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Abstract Hematopoietic cytokines, traditionally known
to influence cellular proliferation, differentiation, matura-
tion, and lineage commitment in the bone marrow, include
granulocyte colony-stimulating factor (G-CSF), granulo-
cyte-macrophage colony-stimulating factor, stem cell fac-
tor, Flt-3 ligand, and erythropoietin among others.
Emerging evidence suggests that these cytokines also exert
multifarious biological effects on diverse nonhematopoi-
etic organs and tissues. Although the precise mechanisms
remain unclear, numerous studies in animal models of
myocardial infarction (MI) and heart failure indicate that
hematopoietic cytokines confer potent cardiovascular
benefits, possibly through mobilization and subsequent
homing of bone marrow-derived cells into the infarcted
heart with consequent induction of myocardial repair
involving multifarious mechanisms. In addition, these
cytokines are also known to exert direct cytoprotective
effects. However, results from small-scale clinical trials of
G-CSF therapy as a single agent after acute MI have been
discordant and largely disappointing. It is likely that car-
diac repair following cytokine therapy depends on a
number of known and unknown variables, and further
experimental and clinical studies are certainly warranted to
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accurately determine the true therapeutic potential of such
therapy. In this review, we discuss the biological features
of several key hematopoietic cytokines and present the
basic and clinical evidence pertaining to cardiac repair with
hematopoietic cytokine therapy.
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Introduction

Hematopoietic cytokines, which include granulocyte col-
ony-stimulating factor (G-CSF), granulocyte—macrophage
colony-stimulating factor (GM-CSF), stem cell factor
(SCF), Flt-3 ligand (FL), and erythropoietin (EPO) among
others, have traditionally been known to participate in
survival, proliferation, lineage commitment (decision to
enter a specific maturation pathway), differentiation
(qualitative cellular phenotypic changes due to synthesis of
new gene products), and maturation (quantitative cellular
phenotypic changes resulting in functional competence) of
hematopoietic progenitors, lymphoid and myeloid cells,
red blood cells, and platelets [107, 128] (Fig. 1). However,
growing evidence indicates that the biological effects of
these cytokines extend well beyond the traditional realm of
hematopoiesis regulation. In this regard, a number of recent
studies have shown that administration of hematopoietic
cytokines is associated with improvement in survival, left
ventricular (LV) function, and remodeling in animal
models of acute myocardial infarction (MI) and cardio-
myopathy (Tables 1, 2). Based on this evidence, safety and
efficacy of cytokine therapy for cardiac repair in patients
with acute MI have been tested in several randomized
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Fig. 1 Schematic representation of hematopoiesis in which pluripo-
tent stem and progenitor cells in the bone marrow divide and
differentiate, passing through intermediate steps to form red blood
cells, platelets, and white blood cells. The specific roles of hemato-
poietic cytokines known to stimulate transitions are indicated

controlled trials (RCTs) [35, 36, 66, 70, 89, 133, 148, 160,
174]. Although results from these studies have been vari-
able, subsequent meta-analyses of pooled data from RCTs
of G-CSF therapy for cardiac repair in patients with acute
MI suggested that G-CSF therapy does not improve LV
function and structure in unselected patients with acute MI
beyond those achieved with conventional therapy [2, 173]
(Table 3).

Although it is difficult to reconcile these divergent
observations from animal studies and clinical trials, it is
important to consider that cardiac benefits of cytokine
therapy may potentially depend on a number of variables,
including the extent of BMC mobilization and homing,
characteristics of mobilized cells, timing of therapy,
mobilization-independent effects of cytokines, and also on
patient characteristics. Indeed, in our meta-analysis [2],
G-CSF therapy was beneficial in patients with acute MI
with impaired LV ejection fraction (EF) at baseline, and
when therapy was initiated early. It is also important to
recognize that potential differences in intracellular signal
transduction pathways among different species may
account for the failure to recapitulate findings from one
species in another [140]. Moreover, cytokine combinations
with synergistic effects may be more potent compared with

@ Springer

G-CSF treatment alone [25]. It is therefore likely that
optimization of various therapeutic as well as patient
selection variables in future studies may result in superior
cardiac repair with cytokines. In this article, we review the
basic and clinical evidence supporting a beneficial role of
specific hematopoietic cytokines in cardiac repair and the
putative mechanisms underlying these benefits.

Granulocyte colony-stimulating factor

G-CSF is a glycoprotein consisting of 4 antiparallel
o-helices with a molecular weight of 19 kDa [166]. Pro-
duced by BMCs, macrophages, endothelial cells, fibro-
blasts, mesothelial cells, and astrocytes in response to a
variety of stimuli [30, 104], G-CSF primarily acts via
activation of the G-CSF receptor (G-CSFR). The G-CSFR
has a composite structure consisting of an extracellular
domain, a single transmembrane domain, and a cytoplas-
mic domain, which consists of three conserved amino-acid
sequences [30, 45] (Fig. 2). Stimulation of G-CSF receptor
initiates maturation, survival, proliferation, and functional
activation of granulocytes [30]. Although the signaling
details continue to unfold, an involvement of STAT3 has
been reported in the differentiation and maturation of
various subsets of BMCs in response to G-CSF [26, 105].
G-CSF also plays a crucial role in the mobilization of
granulocytes, as well as stem and progenitor cells from BM
into the peripheral circulation [84]. Recent reports have
documented an increase in the number of circulating pro-
genitor cells [90, 139] as well as in the level of endogenous
G-CSF [90] in the peripheral blood of patients with acute
MI, underscoring the importance of G-CSF signaling in
ischemic heart disease.

Studies of G-CSF therapy in animal models of acute MI

The safety and efficacy of G-CSF therapy for infarct repair
in the setting of an acute MI have been evaluated in a large
number of studies in mouse, rat, rabbit, pig, dog, and pri-
mate models (summarized in Table 1). Orlic et al. [121]
were the first to demonstrate that administration of G-CSF
and SCF (5 days prior to and 3 days after coronary
occlusion) in mice with acute MI improves survival,
improves LV performance, and mitigates LV remodeling
by inducing formation of new cardiomyocytes and vessels
in the infarct region. Subsequently, Minatoguchi et al.
[108] reported attenuation of LV remodeling and dys-
function with G-CSF therapy and attributed these obser-
vations to regulation of phagocytosis of necrotic tissue,
fibroblast proliferation, and angiogenesis by G-CSF-
mobilized leukocytes. In mouse and pig models of coro-
nary occlusion/reperfusion, respectively, Ohtsuka et al.
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Follow-up Outcomes

period

Dose

Duration of therapy

Type of
ischemia

Host

Table 2 continued

Study

@ Springer

1 LVEF

6 weeks

EPO (0.9 pg/kg per day as i.v. bolus); EPO

Long-acting EPO at reperfusion, then

Ischemia/

Swine

Angeli et al. [6]

(0.4 ng/kg per day as s.c. injections); G-CSF
(10 pg/kg per day as i.v. bolus); G-CSF

(5 pg/kg per day as s.c. injections)

weekly SC for 4 weeks; G-CSF at

reperfusion
injury

| LVEDV
| LVESV

reperfusion and from 5 to 9 days post-MI

1 Wall motion score index

1 Vascular density

1 Areas of viable

myocardium

EPO erythropoietin, G-CSF granulocyte colony-stimulating factor, FL FLT-3 ligand, I.P. intraperitoneal, I.V. intravenous, LV left ventricular, LVEDD LV end-diastolic diameter, LVEDV LV

end-diastolic volume, LVEF LV ejection fraction, LVESV LV end-systolic volume, LVFS LV fractional shortening, RV right ventricular, SCF stem cell factor, S.C. subcutaneous, 1 increased, |

decreased, < no change

[118] and Iwanaga et al. [73] documented the efficacy of
G-CSF in improving LV function and remodeling by pro-
moting angiogenesis and decreasing apoptosis. Since cyto-
kine therapy in the study by Orlic et al. [121] was started
before coronary occlusion, using an EGFP chimeric mouse
model Dawn et al. [25] examined whether such therapy
would still be effective when started after the ischemic event,
amore clinically relevant scenario. In this study [25], G-CSF
and FL administered after a reperfused Ml resulted in cardiac
and vascular differentiation of bone marrow-derived cells
and improved LV function and remodeling. Importantly,
G-CSF administered as monotherapy failed to impart sig-
nificant reparative benefits [25]. Nonetheless, intravenous
administration of G-CSF for 30 min from the onset of
reperfusion was able to reduce infarct size and the incidence
of arrhythmias in a dog model of 90-min coronary occlusion/
6 h of reperfusion confirming the benefits of this therapy in
large animal models of acute MI [146].

Although G-CSF therapy, alone (Table 1) or in combi-
nation with other cytokines (Table 2), was associated with
improved cardiovascular outcomes, G-CSF alone has failed
to confer cardiac repair in several studies from other lab-
oratories. For example, Norol et al. [116] observed an
increase in myocardial blood flow and endothelial cell
differentiation in a nonhuman primate model after a single
administration of G-CSF and SCF 4 h after coronary
occlusion; however, these were not associated with any
functional benefit or reduction in infarct size. In another
study [167], G-CSF treatment in rats with acute MI neither
improved cardiac function nor showed cardiomyocyte
proliferation. In view of the above, it is fair to conclude
that the efficacy of G-CSF as a single agent for cardiac
repair in animal models remains debatable.

Studies of G-CSF therapy in animal models
of cardiomyopathy

G-CSF therapy has also been applied in animal models of
both ischemic as well as nonischemic cardiomyopathy
(Table 1). The ability of G-CSF to improve myocardial
function in the setting of ischemic cardiomyopathy was
examined by Kawamoto et al. [79] in a swine model of
chronic circumflex artery ischemia. A combination of
G-CSF and SCF along with intramyocardial VEGF-2 gene
transfer improved myocardial vascularity as well as LV
performance. However, cytokine therapy alone without
VEGF-2 gene transfer was ineffective in improving cardiac
function. In the study by Hasegawa et al. [54], pigs with
chronic hibernating myocardium were treated with G-CSF
for 1 week and followed up for 2 months. G-CSF therapy
increased vascular density, decreased fibrosis, and
decreased apoptosis within the ischemic zone, thereby
improving the global LV function. The reparative efficacy



717

Basic Res Cardiol (2011) 106:709-733

+ uonezijiqowr PpozZIuopuer
DING 0's ‘Aep 9 = [0U0d uone[eosd [sel
JO9JJO 9SIOADE SNOLIdS ON  UONdUNy A <> syjuour | Aydei3orpresoyoqg 1ad 3381 o1-¢ skep ¢ 104 ‘21 = ASD-D -asop ‘10114 HERER
+ uonezIIqow
OINd |_M YEdO ﬁl\OOOAOm
‘uonjowr JO JUN0d M
1oope asoape  [1BA [euoIday | AydeiSordue 01 parenn “os (INV) 21 = [0Nuod [si1]
oryderSorsue pue [ed1UId ON JAAT | syuowr | ‘LOddS  ‘Aep xod Sy/31 ¢ skep 01 104 “(IAV) ¢TI = 4SD-D paziwopuey  ‘[e )0 pnzng
ASHAT
SAATT skep ¢ (VENIOTY)
AQEATT o' 103 [NV 191ye LT = [01u0d [68]
J09JJ9 ISIAPE ON JAAT | spuowr 9— Aydei3orprecoyog ‘Aep 1od Sy/3 o skep ¢< Junielg ‘$T = ASD-D pozrwopuey  ‘[€ }3 QU0
JaAT ] skep 1FL
uorsnyrod JO uoneInp uedw
pue uonow 'S Joj ‘uvonejuerdur 6 = [onuod [eqer-uado [o8]
juonjed | UT SISOU)ISAI JUA)S-U]  [[BM [BUOISIY | syjuowt ¢ 1DdadS ‘Aep xod 3y/31 1 JUQIS I9Je U QF ‘b1 = 4SD-D  ‘pozrwiopueIuON  [e 10 dyeny|
+ uonezijiqow
odd Pa[[0nu0d
J09JJ9 9sIaApR AQaAT T 'S 0] = [onuod -oqooerd [091] Te 10
orydei3ordue Jo [eIIUI[D ON AT ! syjuowr 9 1DAdS ‘Aep 1od 3y/3n ¢ sAep § 104 ‘01 = ASD-D ‘paziwopuey SIS e A
Surjepowrar
paaoxduy
JAAT Sunsay |
SyIuow 4
Je QUOZ Jorejur
ur AJ1anoe
orjoqeR | (INV
sdnoi3 QuoZ JoIejul -ANITLSYIE)
[OTU0D puE pAeAN-JSD-O ur uonouwr  SYIUOW | KydeiSorpreooyos 'S GZ = [0Nu0d (12 ‘oL]
ul SISOuQ)sal Jo el d[qeredwo) [[em [euol3y | pue 4 ‘Aydeir3orduy ‘Aep xod 3y/31 0 sAep 9 104 ‘6z = ASD-D pozrwopuey] ‘Te 19 20u]
[ev1]
jusnied 4+ uonezijiqow 'S skep O] ‘T8 19 0z
[ ur axmdni uagds snosueyuods  DING HAAT | syjuout ¢ Aydes3orduy ‘Aep 1od 3y/3M 1 10J TN 193Je SAep ¢ €1 = ASD-D [euonEAIISqO) op zareng
+ s1souo3ordue
ddAT )
uorsnjrad
[erprecok iy | L = 101nu0d (Ten o2
SISOUQ)SAI JU)S-UT Kroedes 'S skep § 10} ‘01 = ASD-D JIOVIN) [92]
padofoaap sjuenjed SurAlAIns ¢/g astoraxy | syjuout 9 10dds ‘Aep 1od 3y/31 o TNV 1a)e 4 8p< 0] = uoIsnjur [[o) poziwopuey] ‘Te 30 Suey|
UonOIeJUl [RIPIEJ0AW 9JNO. Y)IM Sjusned
sjuaned porrad poyrewr syuaned [e1m oy} jo
PAeAN-JSD-D Ul S199JJ2 IPIS sowoon  dn-mofjoq uonen[eAd jurod-pug asoq Aderoyy jo uoneing Jo Joquuny uS1sop (e, Jwreu/Apms

aredar oeipred 10j Aderoy) JSD-D JO S[BLN [BJIUID € d[qe],

pringer

A



Basic Res Cardiol (2011) 106:709-733

718

AJIAT <
uorsnyrad skep 9 91 = 0qaoe|d
[BIPIEOOAN Kydeigorpieooyoo o's J10J BIWIAYOST 91 = ADHFA [¥e1l
109JJ2 aprs Iofewr oN JHAT < syuowt ¢ pue YN ‘1O9dS ‘Aep 1od 3y/31 (1 e oM T 91 = ADHA+ISD-D  PIZIWopueI-uoN Te 10 vdry
uorsnjrad
[eIpIBOOKIN
JAAT T
swoydwAs
[eoruro Aydei3orpreooyod 'S 9] = [01U0D [eo1]
1095J° op1s Jolewr oN poaoxduy syjuour g pue TN ‘1DddS  ‘Aep xod 38 ¢ skep 9 10 ‘€1 = ASD-D pozIwopueI-uoN  ‘[e Jo Suep
Adezoyy ~ + UonEZIIGOW
ASO-D 33iye skep L1 pawp pue  DWNE tonou
TN ey 9U0 $350p (SO-O gy [P [PUOISY o' §I = [onuod
oy 1oy 4 § TN pey juened suQ JAAT < spuow ¢ AN “Aep 1od 3y/31 01 s&ep ¢ 104 ‘91 = ASD-D PpozIWOpueI-UON [6] Te 10 [I'H
BIWAYDST [RIPIEOOAW OTUOIYD (I SJUSNE]
JHAT < Aydei3or3ue
sdnoi3 Surjepowar ‘LOAdS Dd po[[onuod [¥]
[OTUOD puE PANBAN-JSD-D paaoxdug ‘Kydea3orpreooyod 0's “prq IR Y 7] Urpim ¢Z = [0NU0d -oqooed  ([NV-INALS)
Ul JB[IWIS AIM S}OJJJO SIOAPY az1s jorejuy T syjuour 9 TIN  Aep 1od 3y/31 ¢ Suniels ‘skep G 104 ‘47 = ASD-D ‘pozrwopury  °[e 19 I[IYOVY
+ uonezIiqowr
OINd po[[onuod
AdIAT < Aydeigoisue o's skep ¢ 10§ [Dd ¢ = [01u0d -ogaoerd [8+11
juoned [ UI SISOUSISAI JUA)S-UT JAAT syuow 9 ‘IOAdS ‘Aep 1od Sy/8M ¢z 1oy U 7 UNIAL ‘8T = ASD-D ‘paziwiopuey  [e 19 OUBYR],
(&1rea)
uorsnyrod
A
[etpE204N | pa[[onu0d (INALS
+ uoneziTiqowt -0qaoeyd -AS2-D)
ONE 928 AT = s 10d I =[onuod  ‘purq-o[qnop  [Lg ‘9¢] e 10
syuaned ¢ ur ured o[osnuw/ouog JIAT < spuowt ] AydeiSoidue TN ‘Aep 1od 3y/31 01 I9)Je sAep G 10 ‘€7 = ASD-D ‘pozrwopuey uuewesSuyg
+ uonezijiqowt Pa[[OnU0d (T
ONE -oqaoeid TV AIATY)
ured [e-19[93sO[NOSNW 9ZIS JoIeUL = AydeiSorSue '8 §C = [0NU0D ‘pur[q-a[qnop [¥L1] e 12
padofaaap syuaned 9¢/. JHAT < syuout 9-p ‘LOHdS ‘TIN  “Aep tod 3y/51 01 skep ¢ 104 ‘96 = dSO-D ‘poziwiopuey  IJOYUYoZ
pa[[onuod
+ uonezijiqow -oqaoerd (ININELLS)
ured [e-jo[aysonosnw JOING 'S skep 9 6€ = [o1u0d ‘puI[q-9[qnop [eeT]
padofeaap syuened 6¢/8 JHAT <> sypuow g AN “Aep 1od Sy/31 o1 103 [N 101 Y TT > ‘6€ = ASD-D ‘pozrmopuey ‘e 3o edry
sjuoned porrad poyrowr syuaned e ay) jo
PAIBAI-JSD-D) UL S109]J0 IPIS sowoon(y  dn-mof[o] uonen[ead jutod-pug asoq Aderoyy Jo uonein(g JO IoqunN ugrsop eI, oweu/Apmg

ponunuod ¢ JIqe],

pringer

A's



719
733

709-

106:

diol (2011)
Car

ic Res

Basic

fur-
S
wa f
thy ts o
. myopa effec LV
al‘dlo. ed the. farct
hemic Cexamlnd postin Ofonar);
isc ho ishe er ¢ Hg
a fide 93], w stabli ks aft SF (10 of
in bon, t al. [ ith e 2 wee G-C riod
SF i Lie ice w t 1 of a p.e ost
-C by in m ion a dose for n m
of G ted nt 1n ctio ller eek s m y-
es e fun a /W day diom
e e and dys anly smal O d car sing
S ; an ider e sec nce increa
G-C ling nsl inister: con nha 1n tro-
de CcO 1n 10 c B by er
remo ion. A as adm to 5— therapyﬁbrOSIS ed hyp rdiac
< occlus day) Wontrast G-CSF reased 9, induc ved ca dose
5 2% ke perks (in Cte MI). on, des MMP- f impf"th 1oW'ti0n,
2 gnﬁ wee acu eSS an S, an ith bo func t
g Ss S G- ion o iom atm imDro f p
- '& % §§ ()Cyte pressl(,)ning Car(:rast, tr; to lr?ilode; N in the
L Q b7 ° ex V1V on ile ra 6]. . 1
= = =2 o the sur nc fai in a [9 tion ted
A Iis hy of o hy in study func o
2 © EER: p ion e G rtrop cent LV dem ode
g 4 © g & unct igh-dos hype re re. rove was ster m y
Q 3 > 25 fi high and a mo o imp athy ham therap
= £ S E B anfd ret Size’athy 1HG CSF tdiomy"flo used Z-CSF ction as
‘2 2 8= ~ infa op £ B ar w fun icin-
2 5 Q 5 1ntar yop: 0 c ) hy. 1C1
é - —% 5 Eﬁ = cardlomabllltyischemlfal [llllnyopatvid Lvdoxorllbiniti_
z 23 L
s g = ey E The of non iyata e i Cardlod impfoodel of G-CSF ment
23 g g 2% setting dy by M dilate ling an inam rse of - treatS by
@ ~ m = B = =] stu ic de c, ou ic e
E 'Tg g 8 § :g E ina tophagv remothefmor 8-day CdOXOrub pressu ion of
© = %E g5 2 of au ed L 1 Fur' an . of d LV ress
” = E & g = 55 nuat vival. ction, sation lize he exp
2 Z &% < =5 attil as sur dysfunthe Cesd norma and t
g Z - 5 Ex e LV er n SIS
2 - ez >, W ed aft ion a opto ]
= 9 S - induc eks ncti e ap [65].
S = £ n 2 we fu cyt Fas ir
@ o) 5 ed LV iomyo as epa is
> |z £5¢ a o such diac r Cs.
= <5 p I ar BM c
é '8 g = g g m reasing ediato ced ¢ ilized cardia
ek ° 52 E dec totic m, CSF-indu f mobili duced erged
IS < G 3 op - -1n em .
£ AR ap f G ing o SF ve en ition,
= = o ing -C ha inhibi
5 2 < S £ isms hom in G isms is inhi ro-
e ? &3 3 echani rdial, role echani Losis ion, p t
= 2 2 & g M yoca itical al m apopl-ahzat direc
= 2 [ S m criice ion de eli s, r
P 3 g8 z h a diti inclu oth te lula
‘2 8 % gj é Althoug to playr ()f ad hese n reend -Omyocy tracel an
£ o 8 §> 5 ht be ies. T is and ardi ex .Chc'
28 5 &b g thoug num dies. sis f c of whi n
2% . S¢g8 air, a t stu 'ogene. ion o tion 1l of ent
5 & GEs rep ecen ngi tiat dula. S, a ovem
m . - Q:) = A T f al - ren mo 1SM. . pr
2 5 2 O 9 2 from ion o diffe ts, chan d im
925 2 chlE. promoti and effec ine me bserve
.~:’*om ) = ion ive cr o .
fng x 2 5 % S liferati rotectlt\;ler para to the (Fig. 3) <
1@* o E o8 cardiop and o tribute nction f BMC ced
2 Z 2> F atrix, ly con and fu ing o ine-indu b-
Q » 'E ah.. 8 m ntlaly ture jal hom tokin ith su
A = ;: = [§ e pote. C struc cardia h cy Cs wi have
S 5 Qal g E ~ g cardia d myo althoug £ BM, eages rily
E (=¥ ; - =] [N . an ir’ . g [0} . lln lma
3 = g_g o .§ gé ilization iac repa homin ardiac ted pr FL)
o 8 Eo 2 S EXS Mobi " Cardlaccardia1 1Is of Cwere né CSF +rela-
o 8“5* 8o o y0, ce cts - ed d
g 52 RE-Re! ies nd m into effe and rov ate
g = 5 '%,TE; In SFu.(Zlation antiatlorll] these SCF therapy i gen?rn of
A > - £ moblllt differe[25, 12(G’ CSFS_; mono dies ha\;ltribuquCS
o = ) en d b C stu CcoO B
u ed 12 - . .
E ;) 2 & seq repol't ination hile G itional lative billzedfter MI
"OT E ) g been ombi y, W ]. Addi the re SF-mo ent a n of
= g>'ﬁs ith ¢ rapy, 5] ing -C m tio
=5 ith the . [2 rdi f G ove nta
I = 2= = 2 w ine tive regard n o impr spla
e z £ S3% cytokin effect nce iatio ral i tran
«» " n de nt1 ctu 8],
o) 2 8 S § g .3 ! ively 1_ (%! iffere stru al. [
e 5 ' = E§ trv icting ic di nd iet
Z = 8 <8 diom func dy by
8 £ o £ 3 car d the stu
g 2 g3 ar the
3 = Z 3 - tow 1. In
3 S 2 T — 44
B 5 57 3 31,
S |: §§§§
2 Z g2 2 S
= £
= 2 Z —
= AN =
g = SR T
£ 59 SENES 8
e £ SEE
A
< wn
=

T
ringe
@ Sp



720

Basic Res Cardiol (2011) 106:709-733

eNOS
®
Bad

Inhibmon of caspase-

[ Apoptosis inhibition ] [Cell cycle arrest]

G-CSF recepto_r

Aaududv i g

G-CSF

transcription

[ Differentiation] [ Proliferation I

Fig. 2 Schematic representation of intracellular signaling pathways activated by G-CSF via the activation of G-CSF receptor complex.
Activation of JAK/STAT, MAPK, and PI3-K/Akt pathways leads to inhibition of apoptosis, cell survival, and differentiation

SDF-1-transfected syngeneic cardiac fibroblasts into the
periinfarct zone along with G-CSF therapy induced homing
of CD117+ BMCs to the heart and resulted in improved
cardiac function, although G-CSF alone was unable to
induce BMC homing. In the study by Kawada et al. [78],
G-CSF administration after MI resulted in myocardial
homing and cardiomyocytic differentiation of mobilized
cardiomyogenic cells. Similarly, increased infiltration of
the infarcted myocardium by BM-derived side-population
cells following G-CSF therapy has also been reported [5].
The importance of BMC homing in infarct repair is further
supported by findings from a study in which administration
of AMD3100, a specific inhibitor of CXCR4, reduced
myocardial homing of CXCR4+ BMCs and abolished the
reparative effects of G-CSF therapy [109]. Collectively,
these results suggest that myocardial recruitment of BMCs
via the SDF-1/CXCR4 axis plays an important role in
mediating the reparative effects of G-CSF.

Antiapoptotic, proliferative, and direct cytoprotective
effects of G-CSF

Convincing data from recent studies indicate that various
cell types in the heart, including cardiomyocytes, endo-
thelial cells, and interstitial cells, express G-CSFR [51, 87].
Since G-CSFR can activate prosurvival signaling via the
JAK/STAT pathway [14], it is conceivable that G-CSF can
potentially exert direct cytoprotective and proliferative

@ Springer

effects in the myocardium (Fig. 3). In the study by Harada
et al. [51], G-CSF treatment inhibited H,O,-induced
reduction in Bcl-2 and inhibited myocyte apoptosis in vitro.
In transgenic mice overexpressing a dominant negative
mutant STAT3 (dnSTAT3-Tg), G-CSF therapy failed to
improve cardiac function despite increased number of
c-kit+/Sca-14+ BMC:s in the peripheral blood. Furthermore,
the post-MI beneficial effects of G-CSF could be recapit-
ulated in a Langendorff model of myocardial ischemia/
reperfusion injury. These results suggest that the beneficial
effects of G-CSF may be attributed, at least in part, to its
antiapoptotic actions via activation of the JAK/STAT
pathway [51].

Growing evidence indicates that G-CSF influences cell
cycle-regulating molecules, including the cyclin-dependent
kinase inhibitor p27, thereby shortening the Gy/G; phase
and promoting cellular proliferation and survival [34, 154,
164]. Consistently, G-CSF has been shown to induce pro-
liferation of mouse cardiomyocytes and human troponin
I-positive cells from cardiomyopathic heart [50]. Further-
more, in a mouse model of myocardial infarction, G-CSF
therapy increased the number of resident cardiac Sca-1+
cells, indicating that G-CSF actions may also involve
activation of certain cardiac progenitors [17].

A direct cardioprotective effect of G-CSF was also
reported in a hamster model of dilated cardiomyopathy
[111]. Although protection against apoptosis was not
observed, G-CSF therapy protected cardiomyocytes against
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Fig. 3 Potential mechanisms underlying the cardioprotective actions of
G-CSF. G-CSF stimulates mobilization of BMCs, which can home to the
heart to initiate myocardial repair via several mechanisms: a differen-
tiation into cells of cardiac lineages; b activation of antiapoptotic
signaling; ¢ promote angiogenesis and reendothelialization; d paracrine

autophagic cellular degradation via JAK/STAT activation
thereby attenuating progression to heart failure [111]. In
addition to the antiapoptotic and antiautophagic effects,
G-CSF may also exert an acute “postconditioning-like”
effect [158]. In isolated-perfused rat hearts (wherein the
contribution of BMCs was excluded completely), G-CSF
administration at the onset of reperfusion led to the acti-
vation of Akt/eNOS signaling cascade leading to increased
NO production and reduction in infarct size [57, 158].
Furthermore, administration of L-NAME, a specific eNOS
inhibitor, blunted the G-CSF-induced reduction in infarct
size, thereby suggesting the involvement of endothelial
cells in G-CSF-mediated cardioprotection. Together, the
above studies indicate that by activating several prosur-
vival signaling pathways, G-CSF is able to exert multi-
farious beneficial effects on the postinfarct myocardium
independent of BMC mobilization.

Induction of angiogenesis and arteriogenesis

In addition to the above cytoprotective actions on cardio-
myocytes, a number of additional beneficial actions of
G-CSF on ischemic tissues have been identified in recent
studies. G-CSF administration shortly after an acute MI has
been associated with increased neovascularization in the

effects on resident progenitors and myocytes leading to cellular
proliferation; e and favorable paracrine effects on the extracellular
matrix. Apart from these BMC-mediated effects, G-CSF can also exert
direct cytoprotective and angiogenic effects on the infarcted
myocardium

periinfarct area and decreased endothelial cell apoptosis in
both small animal [29, 51, 75, 87, 109, 118] as well as large
animal [73] models. In the study by Ohtsuka et al. [118],
G-CSF therapy for 5 days after coronary occlusion in mice
improved cardiac function, attenuated adverse remodeling
and increased the number of capillaries in the infarct bor-
derzone without significant regeneration of cardiomyo-
cytes. Although the precise mechanism remains unclear,
recent reports by Ohki et al. [117] and Capoccia et al. [22]
suggest that G-CSF-stimulated neutrophils and monocytes
are capable of promoting neovascularization in ischemic
tissues via paracrine mechanisms. G-CSF also mobilizes
EPCs [62] that may contribute to angiogenesis as well as
reduce atherosclerosis progression [136]. Since G-CSF can
increase the expression of intracellular adhesion molecule-
1 [29] and SDF-1 [99, 109], greater accumulation of cir-
culating leukocytes, EPCs, and CXCR4+ cells [42, 109]
may be responsible for the observed increase in vascularity
in the periinfarct areas.

In addition to angiogenesis, the vasculogenic benefits of
G-CSF therapy may also involve arteriogenesis (formation
of mature and functional arteries from pre-existing arterio-
arteriolar connections after arterial occlusion). Although
the impact of G-CSF and GM-CSF in arteriogenesis has
been examined largely in the context of cerebral
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vasculature [63], G-CSF administration has also been
shown to enhance myocardial arteriogenesis after MI [29,
87]. Arteriogenesis is a complex process that involves
leukocytes, cytokines, and adhesion molecules such as
ICAM-1, which mediates leukocyte adhesion [28]. In this
regard, administration of G-CSF following MI was asso-
ciated with increased expression of ICAM-1 in arterioles at
the infarct borderzone, accumulation of leukocytes, and
proliferation of arteriolar endothelial cells and smooth
muscle cells [29].

Antiinflammatory effects of G-CSF

Acute myocardial ischemic injury is characterized by
inflammation and oxidative stress, which influence the
outcomes both in the acute setting and chronically during
remodeling. After an acute MI, a number of inflammatory
cytokines [tumor necrosis factor (TNF)-«, interleukin (IL)-
6, IL-1p, interferon (IFN)-y, and such] released by the
inflammatory cells as well as the myocytes impact myocyte
survival, apoptosis, angiogenesis, alteration in matrix, and
cardiac function and remodeling [82, 115]. While the
production of G-CSF by human monocytes is stimulated by
inflammatory mediators [97], G-CSF has been shown to
exert antiinflammatory effects by modulating the release of
cytokines that are known to play important roles in post-
infarct myocardial inflammation and remodeling [52].
Indeed, pretreatment with G-CSF in vivo has been shown
to reduce the release of TNF-o by macrophages [49] and
IL-2 and IFN-y by T cells [124] following lipopolysac-
charide (LPS) challenge. Consistently, G-CSF pretreatment
in humans reduced TNF-« release from monocytes, and
increased the whole blood levels of IL-1 receptor antago-
nist (IL-1ra) and soluble TNF-« receptors I and II follow-
ing LPS stimulation ex vivo [53]. Subsequent studies have
verified similar effects in vivo in humans [123] and iden-
tified the involvement of functional G-CSF receptors on
monocytes in this process [15]. Although the molecular
specifics in the context of myocardial inflammation remain
relatively unexplored, these antiinflammatory effects of
G-CSF may potentially improve LV remodeling following
MI.

A role of G-CSF in protection against oxidative stress
was documented in a recent study by Hou et al. [64], in
which treatment with G-CSF decreased myocardial mal-
ondialdehyde levels and increased glutathione levels in rats
with doxorubicin-induced cardiotoxicity. These antioxidant
effects of G-CSF may also contribute toward improving
cardiac function and structure following MI. Future
investigations of markers and molecular determinants of
myocardial oxidative stress may elucidate additional
mechanisms underlying the benefits of G-CSF therapy in
the setting of an acute MI.

@ Springer

Other beneficial effects of G-CSF

Modulation of various constituents of myocardial extra-
cellular matrix (ECM) has been advanced as an addi-
tional mechanism of G-CSF-induced benefits. In the
post-MI period, G-CSF therapy has been shown to
increase the levels of MMP-1 and MMP-9 with accel-
erated resorption of necrotic tissue and reduction in
infarct scar size [108, 109]. G-CSF-induced increase in
TGF-f and procollagen type-I and type-Ill mRNA
expression in the infarcted area may also result in infarct
size reduction [144]. Further evidence of ECM alteration
came from the study by Fujita et al. [43], in which
G-CSF therapy after MI in EGFP chimeric mice led to
increased homing of EGFP 4+ BMCs into the infarct
region with subsequent differentiation into vimentin+
and o-SMA+ myofibroblasts. Although regeneration of
bona fide cardiomyocytes was not noted, cardiac function
improved in G-CSF-treated mice, indicating that popu-
lation of the infarcted myocardium with BMC-derived
myofibroblasts can also effectively improve LV function.
Additional favorable effects of G-CSF on the ECM
include increase in connexin-43 expression in the peri-
infarct zone and modulation of function of gap junctions
in cardiomyocytes, which have been shown to reduce the
incidence of ventricular arrhythmias [87].

Clinical trials of G-CSF therapy in acute MI

Although the results from animal studies of cardiac
repair with G-CSF as monotherapy have been mixed, the
safety and efficacy of G-CSF in patients with acute MI
have been evaluated in several clinical trials (Table 3).
In the MAGIC randomized trial [76], patients underwent
percutaneous coronary intervention (PCI) of the infarct-
related coronary artery and received either G-CSF alone
(10 pg/kg for 4 days before PCI) or a combination of
G-CSF and intracoronary infusion of peripheral blood
stem cells harvested by plasmapheresis. Despite
improvement in LVEF, exercise capacity, LV end-sys-
tolic volume (LVESV) and myocardial perfusion, the
study was prematurely terminated after 6 months of
follow-up because of a high incidence of in-stent reste-
nosis in G-CSF-treated patients [76].

Improvement in various parameters of LV function
and anatomy was reported in several subsequent trials. In
the randomized phase I FIRSTLINE-AMI trial, patients
with ST-elevation MI (STEMI) received a 6-day course
of 10 pg/kg G-CSF (starting at 90 min after reperfusion)
and were followed up for 1 year. Treatment with G-CSF
improved LV function and enhanced systolic infarct wall
thickening with no increase in the incidence of restenosis
[70, 71]. In the study by Kuethe et al. [86], patients with
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acute MI who received G-CSF (10 pg/kg) for 7 days
starting 2 days after PCI showed improvement in regio-
nal wall motion, myocardial perfusion, and LVEF after
3 months with no significant adverse effect. In the
GLEAM trial, a lower dose of G-CSF (2.5 pg/kg for
5 days) was administered in acute MI patients with total
occlusion of left anterior descending coronary artery.
After 6 months, greater LVEF and smaller LVESV were
noted in G-CSF-treated patients without any increase in
restenosis compared with controls [148].

However, several other RCTs have failed to confirm the
above beneficial effects of G-CSF therapy in patients with
acute MI. The STEMMI [133] and the REVIVAL-2 [174]
trials included patients with ST-elevation MI treated with
PCI within 12 h after symptom onset. In STEMMI,
although G-CSF injection was safe and well tolerated, it
did not lead to greater improvement in LV function or
infarct size compared with placebo-treated patients [133].
In REVIVAL-2, while G-CSF therapy successfully mobi-
lized BMCs, there was no significant improvement in LV
function or infarct size after 6 months. In the G-CSF-
STEMI trial [36] and the dose-escalation study by Ellis
et al. [35], G-CSF therapy was unable to improve cardiac
function after MI. Furthermore, in G-CSF-STEMI trial,
changes in global and regional cardiac function during
12 months of follow-up were monitored by magnetic res-
onance imaging, which showed no improvement in myo-
cardial function with G-CSF therapy [37].

Because of the above diversity in outcomes in small
clinical trials, the efficacy of G-CSF therapy for infarct
repair has been evaluated in several meta-analyses [2, 173].
In the meta-analysis by Zohlnhofer et al., which included
data from 10 RCTs, G-CSF therapy was not associated
with any significant benefit in terms of LV function or
anatomy compared with controls. In our meta-analysis [2],
although G-CSF therapy was ineffective in unselected
patients with acute MI, subgroup analyses suggested that
G-CSF therapy might be beneficial in patients with reduced
LV function at baseline. Our results also indicated that
such therapy might be more beneficial when G-CSF was
administered early after an acute MI [2]. Indeed, studies in
which G-CSF was started early after acute MI has shown
improvement in LV function [71, 148] in comparison with
studies in which G-CSF treatment was started later [36,
133, 174]. Moreover, as discussed earlier, the benefits of
G-CSF therapy may also involve direct cytoprotective
actions, which are likely to be more beneficial during the
early phase of reperfusion after an acute MI. However,
these inferences remain to be validated in future animal
experiments and clinical trials. Importantly, results from
these meta-analyses [2, 72, 173] indicate that G-CSF
therapy does not lead to increased risk of in-stent restenosis
or other major adverse effects.

The precise reasons for this apparent failure of G-CSF
monotherapy in cardiac repair remain to be fully under-
stood. Although G-CSF therapy mobilizes BMCs [84],
different cytokines preferentially mobilize different subsets
of BMCs [56, 114], and the efficacy of mobilization of
primitive progenitors is relatively lower with G-CSF
compared with other cytokine combinations [25]. More-
over, the cytokine regimens also influence the expression
of surface markers responsible for homing on mobilized
cells [25]. Thus, the lack of efficacy in clinical trials of
G-CSF monotherapy may be due, at least in part, to
mobilization and myocardial homing of a relatively small
number of primitive stem/progenitor cells.

Clinical trials of G-CSF therapy in chronic myocardial
ischemia

Several clinical trials have evaluated the safety and clinical
benefits of G-CSF therapy in patients with chronic myo-
cardial ischemia due to severe occlusive coronary artery
disease (CAD) [58, 67, 134, 163] (Table 3). In patients
with chronic myocardial ischemia, G-CSF therapy
increased the number of circulating CD34+ cells without
improving LVEF or perfusion [58, 163]. The improvement
in angina score and nitroglycerin intake [163] supported
the importance of mobilized stem cells toward the observed
clinical benefits. Although data from animal studies dem-
onstrated vasculogenic benefits with combined VEGF-A
gene transfer and G-CSF treatment for the differentiation
of stem cells into endothelial cells [77, 79], in the study
by Ripa et al. [134], VEGF-A ¢5 gene transfer followed
by subcutaneous injection of G-CSF in patients with
severe occlusive CAD neither induced vasculogenesis nor
improved patient symptoms. In another study involving
patients with ischemic or dilated cardiomyopathy, treat-
ment with G-CSF improved NYHA class and 6-min
walking distance [67].

In summary, although results from animal studies have
been promising, clinical trials evaluating safety and effi-
cacy of G-CSF therapy in patients with chronic myocardial
ischemia have failed to show convincing and consistent
benefits. Whether further modifications in cytokine com-
binations, dose, and patient selection will improve out-
comes remains to be tested in future clinical trials.

Granulocyte-macrophage colony-stimulating factor

In addition to its actions on bone marrow hematopoietic
progenitors, GM-CSF can effectively modulate prolifera-
tion, migration, and other biological properties of a number
of nonhematopoietic cells, including bone marrow
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fibroblasts, tumor cell lines, and endothelial cells [19, 27,
141]. GM-CSF-induced upregulation of adhesion mole-
cules enhances the recruitment of circulating leukocytes,
especially monocytes, to endothelial cells [32, 46]. GM-
CSF also increases the number of circulating monocytes,
which have been implicated both in angiogenesis and
LV remodeling [61, 101, 165], and the level of circulating
GM-CSF is elevated in patients with ischemic dilated
cardiomyopathy [126]. Moreover, in models of hindlimb
ischemia and ocular micropocket assay, mobilization of
endothelial progenitor cells by GM-CSF has been shown to
enhance angiogenesis [147].

Studies of GM-CSF therapy for cardiac repair in animal
models

Because of its ability to mobilize BMCs and in view of
the above considerations, the efficacy of GM-CSF ther-
apy for cardiac repair has been tested in animal models
of acute MI. In the study by Terrovitis et al. [150], GM-
CSF administration for 3 weeks after a reperfused MI in
pigs failed to reduce infarct size or improve LV function.
In the study by Maekawa et al. [102], upregulation of
GM-CSF by romurtide reduced expression of TGF-f1
and collagen types I and III in the infarcted myocardium
and promoted tissue infiltration by ED-14 monocyte-
derived macrophages, which were associated with marked
infarct expansion after acute MI [102]. Similar worsening
of outcomes after MI with GM-CSF therapy has been
reported by Naito et al. [113], who noted increased infil-
tration of the myocardium by dendritic cells with GM-
CSF therapy. Therefore, although GM-CSF may confer
cardiac reparative benefits when administered with other
growth factors [170], current evidence suggests that GM-
CSF-induced cellular infiltration and molecular changes
may cause more harm than good in the post-infarction
period.

Clinical trials of GM-CSF therapy

In humans, short-term administration of GM-CSF in
patients with chronic myocardial ischemia has been shown
to improve collateral blood flow [137]. Despite this bene-
ficial effect, plasma levels of GM-CSF in patients with
heart failure correlates with neurohormonal activation,
hemodynamic deterioration, and LV dysfunction [125,
126]. In addition, administration of GM-CSF in cancer
patients has been shown to transiently increase LV end-
systolic dimensions and decrease cardiac contractility [83].
Future studies in animal models will be necessary to
evaluate whether the angiogenic potential of GM-CSF can
be safely utilized for myocardial repair.
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Stem cell factor

SCF, also known as kit ligand or steel factor, binds to c-kit
(a type III tyrosine kinase receptor) and exerts its activity at
the early stages of hematopoiesis acting synergistically
with colony-stimulating factors [16]. The activation of c-kit
is triggered by the binding of dimeric SCF leading to
homodimerization of two c-kit molecules. Phosphorylated
tyrosine residues on c-kit have binding sites for many
signaling proteins such as members of the PI3-K/Akt,
RAS/MAPK and JAK/STAT signaling pathways. Sub-
sequent activation of these signaling proteins and their
related pathways leads to cell proliferation, differentiation,
survival, and chemotaxis [16, 85, 100]. Administration of
SCF, especially in combination with G-CSF, results in
mobilization of hematopoietic progenitors into the
peripheral blood [40, 171].

In addition, SCF (also known as ‘mast cell growth
factor’) not only elicits differentiation, maturation and
adhesion of mast cells [119], but also regulates their pro-
liferation [156] and migration [106], and promotes survival
by inhibiting apoptosis [69]. Mast cells arise from multi-
potent hematopoietic stem cells [81], and participate in
host defense, innate immunity, and inflammation [3]. SCF
has been shown to promote mast cell development from
bone marrow, umbilical cord blood and peripheral blood
progenitors [80, 110, 159]. In the heart, SCF expressed in
macrophages in the infarcted myocardium plays a key role
in promoting chemotaxis and growth of mast cell precur-
sors [41]. However, although SCF is expressed abundantly
in the myocardium, its expression decreases after MI [169],
and the accumulation of mast cells after MI varies
depending on the species [33].

Studies of SCF therapy for cardiac repair in animal
models

Since Lin-/c-kit+ cells were shown to induce robust infarct
repair [120] and because administration of SCF along with
G-CSF could induce a 250-fold increase in Lin-/c-kit+
cells in the circulation [13], in a seminal study [121], Orlic
et al. tested whether G-CSF + SCF therapy would induce
cardiac repair after MI. Mice received SCF and G-CSF
injections for 5 days, underwent coronary ligation, and
received cytokines for an additional 3 days. At 27 days
after MI, SCF + G-CSF therapy reduced mortality and
improved cardiac function and remodeling by promoting
formation of new myocytes and vessels from mobilized
BMCs that homed into the myocardium. Expanding upon
these observations, in a subsequent study [25], we exam-
ined whether cytokine combination therapy would confer
reparative benefits when initiated after an acute MI. After
35 days of follow-up, G-CSF and SCF therapy was
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associated with improved LV function indicating that such
therapy is efficacious in a clinically relevant scenario after
a reperfused MI. Although improvement in LV function
has been reported in other studies in rats [88, 138] and mice
[75, 87, 118], in the study by Ohtsuka et al. [118],
administration of SCF alone after MI was unable to
improve post-MI outcomes. In addition, in the study by
Deten et al. [31], no cardiac functional benefit was
observed with G-CSF + SCF therapy in a mouse model of
coronary ligation. Although regeneration of infarcted
myocardium has been shown by G-CSF + SCF therapy
[25, 121], the mechanisms remain controversial [138], and
the efficacy of this therapy remains to be proven in
humans.

FLT-3 ligand

As a ligand for the flt-3/flk-2 tyrosine kinase receptors, FL
plays a critical role in proliferation, survival, and differ-
entiation of early hematopoietic precursors [98]. Binding of
FL to fit-3 activates PI3-K/Akt and RAS signaling cas-
cades, leading to inhibition of apoptosis and increased cell
proliferation, respectively. PI3-K activation stimulates
several downstream molecules such as PDK-1, Akt and
mTOR, which in turn activate p70 S6 kinase (S6K) and
inhibit eukaryotic initiation factor 4E-binding protein (4E-
BP1) leading to gene transcription. Additionally, activation
of PI3K inhibits apoptotic cell death through phosphory-
lation of proapoptotic Bcl-2 family protein Bad. The
p21RAS pathway is activated when FL associates with
GRB2 through SHC. The activation of RAS stimulates
downstream effectors such as Raf, MAPK, and ERK1/2,
which activates cAMP-response element binding protein
(CREB), ELK and STATSs and leads to transcription of
genes involved in cell proliferation.

Studies of FL therapy for cardiac repair in animal
models

Studies in mice have shown a striking synergistic effect on
mobilization and engraftment of hematopoietic progenitors
when G-CSF and FL are used in combination [114, 143].
Because of this synergy, we examined the comparative
efficacy of G-CSF + FL therapy versus G-CSF + SCF
and G-CSF alone for cardiac repair after a reperfused MI in
mice [25]. Among these combinations, G-CSF + FL
therapy was associated with the greatest extent of cardiac
differentiation of EGFP 4+ BMCs, and was most effective
in improving LV function and remodeling. Interestingly,
G-CSF + FL therapy was also associated with increased
expression of CD62L and CDI1la on mobilized BMCs,
suggesting that improved homing of BMCs to the infarcted

myocardium contributed to the reparative benefits with this
therapy [25]. Increased mobilization and myocardial
homing of Lin-/Sca-14/c-kit+ BMCs may also explain the
superiority of G-CSF + FL in comparison with other
cytokine combinations. Although our results from a recent
study [135] indicate that the beneficial effects of
G-CSF + FL therapy are also sustained during long-term
follow-up (up to 48 weeks), the efficacy of FL in cardiac
repair remains to be examined in the clinical setting.

Erythropoietin

Produced primarily in kidneys in response to hypoxia, EPO
acts synergistically with other growth factors, such as GM-
CSF, SCF, and IL-3, to promote maturation as well as
proliferation of erythroid progenitor cells [39]. The actions
of EPO in the BM are mediated by activation of specific
membrane-bound EPO receptor (belongs to a cytokine
type-1 receptor superfamily), which is expressed primarily
by erythroid progenitor cells [74]. Interaction of EPO with
its membrane-bound receptor leads to dimerization of
receptor and activation of receptor associated JAK2,
leading to the activation of numerous intracellular signal-
ing cascades, including PI3-K/Akt, MAPK, and JAK/
STAT pathways [39, 131]. Activation of these pathways by
EPO results in upregulation of antiapoptotic protein Bcl-
XL, inhibition of caspase activation, and increase in eNOS
expression, which contribute collectively to EPO-induced
inhibition of apoptosis in various tissues [18, 103].

Studies of EPO therapy for cardioprotection in animal
models

Although EPO-induced improvement in cardiac parameters
in patients with CHF was noted many years ago, these
benefits were attributed primarily to correction of anemia
[48]. Subsequent studies revealed that EPO can favorably
modulate the activity of cardiac Na*/K*/ATPase, thereby
improving cardiac contractility [162]. Consistent with its
ability to mobilize cellular antiapoptotic machinery [47,
155], a direct cardioprotective role of EPO in the setting of
myocardial ischemic injury was documented in more
recent studies, in which administration of recombinant
EPO was associated with reduced infarct size, reduced
apoptosis, and improved LV function [20, 21, 112, 127].
Apart from its direct cytoprotective effects, EPO also
exerts a potent angiogenic effect [11, 132], which can
contribute to improved cardiac structure and function after
ML. In the infarcted heart, EPO therapy has been shown to
increase capillary density [60, 129, 152, 161, 168], which
was associated with decreased periinfarct fibrosis [152],
attenuation of LV hypertrophy [161], and improvement in
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LV function [60, 129, 152, 161, 168]. Consistent with its
effects on hematopoietic cells in the bone marrow, EPO
has been shown to increase the number of circulating
endothelial progenitor cells (EPCs), which might account
for ischemia-induced neovascularization [55, 129, 157,
168]. Recent studies indicate that upregulation of myo-
cardial expression of VEGF also contributes toward EPO-
induced improvement in myocardial vascularity [168].

Clinical trials of erythropoietin therapy after acute MI

With the above evidence supporting a beneficial role of
EPO, several clinical trials have examined the safety and
efficacy of EPO for myocardial salvage in the setting of an
acute MI. In the first single-center prospective safety and
feasibility study, one bolus dose (300 pg iv) of the long-
acting EPO analogue darbepoietin alfa administered before
primary PCI in patients with acute MI failed to improve LV
EF significantly [95]. However, darbepoietin therapy
increased the number of CD34+4/CD45— cells in the
peripheral blood, and was well tolerated without any major
adverse effect. Similar results were obtained in a ran-
domized placebo-controlled safety study in patients with
non-ST-elevation acute coronary syndromes, in which a
single dose of EPO (40,000 IU iv) failed to limit myocar-
dial damage assessed by enzyme levels [94]. EPO admin-
istration was associated with increased systolic blood
pressure, although no other adverse effect was noted. This
failure to reduce enzymatically determined infarct size was
mirrored in a larger study with 236 patients with acute ST-
elevation MI who received EPO (30,000 IU iv) immedi-
ately before thrombolytic therapy [12].

In contrast to these earlier findings, improvement in LV
function with EPO treatment has been reported in more
recent randomized controlled trials [38, 122, 149]. In the
study by Ferrario et al. [38], administration of EPO
(33,000 IU) before PCI and at 24 and 48 h after admission
reduced CK-MB release by 30% and improved remodeling
in patients with first uncomplicated MI. In the EPO/AMI-1
study [122], EPO (12,000 IU iv) administered after PCI in
patients with acute MI improved LVEF in treated patients.
In the EPOC-AMI study [149], therapy with low-dose EPO
(6,000 IU iv) during PCI, and at 24 and 48 h later
improved LVEF, reduced LVESV, and decreased infarct
size compared with baseline in the treated group, although
the outcomes in treated and control groups were not sig-
nificantly different. However, these studies enrolled rela-
tively few patients (30-36 patients) and the follow-up
duration was rather short (6 months). The results from the
prospective randomized HEBE III trial [9], in which 466
patients with fist acute MI will be enrolled and a bolus of
EPO (60,000 IU iv) will be administered within 3 h of PCI,
will provide more definitive information in this regard.
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Future perspectives

Although a number of cytokines have been tested in animal
models, the clinical evidence regarding the utility of such
therapy in cardiac repair comes largely from studies with
G-CSF; and recent meta-analyses of pooled data have
shown the lack of efficacy of G-CSF in inducing cardiac
repair in unselected patients [2, 173]. This is somewhat
paradoxical, because G-CSF mobilizes BMCs, and sub-
stantial clinical evidence supports the efficacy of BMC
therapy in patients with ischemic heart disease [1, 24].
However, stem cell-mediated cardiac repair is far more
complex than once perceived, and a number of seemingly
minor variables may influence this process. Indeed, the
dose of G-CSF, duration of therapy, the interval between
acute MI and therapy initiation, the LV function at base-
line, and other patient characteristics may all influence the
outcomes. In this regard, the final verdict on G-CSF ther-
apy will emerge not from meta-analyses, but from ade-
quately powered randomized controlled trials with
optimized study parameters, i.e., dose, duration, timing,
patient population, and outcome parameters, to name a
few.

However, the results from G-CSF monotherapy may not
be extrapolated to cytokines in general or cytokine com-
bination therapies, which may induce more vigorous
mobilization of BMCs compared with G-CSF alone.
Indeed, although animal studies have shown that addition
of other factors to G-CSF such as SDF-1 [8], SCF [25, 121]
and FL [25, 135] could enhance myocardial homing of
BMCs, clinical data from such combinatorial therapy are
not available yet. At present two clinical trials using
combination therapy are underway. The effect of sitagliptin
(a dipeptidyl peptidase-IV inhibitor) in combination with
G-CSF on myocardial function in patients undergoing PCI
for acute MI is being tested in a phase III randomized
placebo-controlled trial (SITAGRAMI, NCT00650143)
[151]; and the efficacy and safety of combination cytokine
treatment with short-term G-CSF administration and in-
tracoronary infusion of mobilized peripheral stem cell with
darbepoetin infusion are being evaluated in MAGIC Cell-
5-Combicytokine Trial (NCT00501917). However, the
results with combination therapy in animal studies have
also been mixed [6, 25, 130, 135], and the success with
such therapy will need to be eventually validated in real-
world patients.

Conclusions
Accumulating evidence from animal models of MI as

well as heart failure indicates that therapy with hemato-
poietic cytokines improves cardiac structure and function.
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Although myocardial homing and subsequent cardiac dif-
ferentiation of cytokine-mobilized BMCs plays a role in
this reparative process, recent reports have identified var-
ious other salubrious effects of cytokines, including inhi-
bition of myocyte apoptosis and induction of
neovascularization. However, clinical trials of G-CSF
therapy in humans have yielded discordant results, and no
significant cardiac benefit was observed with G-CSF
monotherapy in unselected patients with acute MI. Given
the extensive evidence in support of a beneficial role of
cytokine therapy in cardiac repair and myocardial protec-
tion, further experimental and clinical studies are war-
ranted to investigate the potential of other hematopoietic
cytokines as well as cytokine combinations in cardiac
repair in patients with ischemic heart disease.
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