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Impaired systolic function, resulting from acute injury
or congenital defects, leads to cardiac complications
and heart failure. Current therapies slow disease pro-
gression but do not rescue cardiac function. We previ-
ously reported that elevating the cellular 2 deoxy-ATP
(dATP) pool in transgenic mice via increased expres-
sion of ribonucleotide reductase (RNR), the enzyme
that catalyzes deoxy-nucleotide production, increases
myosin—-actin interaction and enhances cardiac mus-
cle contractility. For the current studies, we initially
injected wild-type mice retro-orbitally with a mixture
of adeno-associated virus serotype-6 (rAAV6) contain-
ing a miniaturized cardiac-specific regulatory cassette
(cTnT*%) composed of enhancer and promotor por-
tions of the human cardiac troponin T gene (TNNT2)
ligated to rat cDNAs encoding either the Rrm1 or
Rrm2 subunit. Subsequent studies optimized the sys-
tem by creating a tandem human RRM1-RRM2 cDNA
with a P2A self-cleaving peptide site between the sub-
units. Both rat and human Rrm1/Rrm2 cDNAs resulted
in RNR enzyme overexpression exclusively in the heart
and led to a significant elevation of left ventricular (LV)
function in normal mice and infarcted rats, measured
by echocardiography or isolated heart perfusions,
without adverse cardiac remodeling. Our study sug-
gests that increasing RNR levels via rAAV-mediated
cardiac-specific expression provide a novel gene ther-
apy approach to potentially enhance cardiac systolic
function in animal models and patients with heart
failure.
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INTRODUCTION

Heart failure, the inability of the heart to meet systemic demand
for blood flow, is a growing burden on healthcare.! A significant
portion of these patients suffer from hypocontractility and low
systolic function.? However, there are few effective treatments
that directly increase myocardial contraction. Currently avail-
able inotropic medications, such as dobutamine and millrinone,
increase contractility via altering intracellular calcium but have
adverse effects on heart failure survival.** Targeted gene ther-
apy for heart failure could potentially intervene directly in the
diseased myocardium and enhance key molecular pathways.
Several strategies including vector delivery of cDNAs encoding
proteins involved in Ca*" regulation and the B-adrenergic sys-
tem have been pursued.® The only completed clinical trial to date
used a serotype-1 recombinant adeno-associated viral vector
(rAAV1) to increase the expression of the sarcoplasmic/endo-
plasmic Ca?* ATPase pump (SERCA2a). This trial demonstrated
safety and eflicacy, and importantly, provided benefits in clini-
cal parameters that have extended beyond 3 years.*” Omecamtiv
Mercarbol, a small molecule drug in clinical development, is a
cardiac myosin activator that has been shown to increase left
ventricular (LV) function independent of calcium and decrease
filling pressure without increasing heart rate or oxygen consump-
tion.®!® However, Omecamtiv Mercarbol is delivered by repeat
injections or chronic oral dosing and it increases systolic ejec-
tion time, leading to the shortening of diastole."” While clearly
beneficial, all current strategies except Omecamtiv Mercarbol
target upstream effects rather than the myofilament where the
contractile deficit often resides. We are pursuing a gene therapy
approach that increases levels of the naturally occurring nucle-
otide, 2-deoxy adenosine triphosphate (dATP), and directly
improves myocardial contraction at the level of the myofilament
without impairing diastole.
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Our previous work has shown that provision of dATP, instead
of adenosine triphosphate (ATP), as a substrate for striated mus-
cle myosin leads to enhanced contractile capacity. Replacing ATP
with dATP in skinned cardiac preparations from mice, rats, rab-
bits, dogs, and humans increases the magnitude and rate of force
development and shortening.""' We also found that raising cul-
tured rat cardiomyocyte dATP levels to only ~1% of [ATP] by
adeno-viral vector-mediated overexpression of ribonucleotide
reductase (RNR; which converts ADP to dADP) under control of
the constitutive cytomegalovirus promoter, significantly enhances
the magnitude and rate of contraction, as well as the rate of relax-
ation, without altering intracellular Ca** transient amplitude.'”'®
Cardiomyocytes from transgenic mice that over-express RNR
(via the chicken beta-actin + cytomegalovirus (CAG) promotor)*
exhibit similarly enhanced contractile properties without altering
Ca* transients, and have significantly increased LV function com-
pared with wild-type littermates.'® Based on these results, over-
expression of RNR and increased dATP content appear to have
significant potential as a novel therapeutic strategy for treating
systolic heart failure.

To explore the translational aspects of our gene therapy
approach for treating heart failure, we have developed a series
of rAAV6 vectors for the systemic delivery of cDNAs encoding
the large (Rrm1) and small (Rrm2) subunits of RNR to intact
myocardium. rAAV6 was chosen due to its highly efficient gene
transfer to the myocardium.”** In cardiomyocytes, the thera-
peutic vector gene contained a human cardiac troponin-T regu-
latory cassette (cTnT**). For early proof-of-principle studies, we
used separate rAAV6 vectors for cONAs encoding the rat Rrml
and Rrm2 subunits. We later evaluated a rAAV6 vector contain-
ing codon-optimized, tandem-arrayed human RRM1 and RRM2
cDNAs to test the hypothesis that elevating myocardial dATP with
human RNR, via arAAV gene therapy approach, improves cardiac
function. For initial comparison studies of efficacy, we chose to
study the effects in normal hearts, so as to limit any variability in
basal cardiac function associated with damage or disease. We then
tested the rAAV6 vector approach in a rodent model of myocar-
dial infarction (MI).

In the current study, we demonstrate that both rat and human
Rrml and Rrm2 c¢DNA-containing vectors produce significant
elevation of LV function and this result is consistent when both
coding subunits for RNR are contained in a single vector con-
struct. Additionally, we demonstrate in a small trial study that
LV function of infarcted rat hearts is improved, consistent with
our recent report in an infarcted mini-pig model.* Transduction,
based on persistent rAAV genomes, occurred mostly in the heart
and liver, and at a much lower level in skeletal muscle, but RNR
enzyme overexpression was only detectable in the heart. Together,
these encouraging results suggest that cardiomyocyte-specific
gene therapy involving RNR-mediated increases in dATP levels
is worth further testing in preclinical animal models of systolic
heart failure.

RESULTS

The experimental protocol to compare the effects of RNR over-
expression in young adult C57BL/6] mice (3-5 months of age) is
shown in Figure 1. Cardiac-specific overexpression of the RNR
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subunits was achieved via a miniaturized enhancer/promo-
tor derived from the human cardiac troponin T gene (cTnT*>;
see Materials and Methods). Single or dual vector constructs
(described in Supplementary Figure S1 and Table S1) were deliv-
ered 2 days following baseline echocardiography, and then mice
were monitored either weekly or biweekly with echocardiography
for 4 weeks. For vector comparison studies, mice were euthanized
and hearts removed for Langendorff perfusion measurements
at the 4-week endpoint. Tissues were processed for quantitative
polymerase chain reaction (qQPCR) analysis of vector genomes,
immunohistochemistry, and western blots.

rAAV6-ratR1"™* and rAAV6-ratR2<™"™5* vectors
enhance in-vivo and ex-vivo cardiac function

Prior to vector comparison studies, to obtain a vector
dose-response measure of cardiac function, we performed a
preliminary study with 3- to 5-month-old healthy mice sys-
temically injected with 1.5x10"%, 4.5x 10", or 1.35x 10" total
vg/kg containing equal amounts of the rAAV6-ratR1<"™* (R1)
and rAAV6-ratR2™% (R2) vectors. All three doses resulted
in significantly elevated fractional shortening at 2, 3, 4, and
6 weeks postdelivery (Figure 2a), with no effect on heart rate
(Figure 2b). At the end of 13 weeks, all three doses elicited an
~20-30% relative increase in fractional shortening as compared
to vehicle treated hearts although this did not reach statistical
significance (Figure 2a). During diastole, neither LV internal
dimension (LVID;d; Figure 2¢) nor LV posterior wall thick-
ness (LVPDW;d; Figure 2d) was significantly altered in treated
animals, particularly at the 4-week time point (Supplementary
Table S2). These data suggest that all three doses of cTnT**-
driven rat Rrm1 and Rrm2 expression result in a beat-to-beat
elevation of cardiac performance in vivo. Importantly, there
were no significant differences in diastolic dimensions, suggest-
ing no evidence of LV dilation.

Langendorff isolated perfused hearts demonstrate
significant improvements in ex vivo cardiac function
Next, 3- to 5-month-old healthy C57/B6] male mice (25-30g)
were treated with the R1 and R2 vectors at a dose of 7x 10" vg/
kg, which comprises an intermediate (mid-range) dose to the
4.35x 10" vg/kg and 1.35x 10" vg/kg doses used in the 13-week
study. After 4 weeks, the mice were euthanized and the hearts
were subjected to Langendorft-isolated heart perfusions to deter-
mine the effect of RNR overexpression on ex-vivo cardiac func-
tion. Treatment significantly increased LV developed pressure
(LVDevP) by ~30% without affecting spontaneous heart rate,
leading to a significant elevation of the rate pressure product
(Figure 3a—c). In addition, +dP/dt, an index of the rate of con-
tractility, was ~30% higher in mouse hearts treated with the rat
rAAV6 vectors (Figure 3d), while —~dP/dt, a marker of ventricu-
lar relaxation, was ~15% faster but did not reach statistical sig-
nificance (Figure 3e). Coronary flow was mildly, but significantly
increased in treated hearts, consistent with perfusion-contrac-
tion matching due to increased myocardial workload (Figure 3f).
These data demonstrate overexpression of rat RNR in adult, wild-
type mice is effective in causing a significant elevation in mea-
sures of cardiac function.
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Figure 1 Experimental protocol. (@) Schematic detailing the construct of the human cDNA containing vector. (b) Timeline of the administration of
the cDNA containing vectors (either rat or human) to mice and the experimental protocols followed over the 4-week period. (R1+R2) = rAAV6 vectors
containing either the rat R1 or R2 cDNAs driven by the human cTnT** regulatory cassette (RC). (RRM1.RRM2), rAAV6-human (RRM1.RRM2)<TT455 vec-
tor in which the RRM1 cDNA is 5" of the RRM2 cDNA and separated by a self-cleaving peptide sequence; RRM2.RRM1, treatment with an analogous
vector with the RRM2 cDNA 5’ of the RRM1 cDNA; (RRM1+RRM2), RRM1, and RRM2 cDNA containing vector.
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Figure 2 Overexpression of rat R1 and R2 subunits enhances left ventricular systolic function in healthy adult mice. Serial measures of
in-vivo cardiac function and morphometry obtained by echocardiography in mice receiving one of three doses (1.5, 4.5, and 1.35x10' total vg/
kg) containing equal amounts of each rAAV6-rat R1 and R2 vectors compared to saline-injected (control) hearts over a 13-week postinjection period.
(a) Fractional shortening (FS); (b) heart rate; (c) left ventricular internal dimension in diastole (LVID;d); (d) Left ventricular poster wall thickness in
diastole (LVPW;d). *P < 0.05; 1.35x10"® vg/kg versus CON; + P < 0.05 All three doses versus CON; $P < 0.05; 4.35x 10" and 1.35x10'* vg/kg versus
CON (n = 4-6 per group per time point).

242 www.moleculartherapy.org vol. 24 no. 2 feb. 2016



© The American Society of Gene & Cell Therapy

rAAV6-RT1R2 Enhances Myocardial Contractility

a LV developed pressure b Heart rate ¢ Rate pressure product
200 - 500 - 60 -
400 —_ -
150 - « =)
X 40 -
% 300 A g_
£ 100 - g 8
o) X
= 200 =)
E 20 4
50 4
100 - €
0 T 0 T
CON CON
d e f
+ dP/dt — dP/dt Coronary flow
6,000 - 0 4 5
*
12} %) 3 -
2 4,000 1 2 2,000 A «
o Q [0}
o [ =
Q () =}
XY Xy £ 24
[=) [=) €
L T e =
£ 2,000 4 £ -4,000 E
£ £ 1
0+ —6,000 T T
CON RR CON RR CON RR

Figure 3 Isolated perfused hearts from adult mice with overexpressed R1 and R2 subunits exhibit increased cardiac function. Cardiac function
was assessed in isolated perfused mouse hearts 4 weeks post-rAAV6 injection. (a) Left ventricular (LV) developed pressure (LV Dev P, the difference
of LV systolic and LV diastolic pressures). (b) Heart rate (HR). (c) Rate pressure product (the product of LVDevP and HR). (d) Positive rate of pres-
sure change calculated by the first derivative of the ascending LV pressure wave (+dP/dt), used as an index of the rate of pressure development.
(e) Negative rate of pressure change calculated by the first derivative of the descending LV pressure wave (-dP/dt), used as an index of the rate of
ventricular relaxation. (f) Coronary flow estimated by collecting the perfusate effluent over a 2-minute period. *P < 0.05 versus CON. CON, control;
RR, heart from mouse treated with rAAV6-ratRrm1<"™55 and rAAV6-ratRrm2<™"™5%; n = 4 each group.

rAAV6 tissue transduction and endogenous and
rAAV6-mediated RNR protein levels

To assess the distribution of viral genomes 4 weeks following
administration of the rAAV6 vectors, we performed qPCR on
the liver, gastrocnemius, and left ventricle harvested from control
and treated mice. QPCR analysis demonstrated significant viral
genome (vg) uptake in the liver (45.0 £14.8 vg/nuclei) and ven-
tricles (11.2 £ 5.1 vg/nuclei) of treated mice, with negligible uptake
in the gastrocnemius (1.3+1.3 vg/nuclei) (Figure 4a). Western
blotting was used to assess endogenous and rAAV6-delivered
Rrm1 and Rrm2 protein overexpression in ventricle and in liver
tissue. As shown in Figure 4b, both Rrm1 and Rrm2 were signifi-
cantly overexpressed by a similar amount in ventricles of treated
mice, but not in ventricles of control mice. No Rrm1 or Rrm2
protein was detectible in the liver of control or treated mice, thus
demonstrating the high specificity of the human ¢TnT** regula-
tory cassette.

RNR overexpression does not affect heart weight or
cardiac tissue histology

In the study described above, both heart weight and body weight
were similar for control and treated animals, such that the heart
weight/body weight ratio did not differ at 1 month post-treatment
(Supplementary Table S3). Additionally, histological assessment
of LV wall tissue showed no observable pathology in either group
(Figure 5a,b), consistent with our previous observations in adult

Molecular Therapy vol. 24 no. 2 feb. 2016

transgenic mice that chronically overexpress Rrm1 and Rrm?2 sys-
temically.'® These findings, combined with the echocardiography
data described above, demonstrate that there is little or no com-
pensatory adverse cardiac remodeling at 1 month post-treatment
with R1 and R2 vectors.

Immunohistochemistry of ventricular tissue stained for Rrm1
showed significant overexpression and wide distribution of this
protein throughout theventriclein rA AV6-treated mice, with much
lower levels in control tissue (Figure 5¢,d). Together, these data
demonstrate that systemic administration of rAAV6-R1R2¢™T4>
results in cardiac-specific overexpression of Rrml and Rrm2.
Importantly, although high levels of viral genomes were found in
the liver, there was no detectable Rrm1 or Rrm2 protein expres-
sion in the livers of treated mice. Furthermore, liver mass did
not differ between treated and control animals and there was no
outward sign of disease as a result of viral genome presence at 1
month post-treatment (data not shown). These results validate the
rAAV6-RIR2M™ vector system and demonstrate that relatively
low doses can be used as a tool to achieve cardiac specific RNR
overexpression and enhanced ventricular function.

rAAV6-T"T455 vectors for tandem overexpression of
human RNR subunits

To test the effectiveness of human RNR and to assure that
equivalent levels of each enzyme subunit would be produced in
each transduced cardiomyocyte, we designed vectors carrying
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Figure 4 rAAV6 transduction and Rrm1 and Rrm2 protein levels
in mouse liver, heart, and skeletal muscle 4 weeks postsystemic
rAAV6 delivery. (a) Quantitative polymerase chain reaction of healthy
3-5-month-old control and rAAV6-R1.2 vector-treated mice demonstrat-
ing significant viral genome (vg) uptake in the liver and ventricles, with
negligible uptake in gastrocnemius. (b) Western blot analysis of liver and
ventricle tissue. Protein was extracted from heart and liver from control
and vector-treated mice and western blots were performed. GAPDH was
used as a loading control. Significant overexpression of both Rrm1 and
Rrm2 was detected in ventricles but not in the livers of treated mice, and
essentially no expression of either endogenous subunit was detected in
control heart or liver.

tandem RRM1 and RRM2 cDNAs separated by a 66 bp sequence
encoding a self-cleaving P2A peptide. Since it was possible that
retained portions of the P2A peptide at the N- and C-termini of
RRM1 and RRM2 could adversely affect subunit functions, we
designed tandem cDNAs in both the RRM1.RRM2 (R1.2) and
RRM2.RRM1 (R2.1) 5’-to 3’ orders. When administered singly
or in combination at a dose of 7x10" vg/kg, vector treatment
resulted in overexpression of both the RRM1 and RRM1 subunits
(Supplementary Figure S2). As observed in mice treated with
vector mixtures of AAV-carrying c¢InT**-driven rat Rrm1 and
Rrm2 ¢DNAs (Figure 3), all three human cDNA delivery strate-
gies significantly increased LV DevP by ~20-30% without a sig-
nificant effect on heart rate (Figure 6a,b). This translated into a
similar increase in the rate pressure product that was significantly
elevated in both the R1.R2 and R1+R2 treated hearts (Figure 6c).
The +dP/dt was increased by ~30-45% in all treatment groups
although the R1+R2 hearts were the sole group to reach statis-
tical significance (Figure 6d). Similar to the overexpression of
rat Rrm1 and Rrm2 subunits, the —dP/dt appeared faster in all
treatment groups although no statistical significance was reached
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Figure 5 Heart histology and Rrm1 distribution in rAAVé6-
rat(RTR2)<™T455 At 1-month post-treatment, heart tissue was collected
and sectioned for histological analysis of control (CON) and rAAVé6-rat
(RTR2)-treated mice. H & E staining (panels a and b) show morphol-
ogy of ventricular tissue is not affected by overexpression of ribonucleo-
tide reductase. Anti-Rrm1-stained sections taken at 4x (c and d) images
show significant Rrm1 staining (brown) distributed evenly throughout
the section, with much less Rrm1 staining in the CON.

(Figure 6e). Despite increases in cardiac function, coronary flow
remained similar in all groups (Figure 6f). Thus, the LV func-
tional effects obtained with human RRM1 and RRM2 subunits
were very similar to that obtained with rat subunits. Furthermore,
overexpression of both human subunits from tandem cDNAs with
an intervening self-cleaving peptide sequence was capable of elic-
iting increases in cardiac function.

Although baseline cardiac function was elevated in the R1+R2
treated mouse hearts (Figure 6 and Supplementary Figure S3),
it was possible that the response to an acute increase in cardiac
workload could be impaired. Therefore, the response of the vector
treated hearts to a high workload challenge was tested by admin-
istering a perfusate with a high calcium concentration combined
with infusing a low dose of dobutamine. This pharmacological
strategy increases the contractile force of the mouse heart with
a simultaneous increase in heart rate. As shown in Figure 7, all
hearts demonstrated a significant increase in cardiac functional
parameters during the 20-minute high workload challenge.
Importantly, all treated hearts (R1.2, R2.1, and R1+R2) exhibited
responses comparable to the control group in all parameters mea-
sured (Figure 7a-f). These findings indicate that viral-directed
overexpression of the RRM1 and RRM2 subunit in mouse hearts
does not impair the response to an acute increase in cardiac work-
load despite elevated function at baseline.

Injection of rAAV6-rat(R1R2)<™"™55 in rescues in vivo
cardiac function in rats subjected to Ml

To explore the possibility of vector-driven overexpression of RNR
to positively affect in vivo cardiac function in a disease model,
we subjected rats to coronary artery ligation to induce MI. Five
days post-MI, rats received an injection of rAAV6-R1R2¢TT45°
(2.5x10" vg/kg) into the noninfarcted myocardium and cardiac
function was monitored with serial echocardiography. At 2 weeks
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Figure 6 Overexpression of human RRM1 and RRM2 proteins increases cardiac function in isolated mouse hearts. Cardiac function was assessed
in isolated mouse hearts perfused on a Langendorff apparatus. (a) Left ventricular (LV) developed pressure (LV Dev P, the difference of LV systolic and
LV diastolic pressures). (b) Heart rate (HR). (c) Rate pressure product (the product of LVDevP and HR). (d) Positive rate of pressure change calculated
by the first derivative of the ascending LV pressure wave (+dP/dt), used as an index of the rate of pressure development. (e) Negative rate of pres-
sure change calculated by the first derivative of the descending LV pressure wave (-dP/dt), used as an index of the rate of ventricular relaxation.
(f) Coronary flow estimated by collecting the perfusate effluent over a 2-minute period. *P < 0.05 versus CON. CON, control; R1.2, heart from mice
treated with a rAAV6-human (RRM1.RRM2)<™"™35 vector in which the RRM1 cDNA is 5’ of the RRM2 cDNA and separated by a self-cleaving peptide
sequence; R2.1, treatment with an analogous vector with the RRM2 cDNA 5’ of the RRM1 cDNA; (R1+R2), mouse heart with RRM1 and RRM2 cDNA

containing vector; n = 4 each group.

post-MI, treated rats demonstrated a significantly decreased frac-
tional shortening, but this recovered and remained at values com-
parable to sham surgery rats at 4 and 8 weeks (Figure 8a). LV
poster wall thickness during both systole and diastole was signifi-
cantly increased at 8 weeks in the treatment group (Figure 8c,d).
Although no significant differences were noted in LVID in dias-
tole (Figure 8e), LVID during systole significantly decreased
at 4 weeks in the treatment group, which remained at 8 weeks
(Figure 8f). These data indicate the potential for RNR vector
delivery to improve and sustain in-vivo cardiac function in an ani-
mal model of MI.

DISCUSSION

The purpose of this study was to develop a safe and effective
rAAV6 that selectively overexpresses RNR in cardiomyocytes,
resulting in enhanced contraction by elevating intracellular
dATP levels. We first generated two rAAV6 vectors expressing
the rat cDNA sequences of Rrm1 and Rrm2 under control of
a human cardiac troponin-T regulatory cassette (cTnT*°) and
showed elevated cardiac function after systemic injection of
mixtures containing an equal number of the separate vectors
in healthy 3- to 5-month-old mice. Importantly, these results
were consistent with the values obtained with both echocar-
diography and isolated perfused hearts in our previous report
of transgenic RNR overexpressing mice.'® Next, we synthesized
codon-optimized sequences of the human RRM1 and RRM2.

Molecular Therapy vol. 24 no. 2 feb. 2016

To facilitate the delivery of both human RRM1 and RRM2 by
a single rAAV6 vector, we then inserted a sequence encoding
the self-cleaving P2A peptide between the two tandem gene
sequences so that both RNR subunits would be expressed at
similar levels. We also generated individual rAAV6 vectors
containing human RRM1 and RRM2 genes for comparison to
the separate rAAVs carrying rat R1 and R2 cDNAs, and to the
single human vector containing both enzymatic subunits.

Systemic injection of rAAV6 carrying the tandem human
c¢DNAs resulted in similar elevations of cardiac function, when
measured by Langendorft perfusion, as observed following sys-
temic injections of two separate vectors carrying either the human
or rat cDNAs. The two-vector R1R2 delivery strategy is similar in
its effectiveness to previous studies in which the delivery of cDNAs
encoding the N- and C-terminal portions of mini-dystrophin with
two separate rAAV vectors was beneficial to dystrophic mice.*
One potential consequence of elevated basal cardiac function is
an increased energetic demand. In our previous study using trans-
genic mice, we observed an approximate 10% decrease in baseline
myocardial energetic status as determined by the phosphocreatine
to ATP ratio (PCr:ATP)." When challenged with dobutamine, the
maximum cardiac function achieved and the decline in PCr:ATP
ratio was similar in both control and RR transgenic mice. Since
the response to an acute increase in workload of hearts treated
with human ¢cDNAs was similar to control, it is likely that the
energetic status is not comprised in our present study.
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Figure 7 Overexpression of human RRM1 and RRM2 proteins does not impair the response to increased workload in isolated mouse hearts.
Cardiac function in response to an acute increase in workload was examined in isolated mouse hearts using a Langendorff apparatus. The increase in
workload was achieved by perfusing the heart with 4 mmol/I calcium and 50 nmol/l dobutamine for 20 minutes. (a) LV developed pressure (LV Dev
P, the difference of LV systolic and LV diastolic pressures). (b) Heart rate (HR). (c) Rate pressure product (the product of LVDevP and HR). (d) Positive
rate of pressure change calculated by the first derivative of the ascending LV pressure wave (+dP/dt), used as an index of the rate of pressure develop-
ment. (e) Negative rate of pressure change calculated by the first derivative of the descending LV pressure wave (-dP/dt), used as an index of the rate
of ventricular relaxation. (f) Coronary flow estimated by collecting the perfusate effluent over a 2-minute period. n = 4 each group. CON, control;
R1.2, heart from mice treated with a rAAV6-human (RRM1.RRM2)<™™5% vector in which the RRM1 cDNA is 5’ of the RRM2 cDNA and separated by
a self-cleaving peptide sequence; R2.1, treatment with an analogous vector with the RRM2 cDNA 5’ of the RRM1 cDNA; (R1+R2), mouse heart with

RRM1 and RRM2 cDNA containing vector; n = 4 each group.

Although systemic delivery of AAV6 leads to vector uptake
by both cardiac and noncardiac tissue, primarily liver and skeletal
muscle, inclusion of the human cardiac-specific cTnt455 regula-
tory cassette in the rAAV6 constructs restricts the RNR subunit
expression to cardiac muscle. This could enhance safety in con-
junction with potential human trials, because overexpression of
RNR in proliferating tissues could perturb growth controls.'”?
Although we detected rAAV6-delivered RRM1 throughout the
ventricle, its expression, together with that of RRM2 exclusively
to postmitotic cardiomyocytes, would be unlikely to activate their
proliferation. Additionally, we observed no overt signs of toxicity
in treated mice after 13 weeks. This is of importance since global
overexpression of RNR in the transgenic mice has been associated
with the development of lung neoplasms' and the current study
demonstrates the tight cardiac-specific transcriptional activity
of the ¢TnT** regulatory cassette. The elevation of basal cardiac
function at 1 month postdelivery of rAAV6 vectors was very simi-
lar to results from our previous study of young adult transgenic
mice that overexpress Rrm1 and Rrm?2.'® In addition, the response
to the calcium plus dobutamine administration was not elevated
above controls, likely due to the achievement of maximum myo-
cardial workload, which was consistent with our observations in
transgenic mice.'® The transgenic mouse utilized a chicken -actin
promoter with a cytomegalovirus (CAG) enhancer, thereby over-
expressing the enzyme subunits at high levels in all cell types,
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compared to the restricted cardiac-specific overexpression in the
current study. Thus, the increased cardiac function in both stud-
ies is likely due to a cardiac-specific effect of elevated dATP. This
hypothesis is supported by in vitro, reductionist studies in which
we have demonstrated that similar levels of Rrm1 and Rrm2 over-
expression in cultured adult rat cardiomyocytes (via adenoviral
transduction of Rrm1 and Rrm2 using a cytomegalovirus pro-
moter) leads to significant increases in the magnitude and rate of
shortening, and an acceleration of relaxation.'” The level of dATP
in these cells was increased ~10-fold, becoming ~1% of the total
adenosine triphosphate nucleotide pool. Obtaining higher levels of
dATP in cardiomyocytes might be even more effective in improv-
ing cardiac function, but may be difficult to achieve by overexpres-
sion of Rrm1 and Rrm2 due to the autoregulation of RNR (i.e.,
RNR is stimulated by ATP and inhibited by dATP binding to the
allosteric site with a feedback inhibition (K)) of ~50 pumol/I**!).
Since ATP levels are 5-8 mmol/l in cardiomyocytes, this K, may
effectively limit cellular levels to ~1-2% of the total adenosine
triphosphate pool. While methods such as mutation of the Rrm1
A-site can elevate cellular dATP levels even further,®*>* the levels
achieved by our approach appear to be sufficient to have powerful
positive effects on cardiac muscle contraction.

The mechanisms underlying dATP-mediated enhancement of
cardiac function are myofilament specific and have been investi-
gated in our previous studies.!"*>!7*** Replacing ATP with dATP
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Figure 8 Injection of rAAV6-rat(R1R2)<™™*5 improves in-vivo cardiac function in rats subjected to myocardial infarction (MI). Direct injection
of rAAV6-rat(R1R2) into the noninfarcted myocardium was made 5 days after ligation of the left anterior descending artery (MI £ R1R2) or sham
surgery. Serial echocardiography measures were performed at 2, 4, and 8 weeks postinfarction. (a) Fractional shortening (FS); (b) heart rate; (c) Left
ventricular (LV) poster wall thickness in diastole (LVPW;d); (d) Left ventricular poster wall thickness in systole (LVPW;s); (e) Left ventricular internal
dimension in diastole (LVID;d); (f) LV internal dimension in systole (LVID;s). *P < 0.05 versus Sham. #P < 0.05 versus M| = R1R2 (n = 5 each group).

increases cross-bridge binding and enhances both the magnitude
and rate of force development.'"** Our recent molecular dynamics
simulations of myosin suggest that with dADP.Pi in the nucleotide
binding pocket there are local (pocket) structural changes associ-
ated with loss of the Phe 129 contact from the missing oxygen at the
2’ position of the ribose ring. This results in translated structural
changes on the actin binding surface that increase myosin affinity
for actin.®® We (ref. 14) and others®”*® have shown that contractile
activation is very dependent on initial cross-bridge binding and is
highly cooperative. Thus, enhanced myosin binding affinity with
dATP provides a mechanism whereby large increases in contrac-
tile activation occur with comparatively small, early increases in
cross-bridge binding, especially in the range of [Ca*'], concentra-
tions that occur during a cardiac twitch. Importantly, this highly
cooperative process means that small amounts of dATP (e.g., 1%
of the ATP pool) are sufficient to achieve substantial increases
in contractility. While other cellular ATPases may be able to uti-
lize dATP, this low level in cells likely precludes any significant
effect on their activity. After dATP is hydrolyzed by myosin, it
can be rephosphorylated many times by creatine kinase and other
enzymes, so increases in dATP can confer long-lived effects on
contractility."

Implications for translational research

We recently reported that dATP enhances contraction in
chemically-demembranated multicellular ventricular wall prep-
arations and in isolated myofibrils from human subjects with
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end-stage heart failure. Additionally, we have recently reported
that administration of the human AAV6-RRM1.RRM2™% vec-
tor via coronary catheter (a limited delivery approach) restores
much of the lost function when delivered 2 weeks following MI in
Yucatan mini-pigs, as measured by echocardiographic and hemo-
dynamic parameters, at 1 and 2 months post-treatment.” Also
noted in this study was the potential of the treatment to impact
measures of diastolic function, a notable effect that could have
additional therapeutic potential. Importantly, no safety or toxicity
issues were observed. This study, together with our current study,
is an important step in moving this therapeutic approach toward
the clinic.

It is important to note that the present study has several limi-
tations that need to be evaluated further in future studies of large
animal models as our therapeutic strategy moves toward clinical
testing. First, we elected not to use a control viral vector in this
study as the goal was to assess the resultant effect of the treatment
and this would not be the standard in clinical trials. In addition,
rAAV6 has been previously used in rodents without the observa-
tion of significantly altered cardiac function.”” Second, the frac-
tional shortening values obtained in the studies with mice were
relatively low compared with commonly reported values and is
most likely due to an anesthesia effect.***! However, since heart
rates are similar between groups throughout the time course, the
increase in fractional shortening in the treatment groups are valid
and consistent with the data obtained in the isolated heart perfu-
sion experiments. Third, this study’s primary focus was to identify

247



rAAV6-RT1R2 Enhances Myocardial Contractility

the optimal dose that could elicit changes in cardiac function in
small animal models under both healthy and infarcted hearts. Our
recent paper has extended these findings in a large animal model.”
However, studies examining the long-term efficacy on our viral
delivery strategy are definitely required and are forthcoming.

Despite the limitations presented above, there are several fea-
tures that make this gene therapy approach unique, including: (i)
the overexpressed RRM1 and RRM2 proteins are not replacing a
defective or missing protein but instead changes transcriptional
regulation by the tandem expression of RRM1 and RRM2 through
the TnT regulatory cassette result in the elevated production of
RNR and subsequently, dATP, which is the therapeutic agent. It
should be noted that the post-transcriptional regulatory mecha-
nisms that regulate the levels of dATP are still in place and pre-
vent the accumulation of abnormally high levels of dATP; (ii) the
therapeutic elevation of endogenous RRM1 and RRM2 enzyme
levels would not be anticipated to cause any immunological issues
as they are self-antigens; (iii) this is the first proposed use of a cel-
lular nucleotide manipulation to improve in vivo cardiac function.
dATP is unique in that it is a natural cellular nucleotide that can be
used by myosin to augment contraction; (iv) both contraction and
relaxation of cardiac muscle are enhanced by dATP, thus poten-
tially improving systolic and diastolic function; and (v) the dATP
produced by transduced cells can diffuse through gap junctions to
surrounding cells, making transduced cells resident drug (nucleo-
tide) delivery devices.*> Thus, transduction of only a minority of
cardiomyocytes may be sufficiently effective in eliciting robust
functional changes. Our previous report that even relatively small
RNR-expressing grafts of human stem cell-derived cardiomyo-
cytes can substantially enhance ventricular function when trans-
planted into normal adult rat hearts supports this idea.*?

MATERIALS AND METHODS

Cardiac-specific requlatory cassette. cCTnT** was derived from the human
cardiac troponin T (TNNT2) gene. TNNT2’s cardiac-specific transcrip-
tional activity and the approximate 5- and 3’-boundaries of its promoter
were originally described in the chicken and rat.** We subsequently
aligned the 5’-sequences from human and other mammalian species, and
carried out an extensive deletion analysis within the (-447 to +48) portion
of the human sequence to identify conserved and nonconserved subre-
gions that could be eliminated without substantially reducing its transcrip-
tional activity in transiently transfected neonatal rat cardiomyocytes.
These assays also led to delineation of “separate” enhancer and proximal
promoter regions of human TNNT?2, and disclosed that inserting two cop-
ies of the 130bp miniaturized enhancer 5 of the miniaturized promoter
provided significantly higher transcriptional activity than a single copy.
The resulting 455 base pair “cTnT**” regulatory cassette was then ligated
into the pAAV-hPLAP plasmid and used to generate rAAV6 vectors by the
Chamberlain and Odom lab. These were tested for transcriptional activ-
ity in normal C57BL/6 mice following retro-orbital injections and were
expressed at high levels in ventricular cardiac muscle and at only back-
ground levels (0.06-2%) in all other tissues, including skeletal muscle.
cTnT*>* is available upon request, and a complete description of its step-
wise derivation, final sequence, and transcriptional characterization will
be published elsewhere.

Generation of rAAV6-R1R2cTnT455 vectors. The pAAV-cTnT**-hPLAP
plasmid was prepared in the Vector Core of the Seattle Wellstone Muscular
Dystrophy Research Center (and kindly provided by Center Director,
Jeff Chamberlain, University of Washington, Seattle, WA) and used as
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backbone to subclone PCR fragments containing the rat RNR cDNAs
Rrm1 and Rrm2. Briefly, the Rrm1 ¢cDNA was PCR amplified using the
following primer sequences: (forward: AGTCGACatgcatgtgatcaagcgagat;
reverse: gatatctcaggatccacacatcagacactc). This amplicon was subsequently
ligated into the pAAV-cTnT** vector using the restriction enzymes Sall
and EcoRV while the pAAV-cTnT**-hPLAP was digested with HindIII,
treated with Klenow enzyme to blunt-end the DNA fragments followed by
purification and a second digestion with Sall and subsequently sequence
verified. To generate the pAAV-cTnT**-RR2, we performed a Sall and
HindIII double digestion of the pAAV-cTnT**-hPLAP. The PCR product
generated the RR2 coding sequence containing the Sall/HindIII flanking 5’
and 3 respectively. Following a standard ligation reaction and transforma-
tion into Sure2 Escherichia coli, a single clone containing the RR2 insert was
confirmed by restriction analysis (Sall and HindIII) followed by sequence
verification. The primer sequences utilized to generate the Rrm2 amplicon
were: forward: GTCGACatgctcteggtccgegecceget; reverse: aagcttttagaagt-
cagcatccaaggtgaa. For studies with rat RNR, the two subunits were car-
ried in separate AAV6 vectors, each with the cTnT455 regulatory cassette;
AAV6-ratR1<"*> (R1) + AAV6-ratR2<™** (R2). For ease of reading, we
have designated this dual vector system rAAV6-ratR1R2<" (R1R2).

Human vector constructs. The final construct was synthesized by
Genscript (Piscataway, NJ) and contained the following elements: human
cTnT** RRM1-P2A-RRM2-polyA signal flanked by NotI sites. The P2A
self-cleaving peptide sequence was encoded by a 66bp sequence® and
was inserted between the subunit cDNAs in two different tandem arrays:
RRM1-P2A-RRM2 and RRM2-P2A-RRM1. Human RRM1 (NM_001033.3)
and RRM2 (NM_001034) sequences were codon optimized for expression
in human using Genscript’s OptimumGene Codon Optimization Analysis
(includes analysis of codon usage bias, GC content, CpG dinucleotide con-
tent, mRNA secondary structure, cryptic splicing sites, premature polyA
sites, internal chi sites and ribosomal binding sites, negative CpG islands,
RNA instability motifs, repeat sequences, and restriction sites that may inter-
fere with cloning). The synthesized construct was sequenced and cloned into
the pAAVhr-green fluorescent protein (GFP) recipient vector (Stratagene,
San Diego, CA) in place of GFP using NotI/NotI sites.

Virus production. Recombinant AAV6 vector was produced and pre-
pared as previously described.***” Briefly, rAAV6 vectors were produced
by CaPO, cotransfection of HEK 293D cells with plasmids contain-
ing rAAV-cTnT*®-RR1.2-SpA vector genomes flanked by AAV2 ITR’s
and pDGM6 packaging/helper genes.” Cells were harvested and pro-
cessed through a microfluidizer (Microfluidics, Newton, MA), filtered
through a 0.22-um filter, and vector particles were purified by affinity
chromatography on a HiTrap heparin column (GE Healthcare, Chalfont
St. Giles, UK). The rAAV6 eluate was then layered onto a 40% sucrose
gradient and concentrated by ultracentrifugation at 27,000 RPM for 18
hours at 4 °C, followed by solubilization in Hanks buffered saline solu-
tion (Invitrogen, Carlsbad, CA). Vector genome titer was determined by
Southern blot analysis with a DNA standard of known quantity using a
32P-labeled oligonucleotide probe to the SV40 polyadenylation signal
(5"-CACTGCATTCTAGTTGTGGTTTGTC-3") or the rabbit B-globin
poly-adenylation signal (5-TGAATAAAAGATCCTTA-3") when titering
rAAV6-cTnT**-human RRM1 and RRM2 vectors.

Viral delivery. Three- to five-month-old C57BL/6 mice were used for intra-
venous delivery of the virus. All animal experiments were approved by
the University of Washington (UW) Animal Care Committee and were
carried out in accordance with federal guidelines. Animals were housed
in the Department of Comparative Medicine at the UW and were cared
for in accordance with the US NIH Policy on Humane Care and Use of
Laboratory Animals.

Treated mice received injections of the rAAV6 vector diluted in
Hanks buffered saline solution while control mice received injections of
Hanks buffered saline solution alone. All injections were administered in a
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volume of 0.2 ml via the right retro-orbital sinus route while the mice were
under anesthesia with isoflurane. For the dose-response experiments,
mice (25-30g) were injected with a dose of either 1.5x 10", 4.5x10", or
1.35x 10" total vg/kg containing equal amounts of the rAAV6-ratR1<"*5
(R1) and rAAV6-ratR2<™™5 (R2) vectors. A second cohort of mice
received an injection of 7 x 10" vg/kg of each rAAV6-ratR1<""#** (R1) and
rAAV6-ratR2<"™** (R2) vector. A third cohort received injections of the
human cDNAs RRM1.RRM2 (R1.2), RRM2.RRM1 (R2.1), or RRM1 and
RRM2 (R1 + R2) at 7x 10" vg/kg for each vector.

Myocardial infarction model. Adult male rats (F344/NHsd) received
permanent ligation of the left anterior descending artery to induce ML
An additional cohort of rats undergoing sham surgery went through
a similar procedure but without ligation of the left anterior descending.
Five days post-MI, rats received an injection of 2.5x10" vg/kg of each
rAAV6-ratR1™5 (R1) and rAAV6-ratR2°™™55 (R2) into the noninfarcted
myocardium.

Protein and DNA analysis. Total DNA was isolated from frozen heart
tissue using the DNeasy Mini Kit (Qiagen, Hilden, Germany) according
to manufacturer’s guidelines. QPCR was performed using iTaq Universal
Probes Supermix (Bio-Rad, Hercules, CA) with the following primer/
probe sequences: cTnT*®: forward: CCCAGTCCCCGCTGAGA; 5
UTR RRMI1] reverse: AGGTTCCAGGCGCTGCT; probe: (5FAM)
TGAGCAGACGCCTCCAGGATCTGTC (BHQIla-5FAM). Pax7: forward:
CAAGGCCGGGTCAATCAG, reverse: AGATGACA CAGGGCCGGA;
probe: (5SHEX) CGACCCCTGCCTAACCACATCCG (BHQla-5HEX).

All samples were run in triplicates, and average quantities are reported
unless otherwise indicated. A standard curve was run on each plate using
a plasmid that contained a mouse Pax7 gene as well as the plasmid vector
used for virus production. Vector genomes per nuclei were calculated by
normalizing to Pax7 genomes in each sample.

For protein analysis, frozen heart tissue was prepared for western blot
analysis as previously described.'” The following primary antibodies were
used: anti-Rrm1 (t-16) Goat polyclonal IgG (Santa Cruz Biotechnology,
Dallas, TX); anti-Rrm2 (E-16) Goat polyclonal IgG (Santa Cruz
Biotechnology), and anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) Rabbit polyclonal IgG (Rockland Immunochemicals, Limerick,
PA). Protein band density was quantified using open access software,
Image J (National Institutes of Health, Bethesda, MD). Each band was
normalized to the protein standard, GAPDH.

Echocardiography. The animals were anesthetized using 1% isofluor-
ane. Images were collected with a GE Vivid 7 system using 13MHz linear
transducer (General Electric Healthcare, Chalfont, United Kingdom). LV
end-diastolic (LVEDD) and LV end-systolic (LVESD) dimensions were
determined using M-mode measurements obtained by short-axis views at
the mid-papillary level. All data were averaged from at least three cardiac
cycles. Fractional shortening was calculated from these data using the for-
mula: (LVEDD-LVESD)/LVEDD x 100. All echocardiography was carried
out by a single reader who was blinded to the treatment of the animals.

In vitro function. LV function was measured in Langendorft isolated heart
preparations as previously described.'®* In brief, excised mouse hearts were
perfused at a constant pressure of 80 mmHg with a modified Krebs Henseleit
buffer consisting of (mmol/l): 118 sodium chloride (NaCl), 25 sodium car-
bonate (NaHCO,), 5.3 potassium chloride (KCI), 2.0 calcium chloride
(CaCl,), 1.2 magnesium sulfate (MgSO,), 0.5 ethylenediaminetetraacetic
acid (EDTA), 5.5 glucose, and 0.5 pyruvate, equilibrated with 95% 0, and
5% CO, (pH 7.4). Temperature was maintained at 37.5 °C throughout the
protocol. After 20 minutes of equilibration, baseline function was monitored
for 10-20 minutes at a fixed end diastolic pressure of 8-10 mmHg by way
of a water-filled balloon inserted into the LV. After baseline measurements,
the calcium concentration in the perfusate was changed from 2 to 4 mmol/l
and dobutamine was infused at 5% of the coronary flow at a final concen-
tration of 50 nmol/l for 20 minutes to simulate an acute increase in cardiac
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work (high workload challenge). During the entire experimental protocol, a
continuous recording of LV function (via the balloon connected to a pres-
sure transducer) was monitored with the use of a data acquisition system
(PowerLab, ADInstruments, Colorado Springs, CO).

Histology. Hearts from anesthetized mice were rapidly excised, rinsed in
phosphate-buffered saline, and sliced into 2-mm-thick short-axis sections.
A minimum of three sections were taken from each heart, starting at the
apex. All sections were fixed in formalin, processed, and paraffin-embedded.
Paraffin blocks were section at 4 um. To assess tissue morphometry, stain-
ing with hematoxylin and eosin (H&E) was performed using a standard
protocol, dehydrated through an ethanol gradient, and coverslipped using
mounting media. In adjacent sections, immunostaining was performed with
primary antibodies against Rrm1 (Goat polyclonal anti-R1 (1:50), Santa
Cruz Biotechnology). Samples were then labeled with a biotinylated rabbit
anti-Goat (1:500) secondary antibody (Thermo Scientific Pierce Antibodies,
Grand Island, NY) and developed with 3,3’-diaminobenzidine (Sigma-
Aldrich, St Louis, MO) and mounted.

Statistical analysis. A two-tailed Student’s t-test was used for com-
parisons involving two groups. One-way analysis of variance followed
by Bonferroni’s multiple comparison test was used for multiple group
comparisons. Analysis of variance with repeated measures followed by
Bonferroni’s multiple comparison tests was used for time-course compari-
sons. Significance was tested at the P < 0.05 level using GraphPad Prism 5.0
(GraphPad Software, San Diego, CA). Data are presented as mean =+ stan-
dard error of the mean.

SUPPLEMENTARY MATERIAL

Table $1. Single and dual tandem R1 and R2 cDNA constructs of
recombinant AAV vectors.

Table S2. In-vivo echocardiography data from mice treated with
graded vector doses containing equal concentrations of AAV6-rat
R‘I cTnt455 and AAV6_rat R‘I cTntASS.

Table $3. Heart weight and body weight measurements of control
and rAAV6 R1-R2 treated mice.

Figure S1. Plasmid map for rAAV production enabling cardiac spe-
cific overexpression of human R1R2.

Figure $2. Rrm1 and Rrm2 protein expression in hearts from mice
treated with human vectors.

Figure $3. Ejection fraction of mice treated with human vectors.
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