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Abstract

Regenerative therapy in severe heart failure patients presents a challenging set of circumstances

including a damaged myocardial environment that accelerates senescence in myocytes and cardiac

progenitor cells. Failing myocardium suffers from deterioration of contractile function coupled

with impaired regenerative potential that drives the heart toward decompensation. Efficacious

regenerative cell therapy for severe heart failure requires disruption of this vicious circle that can

be accomplished by alteration of the compromised myocyte phenotype and rejuvenation of

progenitor cells. This review focuses upon potential for Pim-1 kinase to mitigate chronic heart

failure by improving myocyte quality through preservation of mitochondrial integrity, prevention

of hypertrophy and inhibition of apoptosis. In addition, cardiac progenitors engineered with Pim-1

possess enhanced regenerative potential, making Pim-1 an important player in future treatment of

severe heart failure.
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Optimal care for a cardiac patient requires a dual approach: on one hand limiting damage

and salvaging viable myocardium and on the other hand replacing dead myocardium with

newly formed force-generating myocytes. To date, the majority of therapeutic options seem

to prefer one side of this dichotomy: salvaging jeopardized cells. Clinical trials using Bone

Marrow-Derived Stem Cells (BMSCs) were first initiated more than a decade ago. In
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retrospect, after hundreds of preclinical studies and over a dozen BMSC-clinical trials, the

meta-analysis of collective findings shows the approach to be safe with beneficial reduction

of infarct size without consistent marked improvement in Left Ventricular Ejection Fraction

(LVEF [1–6]). Outcomes with use of BMSC prompt the prevailing interpretation that

BMSCs may be able to limit myocardial damage and potentially recruit endogenous stem

cells in a paracrine fashion [7] Lack of improvement in LVEF remains a point of concern as

an important clinically relevant endpoint for efficacy, making more enduring cell-based

therapeutic interventional strategies mandatory. Sustainable improvement in LVEF will

inevitably require regeneration, prompting incorporation of newer stem cell types cardiac-

lineage differentiation potential into the clinic as exemplified by the SCIPIO (cardiac Stem

Cell Infusion in Patients with Ischemic Cardiomyopathy) trial [8]. SCIPIO Phase 1 provided

initial proof of concept, safety and optimistic sustainable improvement with regards to

LVEF and cardiac scar reduction [8] In comparison, conclusions from an alternative

approach as represented by the CADUCEUS (Cardiosphere-Derived Autologous Stem Cells

to Reverse Ventricular Dysfunction) trial appear to recapitulate findings from the

aforementioned BMSC trials insofar as the major reported benefit was myocardial scar-

reduction without evidence of increased LVEF [9,10]. Although these phase I trials are

indeed primarily designed to assess safety rather than efficacy, the good news is that Cardiac

progenitor cell (CPC)-mediated therapy has ripened from a proof of concept at laboratory

benches to therapeutic reality at a patient’s bedside. Currently, while we await further

expansion into phase II trials for both SCIPIO and CADUCEUS, enthusiasm and optimism

is tempered by circumspection of how broadly applicable such cell-based interventions will

be to a broader patient population. Patients enrolled in the SCIPIO-trial were selected within

criteria for being less than 75 years of age together with baseline LVEF < 40%. Similarly,

patients with New York Heart Association Class IV were excluded from the CADUCEUS

trial. These rational and legitimate criteria for the initial clinical assessment of stem cell

treatment have, by design, excluded a substantial patient population that desperately needs

regenerative therapy: severe heart failure patients currently on a Left Ventricular Assist

Device (LVAD) who cling to life as cardiac transplant candidates.

Terminal heart failure is a chronic disease involving progressive organ damage that clearly

demonstrates myocardial regenerative capacity as insufficient to mediate functionally

meaningful repair [10]. Aging, oxidative stress, DNA damage, and inflammation contribute

to development of replicative and premature cellular senescence with subsequent secretome-

mediated tissue impairment that drags neighboring cells into senescence [11–18] Severe

heart failure, cardiac patients predominantly correlate with a plethora of cardiovascular

disease-associated risk factors such as smoking, excess caloric intake, or alcohol abuse that

all participate in acceleration of telomere erosion and descent into cellular senescence [19–

22]. Thus, cardiac stem cells residing within the embattled environment of severe heart

failure may not necessarily reflect the reparative potential of cells employed in clinical trials

to date. Collectively, the very target population of aged and infirmed patients destined to be

at the forefront of interventional therapy are also likely to possess the most compromised

stem cell population in terms of functional capacity and regenerative potential. Therefore, a

reasonable question to ask is whether “youthful vigor” could be restored in these aged and

pathologically embittered stem cells without altering programming for context-dependent
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recognition of the environment and appropriate integration into the local environment in a

delicate fashion (as is problematic for current inducible pluripotent stem cell-based

approaches). In this special report, we will elaborate upon the role of the Serine/threonine

kinase Pim-1 as a “rejuvenating” approach in cardiac stem cell therapy and myocardial

regeneration. In addition, the potential role of Pim-1 as a gene therapy target in salvaging

damaged myocardium will be discussed.

Pim-1

The proto-oncogene Pim-1 gene displays characteristics of primary response genes that are

induced by activation of transcription factors downstream of growth factor signaling such as

Akt, JAK-STAT and NF-B [23–25]. Pim-1 mRNA has a very short half-life due to presence

of the destabilizing AUUU (A) sequence in the 3′ UTR. The 5′ UTR sequences of Pim-1

mRNA contains a GC-rich region representing a ‘weak transcript’, thereby imposing a cap-

dependent translation [26,27] Due to presence of alternative translation initiation sites, two

isoforms of this calcium/calmodulin-regulated kinase family member are produced (44kDa

and 33kDa). Pim-1 protein is known to autophosphorylate, thereby being constitutively

active [27,28]. Once activated, the kinase has a half-life time of 10 minutes, indicative of a

tightly regulated production/degradation process. Indeed, Pim-1 has been shown to

physically interact with the prolylisomerase Pin-1, which allows interaction with protein

phosphatase 2A leading to dephosphorylation, ubiquitinylation and subsequent proteosomal

degradation [29,30]. In addition, Hsp9031 and Hsp7032 have been correlated with regulation

of Pim-1 stability and degradation respectively. Expression and activity of Pim-1 is induced

by multiple growth factors, mitotic stimuli and cytokines in various cell types. In most cells,

Pim-1 activity is associated with cell survival and proliferation.

Although belonging to different kinase families, Pim-1 is a downstream target of Akt kinase

and shows similar substrate specificities. In fact, Akt–dependent survival signaling is

attributed in part to physical interaction of Pim-1 with Bad, a major apoptotic initiator

[32,34]. Phosphorylation and inactivation of Bad leads to increased levels of pro-survival

proteins Bcl-2 and Bcl-xl in various cell types. In addition, Pim-1 has been reported as anti-

apoptotic, independent of Akt, via phosphorylation of p38 MAPK in hematological cells

[35].

The well-accepted role of Pim-1 in fostering cell cycle progression occurs in conjunction

with phosphorylation of the phosphatase Cdc25A, a positive regulator of G1-phase of the

cell cycle [36]. Increased phosphatase activity leads to amplification of Cdc25A and

increased G1-S-phase transition rate. In addition, the main inhibitory protein of G1-S-phase

transition, p21, is phosphorylated and inactivated by Pim-1 resulting in an increased cellular

proliferation [37]. In addition, the pro-proliferative function of Pim-1 is not restricted to cell

cycle progression. NuMa protein, responsible for organization of the spindle apparatus in the

M-phase, is regulated by Pim-1 phosphorylation [38]. Similarly, Pim-1 mediates C-TAK1

and Cdc25C phosphorylation [39,41]. Pim-1-dependent regulation of c-Myc transcription

and protein levels have been demonstrated in multiple tumor types. Both c-Myc

transcription and protein stabilization by Pim-1 have been reported, contributing to the

perception of Pim-1 as a protein with proto-oncogenic activity [41,42].
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Pim-1: The “P” as a Proto-oncogene, “M” as a Mediator

Aforementioned molecular mechanisms of Pim-1 expression and activity have prompted

indictment of Pim-1 as an instigator of cellular transformation in the field of oncology,

based largely upon detection of increased Pim-1 levels in various hematological and solid

tumors. In a group of malignancies, high Pim-1 protein level is associated with poor

prognosis (e.g gastric cancer, head and neck tumors [43–46]). Intriguingly, a major study on

2000 tumor samples reported an inverse correlation of Pim-1 levels and tumor recurrence

rate [47]. Consistent with this counter-culture viewpoint, Pim-1 overexpression in prostate

cancer, pancreatic ductal carcinoma and non-small cell lung carcinoma has been reported to

be correlative with favorable prognosis [48–50] emphasizing the cell-dependent/context

dependent role of Pim-1. Appreciation of the dogmatic perspective that Pim-1 contributes to

cancer requires consideration of the cellular context for Pim-1associated Oncogenic

behavior. In most tumors, Pim-1 is overexpressed in conjunction with increases in c-Myc

levels. High level c-myc activity has been correlated with induction of apoptosis,

necessitating a molecular compensatory response by cells to preserve survival and

potentially promote oncogenesis. Indeed, Pim-1 counteracts apoptosis in c-Myc–

transformed cells [51,52]. Similarly, high Pim-1 activity has been reported in K-Ras-

mutation-based-transformed pancreatic malignancies [53]. Unlike many types of cellular

transformation in tumor specimens characterized by gene rearrangement or dysregulated

amplification for typical oncogenes, Pim-1 overexpression is thought to rest with altered

transcriptional regulation. To our knowledge, the only cases of Pim-1 hypermutation occur

in a select few lymphoma subtypes (Hodgkin, DLBCL and MALT). In this lymphoma,

Pim-1 mutational hyperactivity is accompanied by simultaneous mutation in other genes

such as c-myc [51,54]. Taken as a whole, oncology literature would seem to implicate Pim-1

as a ‘proto-oncogenic-mediator’ rather than an ‘oncogenic-initiator’.

Another facet of consideration in the context of this myocardial-centric exposition is the

decades of incontrovertible experience with the heart as an organ virtually refractory to

oncogenic transformation. Cardiac-specific over expression of canonical oncogenes such as

c-myc and c-fos during mouse development increase cardiac myocyte number in early

stages after birth without persistent myocyte proliferation [55]. In fact, c-myc-driven

increases in myocyte proliferation during development do not lead to abnormal myocyte

formation in adulthood [55]. Even forced expression of telomerase by cardiac-specific

transgenesis in mice causes hyperplastic heart development followed by overriding mitotic

arrest and typical hypertrophic growth in adolescence, underscoring the legendary resistance

of myocardium to transformation. The mechanism of mature myocardial resistance to

proliferation is yet to be elucidated, but it is worth contemplating that cardiac myocytes

possess shortened telomeres, particularly after pathologic injury. The concept of Oncogene

Induced Senescence (OIS) or a ‘hypermitogenic arrest’ is based upon failure of Oncogene-

mediated transformation due to eroded and shortened telomeres. Thus, proto-proliferative

proteins display distinct and unique phenotypic consequences in the heart relative to other

cells or organs that retain mitotic activity as part of their normal homeostasis in adult life.

Taking our interpretation of Pim-1 mechanism in oncology together with an established

legacy of non-transformation using cardiac-specific overexpression for otherwise canonical
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oncogenes in the heart, we now propose that Pim-1 can be reasonably and safely considered

as an important target in rejuvenating aged stem cells for cardiac cell therapy of severe heart

failure patients.

Pim-1 as a Rejuvenating-tool for CPCs

Pim-1 overexpression in CPCs leads to elongation of telomeres that is tightly regulated as

evidenced by normalization of telomere length with prolonged cell passage, although during

the transient phase of telomere elongation the CPCs exhibited a youthful phenotype

characterized by higher proliferation rate and metabolic activity. In addition, Pim-1

overexpression in CPCs does not inhibit the capacity for cardiac lineage commitment [56],

as has been observed for stem cells modified by activated Akt [57]. Chromatid segregation

in CPCs is non-random (also referred to as asymmetric) ensuring that one daughter cell

receives an enriched number of “immortal” chromosomes associated with preservation of

stemness, whereas the other daughter cell will possess a disproportionate number of newly

synthesized chromosomes that are thought to promote lineage commitment and cellular

differentiation. Asymmetric chromosome distribution is important to create daughter cells

participating in tissue regeneration, a phenomenon linked to expression of Pim-1 in CSC

that increases asymmetric chromosome segregation by nearly twofold [58]. Similarly,

transgenic mice with cardiac-specific overexpression of Pim-1 exhibit significantly higher

number of asymmetric dividing CPCs as compared to their normal control brethren [59].

CPCs overexpressing Pim-1 and cocultured with neonatal rat cardiac myocytes (NRCMs)

show normal acquisition of Ica current and Ca2+ signaling consistent with cardiac lineage

[60], electrical connections through Cx43 gap junctions, and an authentic response to

paracrine signals from NRCMs [60]. Collectively, these observations highlight expansion of

progeny-targeted cardiogenesis mediated by Pim-1 activity as opposed to dysregulated and

unproductive CPC-pool expansion.

In the setting of myocardial infarction injury, intramyocardial adoptive transfer of c-kit(+)

BMSC modified to overexpress Pim-1 (BMSC-Pim) at time of infarction supported

enhanced anterior wall dimension thickening and blunting of left ventricle dilation compared

with hearts treated with vehicle alone [61]. Early recovery of cardiac function conferred by

BMSC-Pim facilitated modest improvements in hemodynamic function up to 12 weeks after

infarction between cell-treated groups and persistence of BMSC-Pim was improved relative

to BMSC-GFP. The number of recruited endogenous c-kit (+) cells mobilized to the site of

infarction injury was increased with BMSC-Pim compared to BMSC-GFP61. Interestingly,

the paracrine effects of BMSC in these mouse studies promoted cellular hypertrophy in the

border and infarcted regions coupled with an upregulation of hypertrophic genes61.

Although the conclusion using BMSC-Pim supported a net improvement in structural

remodeling relative to BMSC-GFP, the lack of functional commitment of BMSC-Pim

echoed the limited efficacy of BMSC clinical trials. The need to use a more specialized and

better adapted CPC cell population was reinforced by these results.

Fischer et al. conducted the first in vivo study using CPCs engineered to express Pim-1

(CPCeP) in the context of myocardial infarction, demonstrating significantly higher

hemodynamic performance and LVEF as compared to CPC expressing green fluorescent
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protein (CPCeG) as controls that persisted for up to 32 weeks post-injection [62]. The

persistent functional improvement was attributed to increased do novo myogenesis,

neovascularization, and engraftment of CPCeP relative to CPCeG [62]. The stage was now

set to move toward translational studies by incorporating human-derived CPCs into the next

set of studies.

Rejuvenating CPCs by overexpression of Pim-1 was, for the first time, extrapolated to

Human CPCs (hCPCs) in 2012 [63]. The experimental study was designed specifically for

the clinically-relevant patient population with severe heart failure in mind. Mohsin et al.

isolated CPCs from tissue samples harvested from patients undergoing an LVAD-placement

procedure. Stem cells were isolated and selected on the expression of stem cell surface

marker c-kit. hCPCs were then lentivirally engineerd with Pim-1 or a GFP-control. Similar

to prior findings by Fischer et al. using the mouse CPCs, these human CPCs expressing

Pim-1 (hCPC-eP) showed enhanced proliferation, metabolic activity and telomerase activity

relative to human CPCs expressing GFP control (hCPC-eG[63]). The aged CPCs in this

possessed a normal karyotype even while concomitantly exhibiting their boosted

proliferation rate, negating a potential safety issue that has plagued the embryonic stem cell

field for years. Long-term in vivo assessment of heart function upon myocardial infarction

and hCPC-eP delivery to immunocompromised SCID-mice showed significant improvement

in cardiac function within six weeks after cell injection relative to the hCPC-eG control

group. Interestingly, differences between hCPC-eP versus hCPC-eG groups became

increasingly evident with the ensuing months, where salutary effects of hCPC-eP remained

at a superior level for 20 weeks relative to hCPCeG [63]. Enhanced hemodynamic

performance in hCPC-eP-treated hearts correlated with prolonged persistence and evidence

of cardiogenic lineage commitment, increased de novo myocyte formation and

neovascularization [63,64].

Sustained improvement of LVEF along with findings of de novo myocyte formation and

neovascularization seem a desirable cocktail for the Holy Grail of myocardial regeneration.

Realization of enduring improved cardiac function using HCPCeP isolated from an aged and

severely diseased population is highly encouraging. However, confounding factors of patient

clinical variability, inter-individual inherent stem cell differences and myocardial response

to cell therapy remain as important and as yet unresolved uncertainties. At this point,

ensuring the future success of myocardial cell therapy may very well require patient-specific

assessment of inherent regenerative potential and endogenous stem cell exhaustion. Recent

results combining Hcp

Ceg and bone marrow mesenchymal stem cells (MSCs) advocate that a blend of cell types is

more beneficial than CPCs only or MSCs only [65]. Future combinatorial avenues are mind-

boggling when one considers the plethora of potential stem cells candidate types for

adoptive transfer therapy. The major relevant aspect in salvaging jeopardized cells and

myocardial regeneration is time. Rescue-time for myocytes in the wake of acute injury is

severely limited and requires a ready to go ‘off-the-shelf’ product. On the other hand,

autologous CPC-growth and associated regeneration will inevitably require a more

protracted interventional time course to isolate, expand, and eventually reintroduce the

donated cell population. Together with cell therapy, the field of gene therapy has witnessed
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major progress in development of broadly applicable minicircle plasmids, site-specific gene

insertions using lentiviral construct and a great level of experience and expertise in the field

of Adeno-Associated Viruses (AAV). In fact, current clinical trials are ongoing using AAV6

as a vector for cardiac gene therapy. Indeed, gene therapy appears a pragmatic and tractable

‘off-the-shelf’ approach to rescue myocytes at time of an interventional procedure such as

Percutaneous transluminal coronary angioplasty (PTCA). However, a heart failure patient

presents distinct challenges not amenable to an acute interventional strategy. The complexity

of underlying etiology, pervasiveness of degenerative changes, and deterioration of

structural and functional characteristics in the failing myocardium will likely require a

variety of combinatorial strategies to reverse cellular losses and combat accumulation of

senescent underperforming cells. Conceptual fusion of genetic engineering to potentiate

myocardial repair with ex vivo manipulation of stem cells offers distinct advantages:

controlled manipulation of donated cells without concerns related to in vivo gene therapy

issues of delivery and cell targeting.

Pim-1 as a target for gene therapy

Pim-1 is abundantly expressed in neonatal hearts and decreases upon aging. Postnatal

expression levels of Pim-1 declines but remains significantly elevated until 8 weeks of age

when protein becomes comparable to seven months of age [66]. Subcellular localization of

Pim-1 switches from predominantly nuclear in neonates to cytosolic in early adulthood

when protein levels start decreasing. In failing mouse and human hearts, Pim-1 expression

re-emerges and is localized in the nucleus of myocytes. After acute pathologic injury, Pim-1

is reactivated to play a cardioprotective role in the cytosol of borderzone myocytes. Cardiac-

specific overexpression of Pim-1 results in higher levels of anti-apoptotic Bcl-XL and Bcl-2

compared to samples from normal control hearts. Genetic ablation of Pim-1 does not

provoke an overt cardiac phenotype under physiologic conditions presumably due to

compensatory upregulation of Pim-2 and Pim-3, but an impaired compensatory cardiac

phenotype becomes evident upon pathologic challenge66. Cardiac-specific overexpression of

Pim-1 (Pim-WT) in transgenic mice exhibit a 33% higher number of myocytes reflected in

decreased average myocyte size relative to wild-type controls [66]. The preponderance of

smaller, more numerous myocytes in Pim-WT hearts results in a hyperdynamic myocardium

with an enhanced cellular reserve to cope with pathologic challenge, without abnormal

myocyte formation, transformation or tumorogenesis. In fact, Pim-1 overexpression actually

inhibits hypertrophy induced by endothelin-1 in neonatal rat cardiac myocytes. Pim-1

overexpression in cultured neonatal rat cardiac myocytes is characterized by enhanced

calcium reuptake and decreased relaxation period with increasing sarcomeric shortening and

SERCA expression. These cardioprotective actions extend to preservation of cardiac

structure and function in vivo following hypertrophic challenge in Pim-WT hearts, which

exhibit blunted hypertrophic remodeling under pressure overload challenge and preservation

of functional output as evidenced by increased anti-hypertrophic signaling, decreased pro-

hypertrophic proteins and increased hemodynamic function [67]. The cellular basis of

response to hypertrophic stimulation in the Pim-WT heart consists of increased cellular

proliferation and decreased apoptosis. Moreover, coping capacity of the Pim-WT heart in

response to myocardial infarction (MI) is also superior to identically challenged
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nontransgenic controls with a 40% decrease in infarct size. Although, baseline

hemodynamic performance of NTG and Pim-WT mice was the same, Pim-WT mice show

higher contractile function after MI than NTG-controls [66]. Biochemical, molecular, and

microscopic analyses have demonstrated beneficial effects of Pim-1 upon mitochondrial

integrity [68]. Pim-1 levels increase in the mitochondrial fraction with a corresponding

decrease in the cytosolic fraction of myocardial lysates from hearts subjected to 30 minutes

of ischemia followed by 30 minutes of reperfusion. In response to oxidative stress, Pim-1

preserves inner mitochondrial membrane potential (ΔΨm [68]). Mitochondrial ultrastructure

is maintained by Pim-1 activity, preventing swelling-induced calcium overload. Finally,

mitochondria isolated from Pim-WT mice show inhibition of cytochrome c release triggered

by a truncated form of pro-apoptotic Bad. In addition to preservation of mitochondrial

integrity, Pim-1 also serves to blunt mitochondrial fission through inhibition of Drp-1 [69].

High glucose treatment of adult rat cardiomyocytes leads to cell death. Increased level of

Pim-1 mitigates high glucose induced cell death by increased survival signaling [70]. The

common, non-ischemic/hypertensive, diabetic cardiomyopathy progresses from diastolic

dysfunction to cardiac failure. Pim-1 expression is decreased in diabetic transgenic mice

along with an increase in protein phosphatase 2A. In addition, diabetic hearts show low

levels of anti-apoptotic proteins and increased caspase-3 activity. Adeno-Associated-Virus9

mediated delivery of Pim-1 in diabetic mouse hearts, has been shown to improve cardiac

function and prevent cardiac failure, symbolizing Pim-1 cardioprotection on a mitochondrial

level [70]. Collectively, this constellation of cardioprotective and anti-hypertrophic

properties exhibited by cardiac-specific Pim-1 activity stands in stark contrast to forced

expression of typical oncogenic mediators such as Ras or myc that induce and contribute to

progression of hypertrophy, making Pim-1 an effective genetic modification to promote

stem cell-mediated regeneration and preserve myocardial structure function in the

pathologically injured heart. Combinatorial therapy using Pim-1 as a myocardial genetic

approach and CPCs-engineered with Pim-1 captures advantages of both sides of the stem

cell myocyte environment dichotomy Figure 1.

Expert commentary

Over a century ago the American writer and philosopher Elbert Hubbard wrote: “Optimism

is a kind of heart stimulant- the digitalis of failure.” Unfortunately, in the intervening 100

years neither optimism nor digitalis has provided any substantive progress for the prognosis

or outcome of severe heart failure patients. Instead, alternative approaches for treatment of

severe cardiac failure patients are required now more than ever before. Severe cardiac

failure patients are challenged by a seemingly intractable combination of chronic stress,

debilitating conditions and/or premature and replicative cellular senescence of the

myocardium. All this, together with the high probability of compromised regenerative

potential incapacitates the relatively modest ability of the heart to ameliorate or prevent

further progression of cardiac failure. In retrospect, experience and expertise from studies

using BMSCs and CPCs suggest that priming myocardial environment and myocyte

regeneration could serve as a complementary approach. However, combinatorial-based cell

therapy will require substantial investigation involving “trial and error” to sort through the

cornucopia of various cell types, their respective combinations, relative percentages, and
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preparation delivery protocols through rigorous testing and mechanistic studies prior to

reaching a tractable clinical platform. Uncertainties of the innate stem cell biology for

therapeutic use are further complicated by inter-patient variability, individual differences in

stem cell behavior, and inherent deficiencies in myocardial responsiveness. Patient-specific

assessment and choice of interventional time-line remains a critical unresolved area of

investigation and requires expert assessment of the physician depending on patient-etiology

and medical history. While one group of heart failure patients may require advanced

environment remodeling to improve outcome prior to cell-based therapy, others might

require a one-time procedure receiving a stem cell cocktail in combination with the gene

therapy vector. In addition, manipulation of the pathologically damaged heart by preemptive

gene therapy would allow much needed time and opportunity for longitudinal assessment of

the myocardial environment to improve survival and persistence prior to cell delivery for

regenerative treatment.

In order to figuratively “level the playing field” in this daunting task of regenerative therapy

for heart failure we as researchers and implementers of technology must begin to reduce the

number of possible approaches and optimize characteristics of the cells involved in order to

standardize treatment protocols. “Rejuvenating” the patient’s own stem cells with a

validated and safe ex vivo genetic modification for autologous therapy avoids many pitfalls

currently plaguing regimens implementing embryonic stem cells, inducible pluripotent stem

cells, or allogeneic stem cells. Furthermore, this genetic engineering strategy should ideally

confer improved survival and functional characteristics not only to the stem cell population,

but also to their daughter progeny responsible for the arduous task of rebuilding the

damaged myocardium. At present, Pim-1 is the only genetic modification to our knowledge

that has been comprehensively studied and proven effective in both stem cell engineering as

well as preserving/upgrading of myocyte quality. Ultimate success for myocardial

regenerative treatment involving severe cardiac failure will likely require teamwork from

multiple areas of investigation involving cell biology, gene therapy, and the clinical

practitioners responsible for turning optimism into reality.

Five-year view

The outcome of ongoing and planned clinical trials for adoptive cell transfer therapy and

gene therapy for heart failure will provide a foundation for development and implementation

of clinical cardiac cell and gene therapy protocols worldwide. Thereby, further improvement

of issues such as efficiency, broadening of the patient population and modification of

compromised stem cells and myocytes will be essential for ongoing success in the clinical

arena given the inherent variability of the target patient population. Overall, the evolution of

cell therapy in the field of cardiology is likely to follow the fundamental clinical influences

as the first cardiac transplant procedures, LVADs, beta-blocker application and other critical

milestones. However, impatience of a desperate public, pressure from political concerns, and

the often over-hyped allure of translational medicine tempers the reality that ongoing CPC

and gene therapy trials result from many years of incremental scientific discovery and

testing that culminate in a clinical “breakthrough.” Pressures for interventional

“deliverables” from scientists and physicians has prompted an atmosphere of “translation-

centric” and patient-oriented focus that sometimes can be dismissive of the importance for
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basic mechanistic understanding and relatively incremental, but necessary, slow progress. In

the scientific “Maslow’s hierarchy of needs”, clinical trials require a foundation in basic

scientific and mechanistic knowledge. The natural shift in focus towards translational

medicine and subsequent mechanistic arrears could conceivable lead to a new dichotomy:

either the clinics will be confronted with a protracted waiting time for major future

therapeutic discoveries or patients will be confronted with premature clinical application of

certain drugs or interventions with the subsequent consequences for the patients themselves

and the scientific fields. Cell signaling studies in vitro, studies on epigenetics, molecular

mechanistic cell cycle studies in all stem cell types (adult, ES/iPS, etc…), calcium-handling

studies, and much more might not be directly clinically applicable in the short term, but

nevertheless remain crucial in delineation of knowledge and expertise essential for

development of major discoveries such as cell or gene therapy.
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Key issues

• CPCs have entered clinical practice for patients with moderate heart failure.

• Severe heart failure patients may not be good candidates for early stage clinical

trials due to impairment of their endogenous regenerative responses.

• Heart failure patients suffer from aged-senescent myocytes and CPCs.

• Therapy for heart failure requires a dual approach; modification of the

environment through reversal of senescence in myocytes and reversal of

senescence in CPCs.

• Pim-1 has been proven to upgrade myocyte quality through prevention of

hypertrophy, increased mitochondrial integrity and quality, less apoptosis and

subsequent improved contractile function.

• Pim-1 rejuvenates CPCs through telomere elongation, increased proliferation &

metabolic activity and higher regenerative capability without alteration of

cardiac-lineage commitment.

• Optimal Pim-1 mediated therapy for severe heart failure patients will require

Pim-1 gene therapy for priming the environment and application of

“rejuvenated” CPCs for new myocyte formation.
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Figure 1. Application of Pim-1 genetic engineering for cardiac progenitor cells, cardiomyocytes,
and the pathologically damaged myocardium of severe heart failure
(A) 1. Myocytes suffering from replicative senescence, exposure to the senescent

“secretome”, with shortened telomeres and impaired mitochondrial function exhibit reduced

contractile function. 2. Myocytes “rejuvenated” by Pim-1 overexpression possess heightened

survival and metabolic activity together with increased contractile function. 3. CPCs with

compromised proliferative capability, short telomeres as a result of replicative and

premature senescence, exhibiting compromised regenerative potential. 4. CPCs engineered

with Pim-1 recover proliferative potential, higher metabolic activity and elongated

telomeres, thereby having an increased regenerative potential. (B) Conceptual representation

of Pim-1 mediated molecular interventional strategy to treat severe heart failure.

Decompensated heart suffering from replicative and premature senescence with aged/

damaged myocytes and senescent stem cells (top). Time and place for Pim-1 gene therapy

intervention is indicated by the arrow (upper panel). Pim-1 mediated priming of the

environment results in improved myocyte quality with subsequent beneficial paracrine effect

on the endogenous CPCs (middle of panel). Delivery of Pim-1 “rejuvenated” CPCs into a

modified environment is indicated by the arrow (middle panel). Injection of Pim-1

engineered CPCs results in myocardial regeneration and improved contractile function

(lower panel) in mouse CPCs, human CPCs in mouse and human CPCs in swine (Fischer et

al., Mohsin et al., Karantalis et al.). CPCs: Cardiac progenitor cell
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