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In the first study of cytokine-induced bone marrow cell (BMC) mobilization and infarct
repair, therapy with a combination of granulocyte-colony stimulating factor (G-CSF) and
stem cell factor (SCF) improved survival, reduced infarct size, and improved left ventricular
(LV) function and remodeling in mice after coronary ligation [1]. Since the publication of
this seminal report, a number of cytokines/growth factors have been utilized for cardiac
repair with diverse dosage regimens and experimental conditions with variable results [2].
The studies of G-CSF therapy in clinical trials have also yielded divergent outcomes, and the
results of recent meta-analyses suggest that G-CSF alone may not produce significant
clinical benefits in unselected patients with acute myocardial infarction (MI) [3, 4]. As a
result, the true utility of cytokine therapy for infarct repair remains largely unclear at this
time, and further investigation is certainly warranted.

In this regard, Angeli and colleagues recently demonstrated the ability of G-CSF [5] and
erythropoietin (EPO) [6] monotherapy to mobilize BMCs, enhance myocardial
angiogenesis, reduce LV fibrosis, and preserve LV systolic function in a porcine model of
acute MI. In the current issue of Cardiovascular Drugs and Therapy, these authors report
data from a subsequent study that examined any potential additional benefit from combining
G-CSF and EPO for infarct repair [7]. Although administration of G-CSF and EPO after Ml
resulted in improved LV systolic function, when compared with historical data from the
previous studies [5, 6], the current benefits with a combinatorial therapy were not
significantly greater than those achieved with monotherapy with either cytokine [7]. These
results are important as they have distinct implications for the design of future clinical trials
of cytokine therapy. These results also underscore that our understanding of the mechanisms
through which cytokines may exert cardiac reparative benefits remains incomplete.
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Recent studies have shown that EPO, a cytokine for the erythroid progenitors, can exert
cardioprotective effects resulting in reduced infarct size, reduced apoptosis, and improved
LV function following myocardial ischemic injury [8]. These actions arise, at least in part,
from the activation of a transmembrane EPO receptor (EPOR), which belongs to the
cytokine receptor Type | superfamily and is expressed on multiple cell types, including
cardiomyocytes. EPOR activation leads to phosphorylation of receptor-associated JAK2,
resulting in activation of a multitude of signaling pathways, including P13-K/Akt, MAPK,
and STAT pathways [9]. The activation of these pathways results in upregulation of
antiapoptotic proteins, inhibition of caspase activation, and increase in endothelial nitric
oxide synthase (eNOS) expression, which collectively prevent apoptosis in the ischemic
myocardium [8, 10].

Another potential mechanism via which EPO may contribute to myocyte salvage and
improved remodeling is the induction of new vessel formation with enhanced oxygen
delivery to the infarct border zone [11]. Indeed, EPO therapy has been shown to increase
capillary density, decrease periinfarct fibrosis, attenuate LV hypertrophy, and improve LV
function [11, 12]. Recent studies indicate that upregulation of myocardial expression of
vascular endothelial growth factor, a potent angiogenic molecule, also contributes toward
EPO-induced improvement in myocardial vascularity [13]. Importantly, EPO can mobilize
endogenous BMCs, which may home to the injured myocardium and attenuate LV
remodeling and dysfunction. In this context, the ability of EPO to mobilize endothelial
progenitor cells (EPCs) may partly account for the observed neovascularization [13].

While preclinical data have consistently supported the efficacy of EPO, experimental
research and early clinical trials exploring the benefits of GCSF monotherapy in acute Ml
have generated more disparate conclusions [3, 14, 15]. A hematopoietic cytokine, GCSF
regulates the maturation, survival, proliferation, and functional activation of granulocytes
and effectively mobilizes BMCs to the peripheral circulation [16]. Similar to EPOR, G-CSF
receptors are present on cardiomyocytes, and when activated, inhibit apoptosis via activation
of the JAK/STAT pathway [17]. G-CSF administration at the onset of reperfusion can also
activate the Akt/eNOS pathway leading to increased NO production and reduced infarct size
[18]. In addition, G-CSF-induced neovascularization may play an important role in infarct
repair and preservation of myocardial contractility [14, 17]. Although these mechanistic
under-pinnings quite appropriately predict improved outcomes, G-CSF monotherapy failed
to result in significant cardiac reparative benefits in several studies in animals as well as
humans [3, 15, 19-21]. In contrast, combination therapies with G-CSF and another cytokine
(SCF or FIt-3 ligand) resulted in improved structural and functional benefits in mouse
models of acute M1 [1, 15].

However, because of the differences in G-CSF dosage and regimen among studies, it is not
clear whether the actions of G-CSF in pigs mimic those in mice. With G-CSF alone,
improved outcomes [5, 14], no benefit on LV function [22, 23], and even a detrimental
effect with delayed G-CSF treatment [24] have all been reported. The current study is the
first to report data from the G-CSF/EPO combination therapy in pigs, and several potential
reasons may be invoked to explain the failure of this regimen to produce additive benefits.
First, given the similarities between the mechanisms of myocyte salvage with these two
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agents (activation of antiapoptotic signaling, induction of angiogenesis, direct cytoprotective
effects, and such), it is possible that these outcomes are already maximized with therapy
with either agent. To examine this possibility and generate specific information, quantitative
assessment of molecular pathway activation and myocyte apoptosis will be necessary.
Second, daily administration of G-CSF along with other cytokines in previous studies
resulted in substantial mobilization of BMCs with significant myocardial homing and
improved outcomes [1, 15]. Although the G-CSF regimen used in this study was interrupted
and somewhat different (days 0 and 5-9) from regimens in previous studies, the current data
indicate that G-CSF/EPO combination results in mobilization of greater numbers of BMCs
compared with monotherapy [5-7]. However, in order to explain the current observations, it
will be necessary to examine and compare the type of BMCs (for example, EPCs) mobilized
with these different regimens, and whether mobilized cells indeed homed to the
myocardium. Third, although the outcomes regarding LV systolic function were not
improved with G-CSF/EPO vs. single agents, the combination therapy improved LV
diastolic function [7], which was not affected by monotherapy with either agent [5, 6]. These
observations highlight the importance of looking beyond the conventional parameters of
cardiac repair assessment as the advantages of one therapy over another become
increasingly incremental. Finally, as the authors acknowledge, the follow-up duration was
not sufficiently long to critically evaluate any potential benefit of combination therapy to be
manifest during a longer follow-up.

Despite these uncertainties, the results from this first study of G-CSF/EPO combination in a
large animal model of myocardial infarction provide considerable translational value. These
results are even more important because clinical trials thus far have not shown any
significant infarct-sparing effect of EPO monotherapy in the setting of a reperfused M1 [25].
Since evidence of long-term benefits of G-CSF/EPO therapy on LV remodeling are
currently lacking, future studies with longer follow-up will be necessary to generate
essential information for therapeutic translation. The dosage and timing of cytokines will
also need to be fine-tuned to identify potential advantages of combination cytokine therapy.
Finally, to make the transition from experimental to clinical significance, demonstration of a
sustained advantage over current therapies for MI will be necessary. Only through these
systematic and painstaking approaches, the true utility of cytokine therapy for cardiac repair
will be determined.
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