivo and ex vivo programmed electrical stimulation protocols. We also 
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examined the electrophysiological substrate in ex vivo perfused porcine preparations using 

high-resolution optical action potential mapping to determine the effects of I-1c gene 

therapy on key electrophysiological parameters and whether they are mechanistically linked 

to arrhythmias in nonischemic HF. In pigs with MR-induced HF, I-1c gene transfer did not 

promote programmed stimulation induced ventricular arrhythmias. Moreover, I-1c gene 

therapy did not alter key conduction or repolarization properties. Finally, I-1c gene therapy 

caused a clear trend towards reduced susceptibility to pacing-induced AF in vivo.

Reduced expression of SERCA2a has been consistently reported in human and experimental 

models of HF (3). Accordingly, cardiac gene therapy was proposed to correct this condition 

in recent clinical trials using AAV1, such as in the CUPID (Calcium Upregulation by 

Percutaneous Administration of Gene Therapy in Patients With Cardiac Disease) trial. 

Despite promising efficacy demonstrated in a phase I/IIa study (24), the most recent phase 

IIb trial failed to reduce clinical events associated with HF (27). Post-trial analysis revealed 

that at an AAV1.SERCA2a dose of 1.0 × 10 vg, very low levels of viral genome were 

detected in the heart at the time of cardiac transplantation or ventricular assist device 

placement (27). Thus, there seemed to be a challenge in effectively transducing the human 

heart with the tools used in the CUPID trial.

Several strategies are proposed to increase transgene efficacy (28); the practical ones are: 1) 

using a different vector with a better cardiac tropism; 2) increasing the dose; and 3) 

modifying the vector delivery method. In the current study, we addressed the first 2 

strategies to improve the transduction efficacy from that of CUPID. First, BNP116 is a 

synthetic AAV vector generated by site-directed mutagenesis on the heparan sulfate receptor 

footprint (29). In a mouse study, this chimeric vector of AAV2 and 8 demonstrated 

significant muscle tropism including the heart and reduced transduction of the liver (29). 

Second, we employed a vector dose of 1.0 × 1014 vg, which is 10 times higher than that used 

in CUPID IIb and previous preclinical studies (13,27). While achieving 30 to 150 times 

more vector genome retention at 90 days compared to the 1.0 × 1013 vg, we did not find any 

evidence of T-cell infiltration in the cardiac tissue and no apparent immune reaction has been 

detected in the histology, addressing potential concerns of cellular immune reaction at higher 

doses. Meanwhile, the third approach, the gene delivery method, was not altered from 

previous method (27) and we used a slow antegrade intracoronary delivery method. 

Although this approach has been reported to result in lower transduction efficacy compared 

to more invasive approaches (30), the procedure is simple, requires little time, and is feasible 

for most interventional cardiologists, all important aspects to ascertain safety of gene 

delivery to the heart. Importantly, the LA can be targeted with this approach as the vectors 

are also perfused into the LA branch of the coronary artery, in contrast to other methods, 

such as direct intramyocardial injection and retrograde coronary sinus injection.

The amount of mRNA detected in the pig heart was, on average, approximately 1% of 

endogenously expressed I-1. This accounted for a rough estimate of 0.24 to 1.7 I-1c mRNA 

per cardiomyocytes (see Online Appendix for calculation). Although very small, this seemed 

to be sufficient to increase the phosphorylation levels of PLN and improve cardiac function, 

likely due to the altered properties of I-1c compared to I-1. I-1c is a truncated form of I-1 

with an amino acid substitution, resulting in its ability to maintain constitutive activity. It 
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may also increase the stability of the protein from degradation. Thus far, the difficulty in 

detecting I-1c expression by western blot in cardiac cells (Online Figure 3) prevented us 

from testing this hypothesis.

To examine the safety of this new therapeutic approach, we thoroughly evaluated the 

potential negative impact of BNP116.I-1c therapy in HF pigs and determined the potential 

toxicity of high-dose vector delivery in normal pigs. None of the pigs presented with clear 

evidence of fatal arrhythmias as assessed by implantable loop recorders. Electrocardiograms 

did not show apparent changes after gene transfer in normal pigs; also, there was no 

detrimental effect on cardiac function in naïve pigs after BNP116.I-1c treatment. 

Additionally, detailed examination of off-target major organs, including brain, liver, lung, 

kidney, and more, exhibited no clear abnormalities of histology or blood chemistry. These 

results ensured the safety of the vectors for clinical examination.

CLINICAL IMPLICATIONS

Despite the high prevalence of nonischemic HF (14), therapies targeting this population are 

very limited. Cardiac resynchronization therapy is one of the few effective approaches for 

treating nonischemic HF and improving LVEF, which is correlated with the improved 

prognosis (31). Unfortunately, however, not all patients are candidates for this therapy. 

Meanwhile, recent clinical study using biopsy samples from nonischemic HF patients 

demonstrated that patients who exhibited improved LVEF after β-blocker therapy had 

significant increase in calcium cycling-related genes (32), suggesting targeting calcium 

cycling in nonischemic HF is a rational approach. Considering that remaining 

cardiomyocytes in nonischemic HF patients are likely more than patients with ischemic 

etiology, targeting dysfunctional myocytes and improving their function through gene 

therapy may provide new opportunities for this patient population.

STUDY LIMITATIONS

Due to the small sample size and limited study length, this study might have been 

underpowered to demonstrate the differences in some parameters, such as LV remodeling. 

However, we have demonstrated improved contractility consistent with previous studies, 

supporting the beneficial impact of BNP116.I-1c for treating HF. It is expected that it would 

require twice the size of the study (13 pigs per arm) to detect a difference in LV endsystolic 

volume index, a marker of cardiac remodeling, using an alpha value of 0.05, a power of 80% 

with differences found in the current study. Nonischemic HF was induced by MR and LVEF 

was preserved in treated pigs. Whether our result is applicable to other types or more 

advanced forms of nonischemic HF remains to be studied. In the meantime, MR is a 

common presentation in both ischemic and nonischemic HF without an effective therapy 

other than surgery. Of note, MR is considered one of the major contributors of HF 

progression (33), and borderline LVEF in nonischemic MR already implies overt HF (34). 

Finally, the endpoints of our study were set as a change in contractility parameters and not in 

clinical outcomes. Therefore, the impact of BNP116.I-1c on HF prognosis and quality of life 

in patients needs to be examined in future studies.
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CONCLUSIONS

Our findings indicated that gene therapy using BNP116.I-1c with a dose of 1.0 × 1014 vg 

through the coronary arteries was safe and improved LV and LA contractility in a clinically 

relevant animal model of nonischemic HF. In addition to the HF study, dose-escalation 

experiments in naïve pigs established the safety of this vector without any evidence of 

increased arrhythmias and immune responses in the heart. Together with previously reported 

efficacy of this gene therapy approach in an ischemic HF swine model, our results support 

initiation of clinical trials to test this therapeutic approach to improve HF human patients.
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Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This study was supported by NIH P50 HL112324, R01 HL119046, R01 HL117505, R01HL128099, R01 
HL129814, R01HL131404, & R43HL108581 (R. J. H.), HL26057, & HL64018 (E.G. K) and a Transatlantic 
Leducq Foundation grant. We would like to acknowledge the Gene Therapy Resource Program (GTRP) of the 
National Heart, Lung, and Blood Institute, National Institutes of Health for providing some of the gene vectors used 
in this study. K.I is supported by a grant from American Heart Association 17SDG33410873.

ABBREVIATIONS AND ACRONYMS

AAV adeno-associated virus

EF ejection fraction

HF heart failure

I-1 inhibitor-1

I-1c constitutively active inhibitor-1

LA left atrial

LV left ventricular

MR mitral regurgitation

PLN phospholamban

SERCA2a sarcoplasmic reticulum Ca2+ ATPase

vg vector genome
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Perspectives

COMPETENCY IN MEDICAL KNOWLEDGE

Gene therapy with BNP116.1-1c improved cardiac function in an animal model of 

nonischemic heart failure.

TRANSLATIONAL OUTLOOK IMPLICATIONS

Clinical studies of BNP116.I-1c gene therapy are needed to assess its impact on cardiac 

function and outcomes in patients with heart failure.
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CONDENSED ABSTRACT

Intracoronary gene therapy of constitutively active inhibitor-1 (I-1c) using a novel 

cardiotropic gene delivery vector, BNP116, improved left ventricular and left atrial 

contractility in a pig model of nonischemic heart failure induced by mitral regurgitation. 

Safety of this new therapeutic approach was thoroughly evaluated in naïve pigs and we 

found no evidence of adverse side effects including arrhythmogenicity and off-target 

pathological changes. These data prompt examination of BNP116.I-1c therapy in heart 

failure patients.
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FIGURE 1. Design of Efficacy-safety Study and MR Model
(A) Per the experimental protocol for the efficacy-safety study, cardiac performance was 

evaluated 1 month after mitral regurgitation (MR) induction of heart failure (HF) and the 

pigs were assigned to receive either BNP116.I-1c (BNP) or saline injection. Evaluation of 

function, hemodynamics, and arrhythmogenicity occurred 2 months after injection. Tissue 

samples were collected for histology and biodistribution analysis. (B) MR model was 

created by cutting the chordae-tendinae of the mitral valve (MV) in Yorkshire pigs via 

transseptal approach. Arrow indicates the tip of the biopsy catheter positioned at the postero-

lateral part of the basal left ventricular (LV) for severing the cordae tendiane. (C) 
Representative echocardiographic color image shows the heart after MR creation. LA = left 

atrial; RA = right atrial; RV = right ventricular; vg = vector genome.
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FIGURE 2. Design of Safety-biodistribution Study
(A) In the experimental protocol for the safety-biodistribution study in healthy pigs, animals 

were (B) grouped by vector dose and euthanization time points. Abbreviations as in Figure
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FIGURE 3. Impact of BNP116.I-1c on the LV
(A) In evaluating the change from baseline at 2 months, EROA remained similar in both 

groups while contractility parameters (LV dP/dt max, adjusted LV dP/dt max, and LVEF-3D) 

showed significant improvement only in the BNP-treated group. Meanwhile, diastolic 

functional parameters (LVEDP, dP/dt min, and Tau) did not show significant differences 

between the groups. (B) Pressure-volume loop-derived stroke work was also higher in the 

BNP group 2 months after gene therapy. The round shape of the representative loops 

indicates MR during the isovolumic phases. Absolute changes of each animal are shown in 

dots. Bars = mean ± SD. dP/dt = rate of rise of LV pressure; EROA= effective regurgitant 

orifice area; LVEDP = LV enddiastolic pressure; LVEF-3D = LV ejection fraction measured 

by 3-dimensional echocardiography; LVESV-3D = LV end-systolic volume measured by 3-

dimensional echocardiography; other abbreviations as in Figure 1.
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FIGURE 4. Impact of I-1c Gene Transfer on I-1c
The impact of constitutively active inhibitor-1 (I-1c) is seen in (A) messenger ribonucleic 

acid (mRNA) copy numbers and its relative amount against endogenous I-1 in LV free wall 

tissue from BNP-treated animals, and (B) immunoblots of total phospholamban (t-PLN), 

phosphorylated-PLN at Ser16 (p-PLN), SERCA2a, and GAPDH protein in the LV free wall 

tissues. The relative p-PLN level was determined through normalization to t-PLN level. The 

significantly higher p-PLN-to-t-PLN ratio in the LV from BNP-treated pigs suggested 

reduced SERCA2a inhibitory effect. (C) The ratio of p-PLN-to-t-PLN exhibited significant 

correlations with adjusted dP/dt maximum at the time of tissue collection, suggesting that 

increased PLN phosphorylation is the responsible mechanism for increased cardiac 

contractility. GAPDH = glyceraldehyde-3-phosphate dehydrogenase; SERCA2a = 

sarcoplasmic reticulum Ca2+ ATPase; other abbreviations as in Figures 1 and 3.
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FIGURE 5. Impact of I-1c Gene transfer On LA Contractility
(A) Change in LA-EF (Δ) between baseline and 2 months after gene therapy was 

significantly higher in BNP groups. (B) Representative image of LA 3-dimensional 

echocardiographic analysis. Impact of I-1c gene transfer (using recombinant adenoviral 

vectors) on is seen in isolated LA myocytes from pigs (C through E) and rats (F through 
H). The recombinant adenoviral vectors for I-1c and the control vector (β-gal) also 

containing green fluorescent protein (GFP) allowed identification of infected cells. 

Adenoviral gene transfer of I-1c in isolated LA myocytes resulted in increased calcium 

transient in both pig and rat LA myocytes as assessed by the ratio of Fura-2 emissions at 340 

nm and 380 nm (340:380 ratio). Absolute changes of each animal are shown in plots. The 

bars represent mean ± SD. Other abbreviations as in Figures 1, 3, and 4.
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FIGURE 6. Cardiac Arrhythmogenicity
(A) No ventricular tachycardia (VT) or ventricular fibrillation (VF) was induced in either in 

vivo and ex vivo electrophysiological testing in either groups, while atrial tachycardia (AT) 

or atrial fibrillation (AF) was inducible in vivo in 1 pig after BNP116.I-1c treatment (n = 6) 

and 3 in the saline-treated group (n = 5). (B) No significant differences in average 

conduction velocity were observed between the 2 groups at 1 Hz or 4 Hz or in representative 

depolarization isochrone maps, indicating that BNP116.I-1c therapy did not affect cardiac 

excitation. In analyzing action potential duration (APD), (C) there were no significant 
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differences in average APD measured at 80% of repolarization (APD80) measured from the 

subendocardial (Endo), mid-myocardial (Mid), and subepicardial (Epi) layers, nor was a 

difference seen in (D) transmural APD heterogeneity indexed by SD and range of APD80 

values across the transmural wall at 1 Hz and 4 Hz. (E and F) In examples of representative 

action potentials and transmural APD contour maps at 1 Hz and 4 Hz, BNP and saline 

groups presented transmural action potential signals of similar morphology. Other 

abbreviations as in Figure 1.
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CENTRAL ILLUSTRATION. Inhibitor-1 Gene Therapy
Inhibitor-1 (I-1) binding to protein phosphatase-1 (PP1) results in its inhibition, which leads 

to increased phospholamban (PLN) phosphorylation and sarcoplasmic reticulum Ca2+ 

ATPase (SERCA 2a) activity. Gene transfer of constitutively active I-1 (I-1c) increased both 

left ventricular and atrial function in a pig model of nonischemic heart failure. GM = PP1 

regulatory subunit; LVEF = left ventricular ejection fraction.
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Table 1

LV and LA characteristics before gene transfer

Control BNP116.I-1c P-value

(Saline, n=7) (1.0 × 1014 vg, n=6)

BW (kg) 24.0 ± 4.0 22.8 ± 3.3 0.57

2D-Echocardiography

MR Severity 4 (3, 4) 4 (3, 4) 0.63*

EROA (cm2) 0.19 ± 0.10 0.23 ± 0.11 0.58

RF (%) 43.9 ± 17.1 50.0 ± 13.4 0.49

TMF ratio (E/A) 1.63 ± 0.87 2.08 ± 1.15 0.44

LV mass (g) 75.5 ± 10.0 82.2 ± 14.0 0.34

LA dimension (mm) 37.8 (35.7, 40.8) 38.8 (37.4, 41.5) 0.63*

3D-Echocardiography

LVEF(%) 72.8 ± 5.5 72.6 ± 4.2 0.95

LVEDV(ml) 71.0 ± 8.4 69.7 ± 17.9 0.87

LVESV(ml) 19.5 ± 5.4 19.3 ± 7.0 0.96

LA-maximum volume (ml) 40.3 ± 17.2 36.6 ± 8.1 0.64

LA-minimum volume (ml) 18.2 (11.2, 21.9) 14.5 (12.8, 28.5) 0.95*

LA-total EF(%) 54.1 ± 7.3 50.7 ± 10.3 0.50

LA-active EF(%) 26.3 ± 7.7 22.7 ± 7.1 0.40

LA-passive EF(%) 37.1 ± 12.7 36.2 ± 12.8 0.90

Invasive measurements

mPAP (mmHg) 20.4 ± 5.5 20.7 ± 7.8 0.95

mLAP (mmHg) 11.7 ± 7.3 13.5 ± 8.2 0.69

CI (L/min/m2) 3.7 ± 1.0 3.3 ± 0.9 0.48

LVP peak (mmHg) 79.4 ± 14.5 81.9 ± 16.3 0.59

LVEDP (mmHg) 12.2 ± 2.3 14.1 ± 2.1 0.15

HR (bpm) 88 ± 20 75 ± 17 0.37

LV dP/dt max (mmHg/sec) 1351 ± 390 1299 ± 405 0.82

adjusted LV dP/dt max (1/sec) 20.0 ± 2.5 18.9 ± 2.7 0.47

LV dP/dt min (mmHg/sec) −1442 ± 565 −1260 ± 580 0.58

Tau (msec) 50.0 (46.1, 53.3) 54.2 (44.3, 79.3) 0.37*

*
p-value using the Mann-Whitney U test, bpm = beat per minute, BW= body weight, MR = mitral regurgitation, EROA = Effective regurgitant 

orifice area, RF = regurgitant fraction, TMF= trans-mitral flow, LV = left ventricle, LA = left atrium, EF = ejection fraction, EDV = end-diastolic 
volume, ESV = end-systolic volume, mLAP = mean left atrial pressure, mPAP = meanpulmonary arterial pressure, HR = heart rate, CI = cardiac 
index, LVP peak = LV peak pressure,LVEDP = LV end-diastolic pressure, LV dP/dt max = LV dP/dt maximum, LV dP/dt min = LVdP/dt minimum,
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