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Cardiac Progenitor Cells Engineered With BARKct
Have Enhanced B-Adrenergic Tolerance
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Stem cell survival and retention in myocardium after
injury following adoptive transfer is low. Elevated cat-
echolamine levels coinciding with myocardial injury
adversely affect cardiac progenitor cell (CPC) survival.
The G protein-coupled receptor kinase 2 (GRK2)-derived
inhibitory peptide, BARKct, enhance myocyte contrac-
tility, survival, and normalize the neurohormonal axis
in failing heart, however salutary effects of BARKct on
CPC survival and proliferation are unknown. Herein, we
investigated whether the protective effects of BARKct
expression seen in the failing heart relate to CPCs.
Modified CPCs expressing BARKct enhanced AKT/eNOS
signaling through protective B2-adrenergic receptors
(B2-ARs). In addition, to the actions of BARKct expres-
sion on B2- AR signaling, pharmacologic inhibition of
GRK2 also increased 2-AR signaling in nonengineered
CPCs (lacking BARKct) but had limited effects in BARKct
engineered CPCs providing evidence for the strength of
the BARKct in inhibiting GRK2 in these cells. Increased
proliferation and metabolic activity were observed
in PBARKct-engineered CPCs following catecholamine
stimulation indicating improved adrenergic tolerance.
BARKct modification of CPCs increased survival and pro-
liferation following adoptive transfer in an acute myo-
cardial infarction model concomitant with increased
expression of B-AR. Thus, BARKct engineering of CPCs
promotes survival and proliferation of injected cells fol-
lowing myocardial infarction, which includes improved
-adrenergic tolerance essential for stem cell survival.
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INTRODUCTION

The B-adrenergic receptor (B-AR) system regulates cardiac contrac-
tility* that is an integral part of cardiac homeostasis, with elevated
adrenergic drive occurring during postnatal development concur-
rent with extensive cellular proliferation® as well as in the failing
heart.™ Loss of contractile performance in the pathologically chal-
lenged heart can be initially compensated for by increased adren-
ergic drive but chronic elevation of catecholamine levels leads to

deleterious consequences for cardiac structure and function.**
Although the adult myocardium possesses limited reparative poten-
tial in the form of endogenous stem cells, the functional regenera-
tive activity of cardiac progenitor cells (CPCs) is compromised by
adrenergic stimulation.® Therefore, the ability of CPCs to mediate
repair in the myocardium appears to be influenced by adrenergic
stimulation that is normally present in response to myocardial
injury, with differential effects in acute vs. chronic states.

The B-adrenergic system in the heart mediates effects primar-
ily through B, - and B,-AR subtypes with B1-ARs regulating car-
diac contractility via coupling exclusively to the G protein, Gs.
Myocardial injury coincides with activation of B,-AR mediated
signaling with increased catecholamine levels that in the chronic
condition prompts myocyte death and necrosis.** In contrast, {3 -
AR signaling can antagonize cardiomyocyte death®'° and promotes
proliferation, mobilization, and differentiation of stem and progeni-
tor cells.""* Thus, the B,-AR has been classified as a protective AR
and this occurs through its properties of coupling not only to Gs
but also Gi.”" Consistent with this and in the context of myocardial
repair, we have recently found that f3,-AR signaling promotes CPC
survival and proliferation.® CPCs in a lineage “uncommitted” state
express B,-ARs almost exclusively while the B,-AR is acquired in
the process of cardiac lineage commitment.® 3 -AR expression on
“committed” CPCs leads to sensitization to apoptotic signaling in
response to increased catecholamine stimulation, thereby limiting
cardiac repair and regeneration in response to pathologic injury.

When the heart is injured or stressed there is activation of
the sympathetic nervous system and adrenergic overdrive via
excessive catecholamines that leads to uncoupling and desensiti-
zation of B-ARs in the heart, which is orchestrated through the
upregulation of G protein-coupled receptor kinase 2 (GRK2).!>!¢
Enhanced GRK2 activity has been shown to contribute to car-
diac decompensation,'” and even independent of its uncoupling
properties on -ARs, it appears to be a prodeath kinase especially
in stressed myocytes.'* Importantly, inhibition of GRK2 or its
genetic ablation its has been shown to improve cardiac function
in myocardial injury and heart failure animal models via improv-
ing inotropic reserve, improving myocyte survival and also via
normalization of the neurohormonal axis that can occur through
improved B-AR signaling.'®*?! GRK2 signaling inhibition can
be achieved using BARKct, a small peptide isolated from the Gy,
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binding site of GRK2, a process required for GRK2’s actions on
activated G protein-coupled receptors.?> BARKct gene therapy
for the treatment of pathologic myocardial injury has been suc-
cessfully implemented in experimental animal models®** with
the focus specifically on cardiomyocytes. In this study, we studied
the actions of GRK2 inhibition specifically on CPC biology and
reparative processes in the failing heart to target improved adren-
ergic signaling and tolerance to combat against sympathetic over-
drive. We find that BARKct engineering of human CPCs (hCPCs)
isolated from heart failure patients increases survival, prolifera-
tion, and enhances 3-adrenergic regulation in cells following car-
diac commitment. Collectively, these studies point toward the
B-adrenergic system as an important modulator of CPC function,
providing a rationale for strategies to enhance “adrenergic toler-
ance” via GRK2 inhibition and BARKct treatment as an interven-
tional approach to improve outcomes in cellular therapy for the
treatment of heart disease.

RESULTS

BARKct overexpression in hCPCs

hCPCs were isolated from patients undergoing left ventricular
assist device implantation as described previously.? hCPCs over-
expressing green fluorescent protein eGFP (hCPCe) or BARKct
(hCPCefct) were modified using lentiviral vectors Lv-egfp or
Lv-egfp + PARKct (Supplementary Figure Sla). Modification
efficiency after lentiviral transduction was 77.5% for hCPCe and
80.6% for hCPCePct as measured by GFP expression using flow
cytometric analysis (Supplementary Figure S1b). Expression of
eGFP or BARKct in the modified hCPCs was confirmed by immu-
noblot analysis (Supplementary Figure Slc). To verify that the
BARKct was indeed inhibiting GRK2 and blocking desensitiza-
tion of resident 3,-ARs, cCAMP responses in control CPCs and
BARKct-engineered CPCs was measured acutely over time after
isoproterenol (ISO) treatment and indeed, we found increased
cAMP responses with PBARKct expression (Supplementary
Figure S1d). Additional molecular characterization revealed no
change in the expression of B-ARs after BARKct modification
in hCPCs (Supplementary Figure Sle). These results indicate
successful modification of the hCPC to express BARKct and the
eGFP tag for subsequent functional studies.

Molecular signaling in BARKct-engineered hCPCs
after catecholamine stimulation

Consequences of PBARKct modification for molecular signal
transduction were characterized in BARKct-engineered hCPC
after catecholamine stimulation. Effect of BARKct modification
was assessed as readout for GRK2, a known BARKct target and
AKT, which has been previously shown to be activated because of
increased B,-AR signaling. GRK2 phosphorylation at the known
extracellular signal-regulated kinase/mitogen-activated protein
kinase site (Ser 670) increased 2.1- and 2.6-fold in hCPCePct under
acute (2 hours) or chronic (6 hours) catecholamine stimulation
relative to 1.4- and 0.9-fold in hCPCe, respectively (Figure 1a).
Furthermore, AKT phosphorylation significantly increased 2.1-
and 1.7-fold in hCPCePct after 2 or 6 hours of catecholamine
stimulation compared with 1.3 and 1.2 fold in hCPCe (Figure 1a).
There was an increase in basal activation of AKT in CPCs with
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BARKct expression (0 hour), however the fold changes histo-
gram represents normalized values for each cell line. Treatment of
hCPCefct or hCPCe cells with a GRK2 pharmacological inhibi-
tor (Methyl 5-[2-(5-nitro-furyl)vinyl]-2-furoate) was done before
catecholamine stimulation and this decreased GRK2 expression by
73% in hCPCe at 6 hours in comparison with only a 39% decrease
in hCPCefct, indicating that pharmacological GRK2 inhibition is
also effective in blocking desensitization of the B-AR mediated sig-
naling analogous to the impact of BARKct expression in hCPCefct
(Figure Ic). Since CPCs express only [3,-AR and we have shown
previously that catecholamine stimulation can enhance AKT,
effect of GRK2 inhibitor treatment on hCPCe and hCPCefct
was assessed in terms of AKT activity. AKT phosphorylation was
increased as a result of transgene modification and cell selection in
either hCPCefct or hCPCe cells by 2.1- or 1.8-fold, respectively,
but catecholamine stimulation for 6 hours did not reveal signifi-
cant differences in AKT phosphorylation between hCPCe and
hCPCefct (Figure 1c).

Activation of [B,-AR increases survival signaling in CPCs®
and cardiomyocytes’ in response to catecholamine stimula-
tion. Importantly, B,-AR expression was preserved in hCPCefct
after catecholamine stimulation for 2 or 6 hours, whereas cat-
echolamine stimulation in control cCPCe cells caused B,-AR
expression to decrease 35 and 52% at 2 or 6 hours, respectively
(Figure 1b). Furthermore, 3,-AR expression after GRK2 inhibitor
treatment decreased by 22% in hCPCe compared with hCPCefct
after 2 hours but does not change significantly between hCPCe
and hCPCefct after 6 hours of GRK2 inhibition in conjunction
with catecholamine stimulation (Figure 1d) indicating that the
beneficial effect of BARKct depends, in part, upon GRK2 activ-
ity that correlates with preservation of B,-AR expression in non-
engineered CPCs lacking BARKct. Activation of 3,-AR signaling
increases AKT phosphorylation that, in turn, activates down-
stream eNOS activity.”® Indeed, eNOS phosphorylation increases
of 2.1- or 2.6-fold was observed in hCPCefct cells after 2 or 6
hours of catecholamine stimulation as compared with increases of
only 1.1- or 1.4-fold in control hCPCe cells (Figure 1b). Similarly,
following treatment with the pharmacologic GRK2 inhibitor,
eNOS phosphorylation increased higher in control cells (1.5-
fold at 2 hours and 1.6-fold at 6 hours) while this inhibitor did
not alter improved eNOS activation in BARKct containing CPCs
(Figure 1d). Collectively, these results indicate that BARKct pre-
vents B -AR desensitization and promotes signaling related to
survival and proliferation mediated by AKT/eNOS signaling in
response to catecholamine stimulation. Consistent with BARKct
results, pharmacologic GRK2 inhibition also increases [3,-AR/
AKT/eNOS-mediated signaling in hCPCe after catecholamine
stimulation but does impart any change when GRK2 is already
inhibited by the BARKct.

Cell Survival is increased in BARKct-engineered hCPCs
subjected to oxidative stress

hCPCefct cells show increased viability relative to hCPCe cells
when in culture for 5 days (P < 0.001; Supplementary Figure
$2a). Oxidative stress induced by a H,0, challenge led to a signifi-
cant reduction of cell death in hCPCefct cells relative to hCPCe
cells (P < 0.01; Supplementary Figure S2b). Concordant with
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Figure 1 Characterization of molecular signaling in BARKct-engineered hCPCs. (a) Increased GRK2 phosphorylation in human cardiac progeni-
tor cells overexpressing BARKct (hCPCefct) after 2 and 6 hours of catecholamine stimulation compared with GFP expressing hCPCs (hCPCe; n = 3).
Furthermore, increased AKT phosphorylation in hCPCefct compared with hCPCe after catecholamine stimulation (n = 3). (b) Increased expression of
f3,-adrenergic receptor in hCPCefct compared with hCPCe in response to catecholamine treatment. hCPCefct maintain ,-adrenergic receptor even
after 6 hours of catecholamine treatment compared with hCPCe (n = 3). Increased eNOS phosphorylation in hCPCefct after catecholamine stimula-
tion compared with hCPCe indicating activation of the prosurvival signaling (n = 3). (c) Decreased GRK2 levels in hCPCe compared with hCPCefct
after treatment with GRK2 inhibitor in the presence of catecholamine stimulation. Increased AKT phosphorylation in hCPCefct compared with hCPCe
after 2 hours of catecholamine stimulation in the presence of GRK2 inhibitor but the difference in not significant after 6 hours. (d) Increased ,-AR
expression in hCPCefct after 2 hours of catecholamine stimulation compared with hCPCe but not significant at 6 hours. Similarly, increased eNOS
phosphorylation in hCPCefct compared with hCPCe at 2 and 6 hours, respectively. NS, nonsignificant, hCPCe vs. hCPCefct *P < 0.05, **P < 0.01,

***P < 0.001. GFP, green fluorescent protein; GRK2, G protein-coupled receptor kinase 2; hCPC, human cardiac progenitor cell.

the cytoprotective effect of BARKct,' significant phosphorylation
increases for both AKT (P < 0.01) and eNOS (P < 0.001) were
observed in hCPCefct compared with hCPCe cells after oxidative
stress (Supplementary Figure S2 c-d).

Proliferation enhanced in BARKct-engineered hCPCs

BARKct modification increases AKT activation in CPCs
(Figure 1) that may lead to increased proliferation in the pres-
ence of catecholamines. Catecholamine-driven proliferation was
increased in hCPCefct compared with hCPCe cells at day 3 (P
< 0.05) and day 5 (P < 0.05; Figure 2a). Consistent with these
BARKct results, pharmacologic GRK2 inhibition together with
catecholamine stimulation prompted proliferation of hCPCefct
relative to hCPCe that was significantly increased at day 3 (P <
0.05), but this differential proliferative response was lost by day
5 in culture (Figure 2c) suggesting that long-term pharmaco-
logic inhibition of GRK2 achieves effects similar to constitutive
BARKct expression. Concordantly, metabolic activity was sig-
nificantly increased in hCPCefct relative to hCPCe cells at day
3 (P < 0.05) and day 5 (P < 0.01; Figure 2b). Effects on meta-
bolic activity resulting from pharmacologic GRK2 inhibition
together with catecholamine stimulation mirrored proliferation
findings, with increased metabolic activity at day 3 (P < 0.01)
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that becomes comparable by day 5 between hCPCefct relative to
hCPCe (Figure 2d). Proliferation or metabolic activity in either
hCPCefct or hCPCe was not affected by pharmacologic GRK2
inhibition alone. Therefore, BARKct increases proliferation and
metabolic activity in hCPCefct relative to hCPCe in response to
catecholamine stimulation and the potentiating effect of BARKct
is mimicked by pharmacologic GRK2 inhibition in control cells.

Increased survival of hCPCefct cells with B1-AR
overexpression and catecholamine challenge

CPCs express 3,-AR in an uncommitted state but acquire 3 -AR in
the process of cardiac lineage commitment leading to sensitization
to catecholamine-induced cell death.® Therefore, effect of BARKct
modification in promoting CPC survival in the presence of cate-
cholamine-induced B1-AR stimulation was analyzed. hCPCefct
or hCPCe cells were infected with a 3 -AR adenovirus and subse-
quently challenged with ISO to analyze ISO-B -AR mediated cell
death.® Consistent with the proapoptotic role of 3 -AR overex-
pression, cell death was increased at 2 hours (23.9%) and 6 hours
(37.1%) in ISO-treated hCPCe cells compared with control non-
treated hCPCe cells (7.6%) (Figure 3a). The presence of hCPCefct
conferred significant protection at 2 (14.8%, P < 0.01) and 6 hours
(20.7%, P < 0.001) under these B -AR mediated proapoptotic
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Figure 2 Increased proliferation and metabolic activity in hCPCefct. (a) CyQuant assay; hCPCefct exhibited enhanced proliferation compared
with hCPCe at 3 and 5 days after catecholamine stimulation (n = 3). (b) Metabolic activity measured by using MTT reagent in hCPCefict demon-
strated improved metabolic activity relative to hCPCe (n = 3). NS, nonsignificant, hCPCe FEN vs. hCPCefct FEN *P < 0.05, **P < 0.01, ***P < 0.001.
hCPCefct treated with GRK2 inhibitor in the presence of catecholamine stimulation have increased proliferation (€) and metabolic activity (d) com-
pared with hCPCe at day 3 (n = 3). However, there is no significant change in proliferation and metabolic activity between hCPCe and hCPCefct at
5 days in the presence of GRK2 inhibitor and catecholamine stimulation. hCPCe and hCPCefct treated with GRK2 inhibitor alone does not show any
effect on proliferation and metabolic activity. NS, nonsignificant, hCPCe FEN/inh vs. hCPCefct FEN/inh *P < 0.05, **P < 0.01, ***P < 0.001. GRK2, G

protein-coupled receptor kinase 2; hCPC, human cardiac progenitor cell.

conditions (Figure 3a). The involvement of functional B -AR
overexpression was confirmed by inclusion of metoprolol, a 3 -
AR specific antagonist, which abrogated ISO-induced cell death
in hCPCefct and hCPCe (Figure 3a). The proapoptotic effect of
B1-AR signaling in cardiomyocytes is mediated, at least in part,
by PKA and cAMP activation* that leads to a variety of homolo-
gous and heterologous desensitization effects*” in response to
chronic catecholamine stimulation. Increased cAMP levels were
observed in 3 -AR overexpressing hCPCe cells after 2 and 6 hours
of catecholamine stimulation (Figure 3b) indicating activation of
B,-AR mediated signaling. In contrast, less chronic cCAMP levels
were observed in hCPCefct cells (Figure 3b). These experiments
support the postulate that BARKct expression confers protection
against 1SO-induced cell death, even when the hCPCs acquire
more proapoptotic f3,-ARs.

Increased survival of hCPCefct cells in situ in the
heart following myocardial infarction

Superiority of hCPCefct cells in the face of adrenergic challenge
relative to hCPCe cells in terms of proliferation and survival, as we
found in vitro above (Figure 2; Supplementary Figure S2) was vali-
dated in vivo using adoptively transfer of syngeneic murine CPCs
into acutely infarcted mouse myocardium characterized by high cir-
culating catecholamine levels as previously reported.' Indeed, signif-
icantly increased epinephrine (P < 0.001) and norepinephrine (P <
0.001) serum levels were observed 3 days after myocardial infarction
compared with normal mice (Supplementary Figure S3). Murine

CPCs engineered to express BARKct (mCPCefct) show typical
characteristics of increased proliferation and metabolic activity in
vitro (Supplementary Figure S4a-c) as previously observed for
hCPCefct cells (Figure 2). Survival and proliferation of mCPCefct
vs. mCPCe cells was assessed at day 3 after myocardial infarction
and adoptive transfer. Adoptively transferred cells were identified by
coincident immunolabeling for c-kit*/GFP* in myocardial sections.
The number of c-kit*/GFP™ cells was a significant 2.1-fold higher
in hearts receiving mCPCefct compared with mCPCe (Figure 4
a-c). Similarly, proliferating cell nuclear antigen (PCNA)*/GFP*
cells were also significantly increased (25.1%) in mCPCefct com-
pared with mCPCe (10.2%) indicating increased proliferation of the
donated CPC population (Figure 4d-f). Lastly, apoptotic cell death
as indicated by TUNEL*/GFP™ coincidence was reduced (3.7%) in
hearts receiving mCPCefct compared with mCPCe (10.5%) at 3
days (Figure 4g-i). Collectively these findings support the beneficial
effect of engineered mCPCefct cell transfer in the context of acute
myocardial infarction injury over normal CPCs.

Increased frequency of 1-ARt mCPCefct in situ
following myocardial infarction

As shown above, BARKct engineering increases CPC survival and
proliferation in hearts after acute ischemic injury supporting expan-
sion of the mCPCefct cells following adoptive transfer. We have
shown previously that lineage unspecified B,-AR* CPCs acquire B -
AR expression (the major myocyte B- AR sub-type) upon cardiogenic
lineage commitment and sensitization to catecholamine-induced
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Figure 3 Increased survival in hCPCefct overexpressing B,-
adrenergic receptor in response to catecholamine stimulation. (a)
Increased survival in hCPCefct compared with hCPCe overexpressing
f3,-adrenergic receptor and in the presence of isoproterenol as evidenced
by FACS based cell death analysis (n = 3). No change after isoproter-
enol induced cell death in metoprolol treated hCPCefct and hCPCe.
(b) Enhanced cAMP activity in hCPCe overexpressing B1-adrenergic
receptor stimulated with isoproterenol at 2 and 6 hours compared
with hCPCefct as measured by cAMP assay (n = 3). hCPCe + B1-AR vs.
hCPCefct + B1-AR *P < 0.05, **P < 0.01, ***P < 0.001. hCPC, human
cardiac progenitor cell.

cell death.® The BARKct modified mCPCefct group yields an
increased number of GFP CPCs colocalized with B,-AR (2.3%)
compared with mCPCe group (0.3%; Figure 5a—c). Similarly,
increased B,-AR*/GFP™ cells were observed in mCPCefct (20.1%)
group compared with mCPCe (11.5%; Figure 5d-f) in the infarcted
myocardium at day 3 compared with mCPCe. Collectively, these
results indicate that BARKct engineering increases survival of car-
diogenic CPCs and allow for improved viability of the adoptively
transferred mCPCefct cells in repair and regenerative processes
and since [ -ARs are present there appears to be improved cate-
cholamine and adrenergic tolerance of these cells in the infarcted
myocytes due to GRK2 inhibition.

DISCUSSION

Adoptive transfer of CPCs into pathologically challenged myocar-
dium improves cardiac function in a variety of animal models.**
However, poor survival, engraftment, and lineage commitment
of adoptively transferred CPCs in damaged myocardium is a sig-
nificant limitation for efficacy of cellular therapy.?** The stressed/
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injured myocardial environment is characterized by increased
circulating catecholamine levels and subsequent adrenergic
over-drive' that can alter survival and proliferation characteris-
tics of adoptively transferred CPCs. Although ,-AR expression
favors CPC survival and proliferation in an uncommitted state,
the acquisition of B-AR during lineage commitment increases
sensitization to catecholamine-induced cell death.® Findings in
this study support the postulate that survival and proliferation
of adoptively transferred CPCs can be enhanced by genetic engi-
neering of CPCs with BARKct to enhance adrenergic tolerance in
a damaged heart by inhibiting GRK2, which has previously been
shown to be a prodeath kinase in myocytes.'**

Catecholamine dysregulation in pathologic injury or chronic
stress leads to adrenergic hyperactivity and induces the upregulation
of GRK2, a critical regulator of cardiac G protein-coupled receptors
including B-ARs.* Silencing GRK2 activity can prevent cardiomyo-
cyte loss, improve heart function, and normalize the neurohor-
monal axis including lowering of circulating catecholamines due to
improved signaling through 3-ARs as well as improved function of
the heart.'*!*-2" Salutary effects of BARKct upon survival and pro-
liferation in CPCs in the face of adrenergic challenge were indeed
due to GRK2 inhibition as a pharmacological inhibitor of this GRK
imparted similar in vitro properties on proliferation and survival
after B-AR stimulation and the inhibitor did very little on top of
BARKct showing that this peptide is inhibiting GRK2 in these
CPCs. Furthermore, BARKct increased cAMP production acutely
and imparted protection against chronic catecholamine stimula-
tion by reducing cAMP levels (Figure 3) as a consequence of PKA
activation®? and increased 1-AR* phosphorylation, reinforcing
the long-term beneficial effect of BARKct expression on hCPCe
cells despite an acute increase in cAMP production. The BARKct,
a synthetic peptide developed from the carboxyl terminus of GRK2
that binds to membrane-associated and disassociated G, subunits,
which is a requirement of GRK2 activation and its actions in the
heart include improved adrenergic signaling and cardiac contrac-
tility and function.”>>** The milieu of acutely infarcted myocar-
dium and associated catecholamine storm provides an appropriate
experimental setting to demonstrate this robust BARKct-mediated
protection of CPCs. Indeed, BARKct-engineered CPCs displayed
enhanced survival, proliferation and also increased $1-AR expres-
sion that would mark increased adrenergic tolerance as the CPCs
commit to a cardiomyocyte lineage (Figures 4 and 5). Salutary
effects of BARKct coupled together with observations of adrenergic
signaling effects in CPCs prompted this study, which supports use
of BARKCct engineering to enhance adrenergic tolerance, survival,
and proliferation of CPCs in the damaged myocardium.

Future studies will be needed to determine if this engineering
of CPCs can improve cardiac function and outcomes in ischemic
heart failure. However, we had shown that modifying CPCs with
the BARKct confers superior ability to withstand the catechol-
amine storm immediately after transplantation in an acute patho-
logical setting promoting survival, proliferation and commitment.
Moreover, lentiviral modification of CPCs with BARKct provides
sustained expression of the transgene in CPCs in contrast to pre-
treatment of CPCs with pharmacological GRK2 inhibitor before
transplantation. Previously it has been shown that CPCs express
low levels of both B-ARs*, which is in contrast to to CPCs used in
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Figure 4 CPC survival and proliferation is enhanced with BARKct engineering in hearts after acute myocardial infarction. (a-b) Increased
c-kit+/GFP+ cells within hearts transplanted with hCPCefct compared with hCPCe transplanted hearts after 3 days of infarction stained with GFP
(green) c-kit (red), sarcomeric actin (blue), and nuclei (white) Scale bar = 40 um. (c) Quantitation of c-kit+/GFP+ cells in hCPCefct and hCPCe trans-
planted hearts. (d—f) Increased PCNA+/GFP+ cells in hCPCefct hearts compared with hCPCe stained with PCNA (red), GFP (green), sarcomeric actin
(blue), and nuclei (white) along with corresponding quantitation. (g-i) Reduced TUNEL+/GFP+ in hCPCefct hearts compared with hCPCe stained
with TUNEL (red), GFP (green), sarcomeric actin (blue), and nuclei (white) along with corresponding quantitation. hCPCe vs. hCPCefct *P < 0.05,

**P <0.01, ***P < 0.001. GFP, green fluorescent protein; hCPC, human cardiac progenitor cell.

this study that only express 3,-AR and acquire 3 -AR upon cardiac
commitment and maybe attributed to different CPC isolation and
expansion procedures. The molecular basis of BARKct-mediated
improvement in survival and proliferation in CPCs rests with
inhibition of GRK2 activity that has been recently shown to be a
prodeath kinase in the heart that can limit prosurvival pathways
including AKT and eNOS downstream, at least in part, through
the B,-AR'" and Gi protein activation, the 3-AR sub-type known
to protect against cateholamine-induced cell death. Since the car-
dioprotective effects of BARKct seem to be in part due to AKT
activation suggesting AKT gene transfer as a possible alternative.
However, recently it has been shown that AKT modification of
CPCs enhances proliferation but prevents CPCs from cardiac com-
mitment.*® Furthermore, BARKct works in a delineate fashion; it

does not only regulate adrenergic overdrive but at the same time
enhance AKT mediate prosurvial signaling.

BARKct and subsequent GRK2 inhibition has shown to be
cardioprotective in the acute setting,'® and also has been shown to
reverse heart failure in several animal models including a recent
study showing significant cardiac improvement in a large animal
preclinical efficacy study in heart failure pigs.?'

Importantly, the BARKct inhibits GRK2 through blocking GBy
binding and activation of this kinase, and in addition to its pallia-
tive effects on heart function, the BARKct has been shown to limit
vascular smooth muscle restenosis and also limit hypertension in an
animal model.*”*® Therefore, future studies will continue to explore
exact mechanisms for BARKct-mediated improvement of CPC sur-
vival and engraftment in the ischemic myocardium as it is possible
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%GFP*/B1-AR" cells/mm?

%GFP*/B2-AR" cells/mm?

Figure 5 Increased survival of B -adrenergic receptor expressing cells in hearts after acute infarction. (a-b) Increased survival of B1-AR+¢ cells
colocalized with GFP (green) in the hearts with CPCefct compared with CPCe. (c) Quantitation of B1-AR+/GFP+ CPCs. (d-f) Increased survival
of B2-AR+/GFP+ cells in CPCefct transplanted hearts compared with CPCe along with corresponding quantitation. Scale bar = 40 um. hCPCe vs.
hCPCefct *P < 0.05, **P < 0.01, ***P < 0.001. GFP, green fluorescent protein, hCPC, human cardiac progenitor cell.

that effects are cell-specific and different than the heart failure rescu-
ing mechanisms that have been seen in myocytes. For example, it has
been shown that in addition of the ARKct’s ability to block GBy-
mediated G protein-coupled receptor kinase activity, this peptide can
inhibit the prodeath activities of GRK2 localized to mitochondrial
via Hsp90 binding." Finally, studies will need to delve further into
delineating the adrenergic signaling network in CPCs with the goal
of defining molecular interventional targets to promote enhance-
ment of reparative and regenerative processes. Increased surviving
CPCs because of BARKct engineering will enable enhanced CPC
participation in repair and regeneration processes potentially pro-
viding a novel therapeutic modality for the treatment of heart failure.

MATERIALS AND METHODS

Cell culture and differentiation. Human CPCs were isolated from ventric-
ular samples obtained as discarded tissue of patients receiving left ventricu-
lar assist device implantation.” The samples were provided without patient
identifiers and generated as a normal by-product of a surgical procedure,
so therefore the protocol was deemed nonhuman subjects research by IRB
review. Human CPC were maintained in as described in Supplementary
Materials and Methods. Mouse CPCs are isolated from syngeneic male
FVB mice and cultured for 3 weeks in cardiac stem cell media as described
in Supplementary Materials and Methods.?**

Lentiviral transduction. CPCs were genetically modified through a bicis-
tronic lentiviral vector to deliver enhanced GFP transcribed from an inter-
nal ribosomal entry site in conjunction with the BARK-ct gene (CPCefct).
Additional details are provided in Supplementary Materials and Methods.

Molecular Therapy

Pharmacological treatments. CPCs were serum starved overnight and
treated with Fenoterol (FEN; 1 pmol/l, Sigma-Aldrich, St. Louis, MO,
USA) for 2 or 6 hours in serum free medium before CyQuant labeling,
metabolic assays and protein analysis. ISO (1 umol/l) treatment of CPCs
to induce catecholamine stress was performed for 2 or 6 hours before flow
cytometric analysis. B1-antagonist Metoprolol (1 umol/l; Sigma-Aldrich)
was used for manipulation of adrenergic stimulation. CPCs were treated
with Methyl 5-[2-(5-nitro-2-furyl)vinyl]-2-furoate as a pharmacological
inhibitor of GRK2 activity (10 umol/l, Millipore) for 1 hour in serum free
medium before catecholamine stimulation. CPCs were treated with H,0,
for 3 hours in low serum medium to induce oxidative stress before FACS
based cell death analysis.

CyQuant and metabolic assay. CyQuant and 3-[4,5-dimethylthiazol-
2-yl]-2,5 diphenyl tetrazolium bromide (MTT) assay of CPC were per-
formed with plating of cells in quadruplicate (2,000 cells/well) in 96-well
plates, followed by incubation with CyQuant (Invitrogen) or MTT reagent
(Sigma, St Louis, MO) as previously described.**54

Immunoblots. Immunoblotting was performed as described.***
Details regarding sample preparation and antibodies are provided in
Supplementary Materials and Methods and Table S1.

Flow cytometry. Cell death was measured by Annexin V staining (BD
Biosciences, San Jose, CA, USA) according to manufacturer instructions.
Cytometry is performed by using a BD FACSAria Flow Cytometer (BD
Biosciences).

Animal studies. Institutional Animal Care and Use Committee approval
was obtained for all animal studies. Detailed experimental procedures are
provided in Supplementary Materials and Methods.
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Immunohistochemistry. Immunocytochemistry, TUNEL assays, and
immunohistochemistry were performed as previously described®** with
additional information in Supplementary Materials and Methods.

cAMP assay. cAMP levels were measured by competitive enzyme immu-
noassay from cell lysates of hCPCs treated with catecholamine in com-
bination with metoprolol by using the cAMP parameter assay kit (R&D
systems).

Catecholamine assay. Plasma epinephrine (Epi) and norepinephrine
(NEpi) levels were determined by enzyme-linked immunosorbent assay
performed on mouse plasma samples using the BI-CAT enzyme-linked
immunosorbent assay kit from ALPCO Diagnostics (Windham, NH) with
detailed methods provided in Supplementary Materials and Methods.

Statistics. Statistical analysis was performed using Students t-test.
Comparison of more than two groups was performed by one-way ANOVA
or two-way ANOVA with Bonferroni’s post hoc test. P value less than 0.05
is considered statistically significant. Error bars represent SEM. Statistical
analysis is performed using Graph Pad prism v 5.0 software.

SUPPLEMENTARY MATERIAL

Figure $1. Characterization of BARKct overexpression in human CPCs.
Figure $2. Enhanced viability and survival in hCPCefct in response
to oxidative stress.

Figure $3. Serum plasma levels of epinephrine and norepinephrine.
Figure S4. BARKct engineering in mouse CPCs.

Table $1. Antibodies.

Materials and Methods.
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