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Abstract

In the light of the enthusiasm to use of recombinant human granulocyte colony-stimulating factor (G-CSF) for
immunomodulation and neuroprotection, it should be remembered that the current knowledge is based on a
century of laborious research. G-CSF is a pleiotropic cytokine playing a major role as regulator of
haematopoiesis. Although the precise mechanisms of G-CSF are not known, there is growing evidence sup-
porting the notion that G-CSF also exerts profound immunoregulatory effect in adaptive immunity and has a
neuroprotective role in both cerebral ischemia and neurodegeneration. Here, we describe the immunomodu-
lation and the neuroprotection that can be achieved with G-CSF, and summarize possible mechanisms of 
G-CSF as a potential therapeutic agent in autoimmune diseases and neurological disorders. Our understand-
ing of these novel sites of action of G-CSF has opened therapeutic avenues for the treatment of autoimmune
diseases and neurological disorders, and has translated the beneficial effects of G-CSF from basic experi-
ments to clinical patients.
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Introduction

Granulocyte-colony stimulating factor (G-CSF) is a
polypeptide growth factor that plays a role in the 

basal regulation of neutrophil production. G-CSF is
also used for haematopoietic stem cells (HSC) 
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mobilization into the peripheral circulation, thereby
becoming crucial for the adoption of autologous
peripheral blood stem cell transplantation in clinical
practice. Recently, a series of studies have demon-
strated novel sites of action of G-CSF in many other
fields. Despite widespread availability of G-CSF for
clinical use, many unanswered questions remain
regarding the optimal clinical use of this potent
agent. The knowledge gained from further investiga-
tions of the basic biology of G-CSF and from future
clinical trials with G-CSF will be critical to determine
its potential for rational clinical application. Here, we
describe recent progress in immunomodulation and
neuroprotection of G-CSF, and summarize possible
mechanisms of action of G-CSF as a potential ther-
apeutic agent in autoimmune diseases and neuro-
logical disorders.

The immunomodulation of G-CSF

in adaptive immunity

G-CSF as a regulator of T cell responses

There is compelling evidence that G-CSF, well known
as the haematopoietic growth factor of the myeloid
lineage [1], also exerts profound immunoregulatory
effects in adaptive immunity. G-CSF treatment
enhances the total lymphocyte count in both bone
marrow and peripheral blood and increases CD3+,
CD4+ and CD8+ T cells as well as CD3-CD16+CD56+

NK cells, while the increase in CD4+ and CD8+

T cells results from CD45RO+ memory T cells and 
from cells expressing the CD38 activation marker [2].
G-CSF not only alters T cell numbers, but also T cell
functions through the shift of T cell subsets in both
bone marrow and peripheral blood. G-CSF polarizes
T cell differentiation from Th1 to Th2 cells and
induces Th2 responses with the production of IL-4
and IL-10 [3–5], accompanied by a decrease in pro-
duction of IFN-� and IL-2 [6], thereby suppressing T
cell proliferative responses to allogeneic stimulation [5].
In addition, G-CSF increased the production of TGF-�
[7, 8], and decreased the production of TNF-� [8].

Besides, G-CSF treatment elevates a CD4+CD25+

T cell subset through membrane-bound and secret-
ed TGF-� [9] or IL-10 [10]. These CD4+CD25+ T cells

express Foxp3, and constitute functional regulatory T
cells [11]. CD4+CD25+ regulatory T cells mobilized
by G-CSF may represent a promising source of cell
therapy for clinical application, because they can be
expanded up to 40,000-fold with artificial antigen pre-
senting cells (APC) and high-dose IL-2 in vitro [12].
Specifically, G-CSF also reduced the expression of
stromal derived factor-1 (SDF-1), a CXCR4 ligand, 
in the bone marrow, thus favouring CD4+CD25+ reg-
ulatory cell trafficking from bone marrow to the
periphery [11].

G-CSF as an inducer of tolerogenic

dendritic cells (DC)

G-CSF was reported to induce tolerogenic dendritic
cells (DC2, plasmacytoid DC) in the peripheral blood
of normal human recipients [3, 13, 14], thereby
reflecting an important role of G-CSF for the induc-
tion and maintenance of peripheral tolerance.
Administration of G-CSF to normal stem cell donors
selectively increased the number of DC2 in the
peripheral blood, whereas counts of DC1 (immuno-
genic DC, myeloid DC) counts did not change [13].
Functional characterization of the DC subsets after
G-CSF administration revealed that DC1 did not dif-
fer in their ability to stimulate allogeneic naive T cells,
whereas DC2 behaved as poor stimulators but were
not impaired in their capacity to induce a Th2
immune response [3, 13]. Downregulation of
CD28/CD80/CD86 co-stimulatory signals was
observed by use of G-CSF in vivo [15]. Besides the
selective increase of DC2, in vitro studies demon-
strated that serum collected after clinical administra-
tion of G-CSF contained high amounts of IL-10 and
IFN-�, and promoted the generation of the regulato-
ry DC derived from CD14+ monocytes [16]. These
regulatory DC-like cells showed an impaired ability to
release IL-12p70 and poor stimulatory capacity [16].
Furthermore, co-culture of naive CD4+ T cells with
this DC population triggered generation of regulatory
T cells which secreted the immunosuppressive
cytokines TGF-� and IL-10 [16]. This novel mecha-
nism of immune regulation effected by G-CSF may
be therapeutically exploited for tolerance induction in
autoimmune diseases.

Whether this differentiation to Th2 cells is an indi-
rect effect of APC which mediates a Th2 response



1274 © 2007 The Authors
Journal compilation © 2007 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

through G-CSF-mobilized DC2, or whether it is a
consequence of a direct effect of G-CSF on T cells is
still uncertain. Recent studies have demonstrated
that monocytes from G-CSF-mobilized human
donors suppressed T cell alloreactivity possibly
through differential mechanisms, including IL-10-
dependent pathway [17, 18], the inhibition of IL-12
[19] and TNF-� release [20] and downregulation 
of costimulatory molecules [15]. Monocytes from 
G-CSF-mobilized peripheral blood stem cell collec-
tions also inhibit T cell function by inducing CD4+ T
cell apoptosis via Fas–Fas ligand interaction [21].
However, other studies favour an indirect effect of 
G-CSF on the T cells via monocytes or DC. Most
importantly, G-CSF receptor is expressed in mito-
gen-activated T cells and in unstimulated T cells [22,
23]. The expression of G-CSF receptor is further
detectable on CD4+ and CD8+ T cells after G-CSF
exposure at the single-cell level both in vivo and in
vitro [24]. Purified CD4+ T cells treated with G-CSF
decreased IFN-� and increased IL-4 production [23].
Thus, G-CSF appears to have a direct effect on 
T cells independent of monocytes or DC present in the
co-culture. Taken together, these observations indi-
cate that G-CSF, as a regulator of immune respons-
es, has two pathways: (1) G-CSF selectively induces
the generation of tolerogenic DC which promote the
production of functional regulatory T cells and (2) 
G-CSF directly acts on T cells for Th2 cell differentiation
through G-CSF receptor on the surface of T cells.

Mechanisms of action of G-CSF 

in immunomodulation

G-CSF, like each of the other CSFs, exerts its biolog-
ic activities through binding to G-CSF-specific, high
affinity receptor, which subsequently triggers multiple
signalling mechanisms (Fig. 1). In fact, G-CSF pro-
motes neutrophil production and enhances neu-
trophil production and function by binding to its
receptor [25]. The molecular mechanism by which G-
CSF/G-CSF receptor signalling controls Th1 and Th2
differentiation as well as immune regulation is still
poorly understood. It was reported that the T cell-
specific transcription factor GATA-3 (GATA-3) was
selectively expressed in Th2 cells, but not Th1 cells
[26]. GATA-3 controls T helper cell differentiation, and
directs to Th2 response [26, 27]. However, little is

known about the regulation of GATA-3 expression. G-
CSF treatment in vivo resulted in the upregulation of
GATA-3 expression at both mRNA and protein levels
accompanied by an increase of spontaneous IL-4
secretion [24]. GATA-3 activation in CD4+ T cells
seems to induce chromatin remodelling of the inter-
genic regulatory region for the IL-4/IL-13/IL-5 gene
cluster [27], directly activating the IL-5 promoter [26]
and exhibiting enhancer activity for IL-4 gene expres-
sion [28]. In addition to activating a Th2 program,
GATA-3 directly inhibited the opposing Th1 immune
response most likely by interfering with the IL-12 sig-
nal transduction pathway [29].

G-CSF can also induce the expression of suppres-
sor of cytokine signalling 3 (SOCS3) [30, 31], a reg-
ulator of T cell activation and differentiation. SOCS3
has been shown to be preferentially expressed in
Th2 cells, and to prevent IL-12-induced Th1 cell dif-
ferentiation [32] and the secretion of IFN-� and IL-2
[33]. If G-CSF triggers the induction of SOCS3
expression on DC, SOCS3-expressing DC might
exhibit a tolerogenic DC phenotype, and drive myelin
oligodendrocyte glycoprotein (MOG)-specific T cells
to a strong Th2 differentiation in vitro and in vivo [34].
Mice lacking SOCS3 were more susceptible to
experimental arthritis by mediating CD4+ T cell acti-
vation [35]. Intracellular delivery of SOCS3 signifi-
cantly reduced production of inflammatory cytokines
and attenuated liver apoptosis and hemorrhagic
necrosis, thus effectively suppressing the devastat-
ing effects of acute inflammation [36]. Therefore,
SOCS3 seems to display benefits in a Th1-mediated
autoimmune disease or inflammation. However, it
should be noted that T cell-specific expression of
SOCS3 deteriorated clinical and pathological fea-
tures of allergic conjunctivitis [37]. Especially in
patients with Th2 type diseases, the more severe 
the disease pathology, the higher the SOCS3
expression in T cells [32]. Thus, it is conceivable 
that Th2-specific expression of SOCS3 has a signifi-
cant role in enhancing the pathophysiology of Th2-
mediated immune diseases through producing IL-4,
IL-5 and IL-10 [32]. Reduction of the expression 
level or inhibition of function in SOCS3 clearly
reduced the severity of allergic conjunctivitis. These
results at least in part provide a possible explana-
tion for disease exacerbation in patients with
rheumatoid arthritis (RA) and systemic lupus ery-
thematosus (SLE), predicting that agonists of
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SOCS3 may reduce unwanted clinical sequelae of
inflammation processes.

G-CSF up-regulated rapidly the expression of
SOCS3, which in turn potently inhibited G-CSF
receptor-mediated signal transduction [31]. Further
study indicates that the inhibitory action of SOCS3
on G-CSF signalling involves the direct binding of
SOCS3 to the activated G-CSF receptor and identi-
fies Tyr 729 of G-CSF receptor as being the recruit-
ment site for SOCS3 [31]. Overexpression studies
have suggested that SOCS3 interacts with the CSF
receptor and inhibits G-CSF-induced Stat3 activa-
tion, indicating a negative role of G-CSF in the sur-
vival and growth of neutrophils [38]. To evaluate the
implications of SOCS3 recruitment to Tyr 729 of G-
CSF receptor on immunomodulation in autoimmune
diseases, further studies are necessary.

Therapeutic potential of G-CSF 

in autoimmune diseases

In experimental models, G-CSF was shown to pro-
tect mice from graft-versus-host disease (GVHD) by
orienting T cells to Th2 response [6]. G-CSF exhibit-
ed therapeutic potential in experimental autoimmune
encephalomyelitis (EAE) [39, 40], since G-CSF-treat-
ed mice showed limited demyelination and reduced
recruitment of T cells to the central nervous system
(CNS), accompanied by reduced IFN-� and
increased IL-4 and TGF-�1 production [40].
Treatment of non-obese diabetic (NOD) mice with G-
CSF seemed to prevent the spontaneous develop-
ment of autoimmune diabetes by recruiting immature
CD11clo B220+ plasmacytoid DC with high levels of
IFN-�, but low levels of IL-12p70 [9]. Another study

Fig. 1 Possible mechanisms of immunomodulation of G-CSF in adaptive immunity. G-CSF induces the expression of both GATA-
3 and SOCS3, which control T helper cell differentiation, and directs to Th2 response. G-CSF directly induces the generation 
of tolerogenic DC, or indirectly drives the production of tolerogenic DC through inducing SOCS3 expression.Tolerogenic DC have the
capacity to induce a regulatory T cells or/and Th2 immune responses. Despite our limited knowledge about the molecular mech-
anisms involved, it is clear that G-CSF treatment results in increase in the number of regulatory T cells and the differentiation of Th2
cells. G-CSF-induced SOCS3 in turn limits G-CSF receptor signalling.
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performed in NOD mice showed that G-CSF protected
from autoimmune diabetes by preventing the loss of
the regulatory T cells and promoting their expansion
in the spleen [41]. Adoptive transfer of DC isolated
from G-CSF-treated mice into naive NOD recipients
also exhibited protective capacities by accumulating
CD4+CD25+ regulatory T cells [9]. Potentially benefi-
cial effects of G-CSF have also been demonstrated
in a hapten-induced colitis model with Th1-associat-
ed mucosal damage. Pre-treatment with G-CSF (125
mg/kg twice per day) over 5 days before hapten chal-
lenge drastically attenuated the degree of colitis
through selective downregulation of Th1-associated
cytokines [42]. In an adjuvant arthritis model in Lewis
rats, G-CSF application reduced the severity of dis-
ease which was associated with a decrease of IFN-�
secretion [43]. Importantly, in patients suffering from
RA, the administration of G-CSF seemed to sup-
press clinical signs of ongoing disease in a dose-
dependent manner [44]. Altogether, these data
demonstrate a promising rationale for the clinical
application of G-CSF in human autoimmune diseases.

However, we must not ignore the fact that G-CSF
administration has been associated with disease
exacerbation in some patients with multiple sclerosis
(MS), RA and SLE [44–46]. In MS patients, a possi-
ble mechanism for G-CSF-related exacerbation is
that G-CSF enhanced the adhesion of encephalito-
genic T cells to extracellular matrix components [46].
In RA patients, G-CSF exacerbated inflammatory
joint disease by increasing the production and mobi-
lization of myeloid lineage cells from the bone mar-
row and inducing the trafficking and local activation
of these cells in peripheral tissues [47]. These aggra-
vating effects of G-CSF were abrogated when G-
CSF was administered together with cyclophos-
phamide or high-dosage corticosteroids. In SJL/J
EAE mice with EAE induced by immunization with
proteolipid protein 139-151 (PLP139-151), G-CSF
administration caused worse clinical scores com-
pared to controls not receiving G-CSF [48]. It seems
as if disease severity in EAE cannot be completely
explained by the alterations of Th1- and Th2-derived
cytokines from peripheral lymphocytes. G-CSF
administration has also been shown to exacerbate
collagen-induced arthritis (CIA) in mice [49] and 
passive-transfer model of CIA in rats [50].

Additionally, an unexpected modulation of disease
severity was observed in a murine SLE model.
Chronic treatment of MRL-lpr/lpr mice with low dose

of G-CSF (10 mg/kg) increased glomerular deposi-
tion of immunoglobulins and accelerated lupus 
disease, whereas high-dose treatment with G-CSF
(200 mg/kg) prevented lupus nephritis by local down-
modulation of FcgRIII expression within the glomeruli
[51]. At lower dose, G-CSF seems to function as a
key regulator of B cell homeostasis via the produc-
tion of B cell-activating factor (BAFF), a novel mem-
ber of the TNF ligand superfamily that is important for
B cell maturation and antibody production. This novel
finding might in part explain the occurrence of exac-
erbations of B cell-mediated autoimmune diseases in
animal models and humans. Despite some setbacks
in clinical application of G-CSF, it is clear that G-CSF
plays an important role in the regulation of adaptive
immunity. For example, G-CSF blockade in estab-
lished CIA mice markedly reduced disease manifes-
tations and was found be as effective as TNF block-
ade [47]. Taken together, G-CSF may have dual
effects as an important anti-inflammatory or proin-
flammatory cytokine under different conditions [52],
thereby suggesting that it should be used with great
caution in patients until these issues are resolved.

The neuroprotection of G-CSF 

in cerebral ischemia and 

neurodegeneration

The expression of G-CSF and G-CSF

receptor in central nervous system

Besides T cells and DC, other cell types also express
G-CSF following appropriate stimulation or even in
resting state, including vascular endothelial cells,
fibroblasts and mesothelial cells. Within the CNS, 
G-CSF is expressed by neurons in all brain regions
including the hippocampus CA3 field, the hilus and
subgranular zone of the dentate gyrus, the entorhinal
cortex, the olfactory bulb, several cerebellar and
brainstem nuclei where its receptor is expressed
[53]. G-CSF receptor is also indeed expressed in
dopaminergic neurons in the adult substantia nigra
or mesencephalic cultures [54–56]. Besides in neu-
rons, G-CSF is detected in astrocyte cultures after
stimulation [57–60]. However, Schneider et al. [53]
did not detect any astrocytic G-CSF expression 
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in vivo, not even in the acute cerebral ischemia. Our
results showed that G-CSF is expressed in astro-
cytes, even in the resting state (data not published).
Recently, G-CSF expression was also observed in
reactive astrocytes in amyotrophic lateral sclerosis
cases but not in controls [61]. It is certainly possible
that G-CSF expression in astrocytes may be influ-
enced by different culture conditions or other stimuli
at different time points. No information is available
that microglia expresses G-CSF, but expression of 
G-CSF receptor could be detected on microglia in
subacute cerebral infarcts in humans [62].

Importantly, G-CSF transcripts were induced 485-
fold at 4 hrs and 65-fold at 16 hrs in ischemic lesions
after middle cerebral artery occlusion (MCAO) com-
pared with control brains [63]. Furthermore, an
increase in G-CSF mRNA expression was not only
seen in the ischemic lesion but also in the non-
ischemic frontal cortex after focal cerebral ischemia
[63]. Similarly, there was a dramatic upregulation of
G-CSF (more than 100-fold) elsewhere in the ipsilat-
eral hemisphere 2 hrs after MCAO, and an accompa-
nying induction of G-CSF in the contralateral hemi-
sphere. At 6 hrs following ischemia, G-CSF expres-
sion became more clearly localized to the ischemic
hemisphere, and, at 20 hrs of reperfusion, G-CSF
expression was no longer detectable [53]. In the
human, G-CSF was significantly increased in cere-
brospinal fluid from patients with amyotrophic lateral
sclerosis compared with controls, and expressed in
reactive astrocytes [61].

The upregulation of G-CSF was accompanied by a
more modest induction of the G-CSF receptor after cere-
bral ischemia, more prominent in the ipsilateral than the
contralateral hemisphere [53]. Immunohistochemistry
demonstrated the co-expression and up-regulation of
G-CSF and its receptor in neurons after MCAO and
reperfusion. In human acute ischemic stroke, strong
neuronal G-CSF receptor expression was encoun-
tered in the infarct area and the peri-infarct rim as
compared to the contralateral cortex. In subacute
infarctions, microglial G-CSF receptor predominated,
whereas chronic infarction was characterized by the
presence of G-CSF receptor-expressing reactive
astrocytes [62]. We observed that G-CSF receptor
was expressed in glial fibrillary acidic protein
(GFAP)+ astrocytes in ischemic regions, but not in
non-ischemic regions (Fig. 2c, unpublished data),
revealing that G-CSF and its receptor likely function
as an autocrine adaptive system within the CNS.

Penetration of the blood-brain barrier

A prerequisite for obtaining any effect of G-CSF with-
in the CNS is that G-CSF penetrates the blood-brain
barrier (BBB) upon being administrated in the periph-
ery. The amounts of iodinated G-CSF (131I–G-CSF) in
brain and serum were measured at 1, 4 and 24 hrs
after intravenous injection in non-injured rats and the
brain/serum ratios of 131I–G-CSF and 131I-albumin
were calculated as an index of BBB permeability.
Injection of G-CSF showed a higher brain/serum
ratio at different time points, indicating that systemi-
cally given G-CSF is able to pass the intact BBB [53].
The most striking effect of peripherally administered
G-CSF on the brain was seen in the dentate gyrus,
where G-CSF increased the number of newly gen-
erated neurons under ischemic conditions but also 
in non-ischemic, sham-operated animals. In addi-
tion, both immunofluorescent staining and western
blot showed that receptor for G-CSF was 
expressed in the capillaries of adult rat brain, sug-
gesting that G-CSF entry to the brain may be medi-
ated via receptor-mediated transport on cerebral
microvessels [64].

Mechanisms of G-CSF 

in neuroprotection

G-CSF mobilizes haematopoietic stem

cells to the injured brain

Administration of G-CSF is known to mobilize HSC
from the bone marrow into the peripheral blood (Fig. 3).
G-CSF application resulted in a significant decrease
in infarct volume and enhanced survival rate, which
may be mediated by the mobilization of autologous
HSC in experimental cerebral ischemia [65, 66]. Our
results demonstrated that subcutaneous injection of
G-CSF increased the mobilization of circulating
CD34+ cells which were seen around the perivascu-
lar in ischemic hemisphere, indicating that CD34+

cells mobilized with G-CSF can home from the circu-
lating blood into the ischemic brain tissues [67].
Other studies have also showed that ischemic brain
specifically attracted peripheral transplanted bone
marrow stromal cells (BMSC) [68–70].

Which signalling molecules attract peripheral
CD34+ cells and direct their migration to damaged
areas? Cerebral ischemia increased CXCR4 receptor
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ligand SDF-1 expression in regions adjacent to the
infarct area, indicating that SDF-1 within the 
brain could be a chemoattractant for peripheral
CD34+CXCR4+ cells [71].Thus, we speculate that the
expression of the CXCR4 receptor on haematopoiet-
ic CD34+ cells may act as signalling mechanism for
the adhesion and migration of HSC to ischemic tis-
sue. It is clear that CD34+ cells isolated from adult
peripheral blood express the CXCR-4 receptor, sug-
gesting that haematopoietic CD34+ cells can under-

go directional migration towards SDF-1 in regions
adjacent to the infracted area.

How do haematopoietic CD34+ cells contribute to
the improvement of neurological function after cere-
bral ischemia? One possibility is that G-CSF-mobi-
lized CD34+ cells integrate into the tissue, replace
damaged cells and reconstruct the neural circuitry.
Another reasonable hypothesis is that the interaction
of CD34+ cells with the host parenchymal cells in
ischemic tissue leads parenchymal cells to produce

Fig. 2 G-CSF-mediated neuroprotection in cerebral ischemia. (a-A) Survival rate of rats with cerebral ischemia treated with G-CSF
and with saline as control, (a-B) Infarction volume and (a-C) Neurological Severity Score. (b) Double-labelled immunofluorescent
staining of brain slices obtained from G-CSF-treated rats at day 7 after MCAO. Red images correspond to Brdu, GFAP or nestin
and green images to fibronectin or BDNF.Yellow images reveal double-labelled positive cells. (c) G-CSF receptor expression in
GFAP+ astrocytes in ischemic region (B), but not in non-ischemic region (A). Red images correspond to GFAP and green images
to G-CSF receptor.Yellow images show double-labelled positive cells. (d) Area of cell death stained with PI (up) and number of bcl-
2+ cells (down) at 7 days after hippocampal slice cultures in the absence (A) or presence (B) of G-CSF. (e) Expression of nestin,
vWF and MAP-2 expression brain sections.The immunohistochemistry of nestin (A and B), vWF (C and D) and MAP-2 (E and F)
are performed on brain slices obtained from G-CSF-treated rats and control rats at day 7 after MCAO.
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trophic factors that contribute to the recovery of neu-
ral functions [72]. We found that the level of
fibronectin in brain of rats treated with G-CSF was
augmented compared with control rats [67]. It has
been noted that fibronectin promoted survival and
migration of primary neural stem cells transplanted
into the traumatically injured mouse brain [73].
Fibronectin-deficient mice showed increased neu-
ronal apoptosis and infarction area following tran-
sient focal cerebral ischemia [74]. To mimic the
ischemia-reperfusion injury in experimental animals,

we employed hippocampal slice cultures that were
first treated with oxygen and glucose deprivation
(OGD) and then with oxygen-glucose re-supply, find-
ing that fibronectin significantly increased the 
neurite outgrowth of OGD hippocampal slices and
ameliorated the ultrastructure damage of OGD hip-
pocampal slices [67]. Blockade of fibronectin in situ
with an anti-fibronectin antibody dramatically
decreased neurite outgrowth [75], suggesting 
that fibronectin may play an important role in 
axon regeneration.

Fig. 3 Possible mechanisms for neuroprotection of G-CSF in cerebral ischemia and neurodegeneration. G-CSF provokes multiple
intracellular signal transductions including Jak/Stat, ERK and PI3K/Akt in neuroprotection. (1) Anti-apoptosis:G-CSF mediates anti-
apoptotic pathway through ERK or/and JAK/Stat signalling activation and subsequent upregulation of bcl-2 and inhibition of cas-
pase-3; (2) Neuronal differentiation: Stat regulates VEGF expression, or G-CSF activates endothelial cells to release BDNF.VEGF,
BDNF and activated PI3K/Akt promote neurogenesis (3) Angiogenesis: G-CSF stimulates neutrophils or astrocytes to secrete
VEGF, or directly mobilizes circulating endothelial progenitor cells (cEPCs) to promote angiogenesis within the CNS; and (4) The
mobilization of autologous hemopoietic stem cells: G-CSF triggers the mobilization of autologous hemopoietic stem cells that
migrate into ischemic brain, and thus significantly improve lesion repair.
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Besides the increase of fibronectin, the numbers
of brain-derived neurotrophic factor (BDNF) + cells in
the marginal zone of the infarction were significantly
increased in G-CSF-treated rats at 7, 14 and 21 days
after ischemia compared to those of control rats [67].
Double labelling of 5-bromo-2–deoxyuridine (Brdu)
revealed that fibronectin+ or BDNF+ cells in the mar-
ginal zone of the infarction were dividing (Fig. 2b).
Double fibronectin- and GFAP-positive cells indicate
that astrocytes in ischemic regions may be a major
source of fibronectin production (Fig. 2b). BDNF-
expressing nestin-positive cells (Fig. 2b), possibly
partially through synthesizing and releasing neu-
rotrophic factors such as BDNF, could play an impor-
tant role in recovery of neurological dysfunction.
Although G-CSF treatment enhances the translocation
of HSC into the ischemic brain and improves lesion
repair, a recent report rebuts that G-CSF decreased
the migration of bone marrow-derived cells and
increased intrinsic microglia at the ischemic penumbra,
suggesting that extrinsic cells are not involved in 
G-CSF-induced reduction of ischemic infarction [76].

G-CSF activates anti-apoptotic pathway

G-CSF protected neurons against cell apoptosis,
which appears to be mediated via the neuronal G-
CSF receptor, since antibody against G-CSF recep-
tor was capable to abolish the protection [53]. G-CSF
exerts its neuroprotective effect over direct activation
of the anti-apoptotic pathway by up-regulating Stat3,
pStat3 and Bcl-2 in transient focal ischemia in mice
[76]. Another study also found that the neuroprotec-
tive role of G-CSF was manifested through the
JAK/Stat signalling pathway and subsequent activa-
tion of Bcl-2 [77], in which overexpression of Bcl-2
protected against post-ischemic cerebral neuronal
death [78]. Schabitz et al. showed that G-CSF recep-
tor existed not only on haematopoietic cells but also
on neurons and glial cells, and that the neuroprotec-
tive effect of G-CSF is dependent on G-CSF recep-
tor-mediated activation of the JAK/Stat pathway [53].
Under OGD of human cerebral-neuroblastoma
hybrid cell line, G-CSF prevented caspase-3 activa-
tion and subsequent cell death. We found that the
expression of Bcl-2 (Fig. 2d) was up-regulated in hip-
pocampal slice cultures exposed to G-CSF and the
expression of MAP-2 (Fig. 2e-E and F) was
increased in brain section from ischemic rats receiv-
ing G-CSF treatment, indicating that G-CSF-mediat-

ed neuron survival may be related to Bcl-2-madiated
neuronal protection.

In 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced dopaminergic neuron death, neuro-
protection of G-CSF was mediated by increased Bcl-2
expression and decreased Bax expression [55].
G-CSF also protected dopaminergic neurons against
6-hydroxydopamine (6-OHDA)-induced degeneration
by activating the ERK pathway, but not the JAK/Stat
pathway [56]. G-CSF-activated ERK signalling pro-
moted cell survival via a dual mechanism by phos-
phorylating the pro-apoptotic protein Bad and by pre-
venting 6-OHDA-induced Bcl-xL downregulation [56].

G-CSF also down-regulated cytochrome C
release to the cytosol, Bax translocation to the mito-
chondria and cleaved caspase-3 levels in neurons.
The activation of the Stat3 pathway was accompa-
nied by increased cIAP2 expression in glial cells.
After MCAO and dopaminergic neuron damage, G-
CSF treatment increased both neuronal and glial sur-
vival by effecting different anti-apoptotic pathways,
which reflects the multifactorial actions of G-CSF in
anti-apoptotic pathways [79] (Fig. 3).

G-CSF drives neuronal differentiation

Neuronal death after ischemia may involve a combi-
nation of apoptotic and necrotic processes even at
the level of the individual neuron. This raises a ques-
tion of how G-CSF induces a neuroprotective effect
for apoptotic or necrotic neurons. It has been clarified
that the adult mammalian forebrain harbours neu-
ronal stem cells and neuronal progenitor cells in the
anterior subventricular zone (SVZ), rostral migratory
stream, olfactory bulb core and dentate gyrus (DG).
However, G-CSF can induce bone marrow stem cells
proliferation and mobilization, and activate endothe-
lial cell proliferation, which may help to establish a
vascular niche for neuronal stem cells [80].
Importantly, G-CSF and its receptor were expressed
in neurons of the SVZ and the DG [53]. G-CSF dose-
dependently induced activity of the promoter of the
mature neuronal marker �-III-tubulin with a maximal
induction greater than that reached by the most stan-
dard neuronal induction protocol, including markers
for neuronal differentiation (�-III-tubulin and neuron-
specific enolase) and markers for mature glial cells
(PLP and GFAP). G-CSF led to an increase in the
population of cells expressing mature neuronal markers,
indicating that G-CSF functions as regulator of the
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differentiation of adult neuronal stem cells [53].
Administration of G-CSF in the subacute phase after
cerebral infarction was effective for functional recov-
ery through facilitating proliferation of intrinsic neu-
ronal stem cells/progenitor cells [81]. In accordance
with these observations, our previous studies reveal
that nestin-positive cells were elevated in the margin-
al zone of the infarction of rats receiving G-CSF
injection (Fig. 2e-A and B), suggesting that G-CSF
may promote the differentiation of neuronal stem
cells after ischemia/reperfusion lesion. Taken togeth-
er with the recent evidence that G-CSF rescues dying
neurons [53], G-CSF may potentially serve to pro-
mote brain recovery and repair by promoting the dif-
ferentiation of neuronal stem cells. In addition, G-CSF
enhanced the recruitment of progenitor cells from the
lateral ventricular wall into the ischemic area of the
neocortex and increased hippocampal neurogenesis
not only in ischemic animals but also in the intact,
non-ischemic region [53]. Based on this evidence, 
G-CSF may enhance structural repair and function
even in healthy patients, and could offer a novel strat-
egy for the treatment of patients with chronic stroke.

Little is known regarding the possible role of 
G-CSF in the adult brain neurogenesis (Fig. 3).
Activated Stat translocated to the nucleus and regu-
lates specific target gene expression, which allows
cells to proliferate, differentiate and mobilize or to
obtain enough trophic support for survival. On the
other hand, G-CSF has been shown to directly acti-
vate endothelial cell proliferation to release BDNF
[82], and establish a vascular niche that favours the
proliferation of neuronal precursors [83]. Besides,
Stat3 directly regulates vascular endothelial growth
factor (VEGF) expression and hence angiogenesis in
the adult brain [83, 84], operating an autocrine VEGF
loop in neurogenesis through reciprocal interaction
with VEGF and Stat activation [80]. G-CSF also
induces the activation of PI3K/Akt pathway [85]
which is involved in neurogenesis [86]. The inhibition
of endogenous Akt activity by the PI3K inhibitor
LY294002_reduced_neuronal differentiation and
generation [87].

G-CSF enhances angiogenesis

One week after unilateral hindlimb ischemia, admin-
istration of G-CSF significantly increased the laser
Doppler blood perfusion index, number of angio-
graphically detectable collateral vessels, and capil-
lary density [88]. Local G-CSF administration into

ischemic tissue contributed to neovascularization
(such as the vascular surface area, the vascular
branch points, the vascular length and the number of
Brdu+ endothelial cells), and reduced the ischemic
damage, thereby promoting the long-term functional
recovery [89]. The question remains how G-CSF
improves neovascularization. There is compelling
evidence that circulating angiogenic cells are able to
home to sites of vascular injury and further stimulate
angiogenesis. However, the number of angiogenic
cells in the blood is very low, limiting their accumula-
tion to sites of ischemia. Capoccia et al. observed
that G-CSF stimulated angiogenesis through the
mobilization of monocytes into the blood with their
subsequent recruitment to sites of ischemia and
stimulation of angiogenesis [90]. On the other hand,
G-CSF augmented the differentiation of bone mar-
row-derived stromal cells into endothelial cells of
blood vessels, resulting in early recovery of blood
flow in the ischemic limbs [91]. These data clearly
show that G-CSF modulates the recruitment and
incorporation of circulating endothelial progenitor cells
into ischemic tissue, which requires a coordinated mul-
tistep process including mobilization, chemoattraction,
adhesion, transmigration and in situ differentiation.

Recently, we also found that G-CSF can stimulate
astrocytes to secrete VEGF that may promote angio-
genesis within the CNS by paracrine pathway (data
not published). Concomitant with an increase in neu-
trophil numbers in circulation, G-CSF increased plas-
ma VEGF from neutrophils in vivo [92]. Blockade of
the VEGF pathway abrogated G-CSF-induced angio-
genesis, suggesting that G-CSF-induced angiogene-
sis is VEGF-dependent [92]. VEGF is an angiogenic
protein with therapeutic potential in ischemic disor-
ders, including stroke. The administration of VEGF to
rats undergoing focal cerebral ischemia reduced
infarct size and enhanced neurogenesis and cerebral
angiogenesis via von Willebrand factor (vWF) stain-
ing [93]. In vivo experiments, our results show that
administration of G-CSF enhanced the numbers of
vWF-positive cerebral microvessels in the marginal
zone of the infarction after ischemia/reperfusion
lesion (Fig. 2e-C and D).

Evidence for neuroprotection of G-CSF 

Recent studies have shown the presence of G-CSF/
G-CSF-receptor system in the CNS, raising the 
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possibility that G-CSF should have important non-
haematopoietic functions in the CNS. Growing evidence
suggests that G-CSF plays a role in neuroprotection
and neural tissue repair as well as in improving func-
tional recovery [94]. Administration of G-CSF
reduced infarction volume [76, 89] and mortality rate
was significantly reduced in animals treated with G-
CSF compared with control animals [67]. G-CSF-
treated experimental models showed a better func-
tional recovery from 2 weeks through 5 weeks after
ischemia compared to the cerebral ischemia-only
controls [67, 89]. G-CSF given in the subacute phase
(days 11 to 20) effectively improved not only motor
performance but also higher brain function, com-
pared with acute-phase treatment (days 1 to 10) [81].
G-CSF injection showed a reduction in hemispheric
atrophy at 35 days after cerebral ischemia and a sig-
nificantly lower level of Evans blue dye extravasation
compared to cerebral ischemia-only at 3 days, indi-
cating a reduced BBB disruption [89]. G-CSF admin-
istration after transient ischemia also led to a
decrease in the amount of edematous tissue present
as measured by both structural magnetic resonance
imaging (MRI) and brain water content [95]. Our
results indicate that subcutaneous injection of G-
CSF (10 �g/kg per day) for 5 days decreased mortal-
ity rate, reduced infarction volume and improved neu-
rological functions after cerebral ischemia [67] 
(Fig. 2a). G-CSF not only decreased acute infarct vol-
ume in rats 4 hrs after onset of ischemia, but also
improved recovery for a period of 10 days starting
either 24 or 72 hrs after induction of ischemia, provid-
ing an experimental basis for application of G-CSF in
the post-stroke recovery phase [96].

In a randomized controlled trial, seven patients
with acute ischemic stroke received subcutaneous
G-CSF injections (15 �g/kg per day) for 5 days with-
in 7 days of onset. At 12-month follow-up, patients
who had received G-CSF showed significant
improvement in neurologic functions according to the
clinical scales. MRI scans revealed no anatomic or
structural changes, including cerebral haemorrhage.
There was no significant difference with regard to
infarction size at baseline and at 12-month follow-up
[97]. Taken together, G-CSF offers some hope as
therapy of stroke patients possibly through mobiliza-
tion of endogenous stem cells [98]. Notably, a recent
study reported that G-CSF treatment was only asso-
ciated with transient early improvement in neurobe-
havioral outcomes after global ischemia complicated

by mild hyperglycemia, but no long-term protection in
global ischemia [99].

Based on the expression of G-CSF receptor in
dopaminergic neurons, G-CSF demonstrates a neuro-
protective role in neurodegeneration. G-CSF protected
against MPTP toxicity in PC12 cells and primary neu-
ronal midbrain cultures in vitro [54], against MPTP tox-
icity in older mice in vivo [54] and against MPTP-
induced dopaminergic neuron death in a mouse
model of Parkinson’s disease [54, 55]. G-CSF also
prevented dopaminergic neurons against 6-OHDA-
induced degeneration [56]. In contrast, Henze et al. did
not observe that G-CSF prevented MPTP-induced
dopaminergic neuron death in primary neuronal mid-
brain cultures [100].This apparent discrepancy could be
due to the lower G-CSF concentrations (0.1–10 ng/ml)
used in Henze’s study compared with Meuer’s work
(30–50 ng/ml). In animals with spinal cord compres-
sion lesion, treatment with G-CSF (from day 7 to 11
post-injury) had higher the Basso–Beattie–
Bresnehan scores and better recovery of hind limb
sensitivity than controls injected with saline [101]. A
small beneficial effect of G-CSF on functional outcome
after traumatic brain injury in adult mice was observed
between G-CSF-treated and control groups [102].

G-CSF-Bridge between

immunomodulation and 

neuroprotection 

The inflammation within the CNS is a common phe-
nomenon even in classic non-inflammatory brain dis-
eases that are characterized by trauma or degenera-
tion of neuronal structures, such as stroke, Alzheimer
disease, or Parkinson disease. The strategy for indi-
rectly protecting neurons and axons partly through
immunomodulation may improve the outcome of the
patients. Protective autoimmunity is a relatively new
concept. It refers to a benign autoimmune response
that contributes to the maintenance and protection of
injured neurons and the promotion of recovery after
traumatic injury to the CNS [103]. Because G-CSF
can polarize T cell differentiation from Th1 to Th2
cells and induce Th2 response (or regulatory T cells),
an imagination has been proposed that systemic Th2
shift may promote neuroprotection and regeneration
[103, 104] (Fig. 4).There are several lines of evidence
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that a Th2 switch is beneficial for the injured CNS: (1)
Th2 cells support neuronal survival better than Th1
cells in vitro; (2) Th2 cells suppress Th1-induced
inflammatory signals in brain slices in vitro and (3)
Th2-inducing adjuvants such as aluminium hydroxide
promote axon regeneration better than the Th1-
inducing complete Freund’s adjuvant (CFA). Potent
inducers of a systemic Th2 switch such as statins
support neuroprotection and/or regeneration. A
recent review describes that the development of a
Th1 response to myelin basic protein (MBP) is asso-
ciated with worse neurological outcome after stroke
while the induction of MBP-specific regulatory T cells
is neuroprotective in the setting of stroke [105].
Based on such experiments, it could be that G-CSF
plays a neuroprotective role through a Th2 switch or
regulatory T cell production. However, extensive
studies are still needed to investigate how a thera-
peutic Th2 switch promotes neuronal survival and
axonal regeneration after CNS damage and what
potential mechanisms may be involved.

The CD4+ T cells have recently been found to pro-
mote facial motoneuron (FMN) survival after nerve
injury. To determine whether either the Th1 cytokine
(IFN-�) or the Th2 cytokine (IL-4) is involved in medi-
ating FMN survival, facial nerve axotomy was applied
to IFN-�-/- and IL-4-/- mice. A significant decrease in
FMN survival after axotomy occurred in IL-4-/- but not
in IFN-�-/- mice compared to wild-type mice, indicat-

ing that IL-4 is important for FMN survival after nerve
injury [106]. In addition, Frenkel et al. demonstrated
the importance of IL-10-producing CD4+ T cells in
the reduction of ischemic infarct volume following
MCAO [107]. Adoptive transfer of CD4+ T cells
expressing IL-10 reduced ischemic infarct size, while
IL-10-/- CD4+ T cells lacked this capacity, further sup-
porting an IL-10-dependent cascade in neuroprotec-
tion [107]. Th2 cells also secreted BDNF which pro-
moted remyelination [108]. Furthermore, glial cells
within the CNS have also been reported to regulate
the ensuing immune response to nerve injury, sug-
gesting that CNS-resident cells may cooperate with
Th2 cells to mediate neuronal protection.

Although clinical trials of immunomodulatory ther-
apy after stroke have not yet proven successful, it is
clear that an inflammatory response occurs within
the brain after stroke, and modulation of this inflam-
matory response improves outcome in experimental
models of cerebral ischemia. The lack of clinical suc-
cess does not necessarily mean that the immune
response does not contribute to post-ischemic brain
injury, but it could imply that our approach to control-
ling this immune response may be flawed. G-CSF
has been used as an anti-inflammatory agent. Thus,
a therapeutic approach that reduces inflammation
may protect against cerebral ischemic injury. G-CSF
protected against cell death in a non-septic model of
ischemia/reperfusion injury and concluded that such

Fig. 4 Possible mechanisms
for G-CSF-mediated neuro-
protection via immunomodu-
lation. G-CSF polarizes T cell
differentiation from Th1 to
Th2 cells and induces Th2
responses, or relies on tolero-
genic DC to generate regula-
tory T cells, which can enter
into the CNS to contribute to
the neuroprotective microen-
vironment through producing
BDNF, IL-4, IL-10 and TGF-b.
In addition, G-CSF, as an
anti-inflammatory agent, can
reduce levels of IFN-�, IL-1�,
IL-6, TNF-� and iNOS pro-
duction in order to co-con-
struct the neuroprotective
microenvironment.
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beneficial effect is the consequence of either reduc-
tion of TNF-� or inhibition of inducible nitric oxide
synthase (iNOS) activity [109, 110]. Other studies
reported that G-CSF decreased the levels of inflam-
matory IL-1�, IL-6 and IL-8 under several conditions
[111]. Analyses of iNOS Western blot and immuno-
histochemistry have clearly indicated that G-CSF
significantly reduced iNOS levels and decreased the
activation of microglia expressing iNOS [76]. Our
results demonstrate that G-CSF reduced NO production
from cultured astrocytes. Based on these findings,
one neuroprotective mechanism of G-CSF is at least
partially mediated via anti-inflammation. Further
studies are required to determine the effect of 
G-CSF on immunomodulation after neurological
damage and the importance of this pathway in 
G-CSF–induced neuroprotection.

Weighing G-CSF in 

immunomodulation and 

neuroprotection 

Despite the fact that our understanding of the role of
G-CSF in adaptive immunity is rapidly increasing,
numerous questions remain: (1) activated CD4+ T
cells can potentially exert neurodegenerative action,
as demonstrated by the demyelination in MS patients
or neuroprotective action resulting in neuron survival
after injury [107]. These discordant outcomes may
result from varying environmental milieus, including
different APC that regulate the CD4+ T cell response.
The activity state of T cells will determine the out-
come of many pathological conditions. (2) neu-
trophils are an essential component of the immune
response and a major contributor to inflammation.
Recent studies have begun to elucidate the mecha-
nisms by which G-CSF induces neutrophil release
from the bone marrow, leading to novel strategies to
modulate neutrophil responses in host defence and
inflammation [112]. Though it has generally been
considered safe, there are increasing observations
that G-CSF administration can exacerbate underly-
ing inflammatory diseases in humans and mice.
G-CSF deficiency is profoundly protective against
CIA in mice. In MS patients, G-CSF treatment caused
disease exacerbation probably by enhancing the adhe-
sion of encephalitogenic T cells to extracellular 

matrix components [46]. G-CSF–induced E-selectin
ligand expression on immature (and mature) myeloid
cells may thus prime these circulating cells to adhere
to inflamed or ischemic endothelium [113], consis-
tent with emerging clinical experiences and reports
raising warnings for the use of G-CSF.These findings
implicate G-CSF as an important anti-inflammatory
agent [52].

For neuroprotection, a small pilot trial constitutes
the first clinical study reporting on the safety and fea-
sibility of G-CSF therapy in stroke patients. Despite
these successes, it should be noted that this was a
preliminary study and, because of the small number
of participating patients, any observations are tenta-
tive. Efficacy and further confirmatory safety data will
need to come from additional phase I studies and
from larger phase II studies that are randomized and
blinded. A variety of unresolved questions remain to
be answered. Does G-CSF play its role through the
mobilization of CD34 or act directly on G-CSF recep-
tors on glial cells or neurons? How to elucidate the
consequence of granulopoiesis or neovasculariza-
tion induced by G-CSF after long-term application?
Thus, critical analyses, well-designed preclinical
studies and limited clinical trials of the safety, toxicity,
optimal drug dosage, route and timing of delivery
post-stroke will ultimately determine whether or not
we are ready to advance G-CSF therapy into defini-
tive large-scale clinical application for stroke, mak-
ing G-CSF an ideal drug candidate for expansion of
the therapeutic time window in patients with cere-
bral ischemia.

In the immunomodulation-neuroprotection of G-
CSF, purposeful T cell-mediated ‘protective autoim-
munity’ with a beneficial outcome is a relatively new
concept. T-cell-dependent plasticity and neurogene-
sis are also associated with resident microglia and
their local dialogue with T cells. According to this
view, the difference between beneficial autoimmunity
(neuroprotection) and potentially destructive autoim-
munity (autoimmune disease) derives not from the
nature of the autoimmune T cells but from their regu-
lation, which fulfils its protective potential.

Conclusion and perspectives 

Recent studies have demonstrated that G-CSF
administration achieves a significant immunomodulation
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in adaptive immunity or neuroprotection after cere-
bral ischemia and neurodegeneration through differ-
ent mechanisms. The successful experimental mod-
els and the small number of clinical trial in human
stroke suggest that G-CSF is a potential new agent
for immunomodulation and neuroprotection, but
should be used cautiously in patients, especially in
Th2-mediated disorders.

Besides further randomized, double-blinded and
placebo-controlled trials, a potential problem in the
use of G-CSF for clinical application will be the unde-
sirable side effect of granulopoiesis, particularly fol-
lowing multiple doses. The identification and separa-
tion of the structural determinants of G-CSF mole-
cule might provide alternative ways to minimize side
effects. The strategy to develop derivatives of G-CSF
lacking activity of granulopoiesis, but keeping the
immunoregulatory and/or neuroprotective potential
allows for long-term usage of G-CSF in autoimmune
diseases and neurologic disorders. So far, we have
no indications to assume that it is possible to con-
struct derivatives of G-CSF that lack systemic
effects, as has been done for erythropoietin.

Much additional work is needed to better under-
stand the microenvironment of G-CSF production
within the CNS, including cell source, production
inducer and autocrine/paracrine pathways. Once
these questions become clear, one can use other
agents to induce an endogenous G-CSF mobilization
within the CNS. Based on rather low concentration in
the periphery, the endogenous G-CSF within the
CNS does not stimulate granulopoiesis, and limit the
undesirable side effect.

Acknowledgements

The authors thank Dr. Zhao YX, Dr. Yu BX, Dr. Shi LF for
their care of experimental model and data. This work was
supported by project grants from the National Natural
Science Foundation of China (Code 30572164).

References

1. Welte K, Gabrilove J, Bronchud MH, Platzer E,

Morstyn G. Filgrastim (r-metHuG-CSF): the first 10
years. Blood 1996; 88: 1907–29.

2. Aladdin H, Ullum H, Dam Nielsen S, Espersen C,

Mathiesen L, Katzenstein TL, Gerstoft J, Skinhoj

P, Pedersen BK. Granulocyte colony-stimulating fac-
tor increases CD4+ T cell counts of human immunod-
eficiency virus-infected patients receiving stable,
highly active antiretroviral therapy: results from a ran-
domized, placebo-controlled trial. J Infect Dis. 2000;
181: 1148–52.

3. Klangsinsirikul P, Russell NH. Peripheral blood
stem cell harvests from G-CSF-stimulated donors
contain a skewed Th2 CD4 phenotype and a predom-
inance of type 2 dendritic cells. Exp Hematol. 2002;
30: 495–501.

4. Agnello D, Mascagni P, Bertini R, Villa P, Senaldi

G, Ghezzi P. Granulocyte colony-stimulating factor
decreases tumor necrosis factor production in whole
blood: role of interleukin-10 and prostaglandin E(2).
Eur Cytokine Netw. 2004; 15: 323–6.

5. Rutella S, Pierelli L, Bonanno G, Sica S, Ameglio

F, Capoluongo E, Mariotti A, Scambia G,

d’Onofrio G, Leone G. Role for granulocyte colony-
stimulating factor in the generation of human T regu-
latory type 1 cells. Blood 2002; 100: 2562–71.

6. Pan L, Delmonte JJ, Jalonen CK, Ferrara JL.

Pretreatment of donor mice with granulocyte colony-
stimulating factor polarizes donor T lymphocytes
toward type-2 cytokine production and reduces
severity of experimental graft-versus-host disease.
Blood 1995; 86: 4422–9.

7. Hirayama Y, Sakamaki S, Matsunaga T, Kuroda H,

Kusakabe T, Akiyama T, Kato J, Kogawa K,

Koyama R, Nagai T, Ohta H, Niitsu Y. Granulocyte-
colony stimulating factor enhances the expression of
transforming growth factor-beta mRNA in CD4-posi-
tive peripheral blood lymphocytes in the donors for
allogeneic peripheral blood stem cell transplantation.
Am J Hematol. 2002; 69: 138–40.

8. Kim SO, Sheikh HI, Ha SD, Martins A, Reid G.

G-CSF-mediated inhibition of JNK is a key mechanism
for Lactobacillus rhamnosus-induced suppression of
TNF production in macrophages. Cell Microbiol.
2006; 8: 1958–71.

9. Kared H, Masson A, Adle-Biassette H, Bach JF,

Chatenoud L, Zavala F. Treatment with granulocyte
colony-stimulating factor prevents diabetes in NOD
mice by recruiting plasmacytoid dendritic cells and
functional CD4+CD25+ regulatory T-cells. Diabetes
2005; 54: 78–84.

10. Morris ES, MacDonald KP, Rowe V, Johnson DH,

Banovic T, Clouston AD, Hill GR. Donor treatment
with pegylated G-CSF augments the generation of
IL-10-producing regulatory T cells and promotes
transplantation tolerance. Blood 2004; 103:
3573–81.



1286 © 2007 The Authors
Journal compilation © 2007 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

11. Zou L, Barnett B, Safah H, Larussa VF, Evdemon-

Hogan M, Mottram P,Wei S, David O, Curiel TJ, Zou

W. Bone marrow is a reservoir for CD4+CD25+ regu-
latory T cells that traffic through CXCL12/CXCR4 sig-
nals. Cancer Res. 2004; 64: 8451–5.

12. Hoffmann P, Eder R, Kunz-Schughart LA,

Andreesen R, Edinger M. Large-scale in vitro
expansion of polyclonal human CD4+CD25high regu-
latory T cells. Blood 2004; 104: 895–903.

13. Arpinati M, Green CL, Heimfeld S, Heuser JE,

Anasetti C. Granulocyte-colony stimulating factor
mobilizes T helper 2-inducing dendritic cells. Blood.
2000; 95: 2484–90.

14. Reddy V. Granulocyte colony-stimulating factor mobi-
lization alters dendritic cell cytokine production and
initiates T helper 2 polarization prior to host alloanti-
gen presentation. Blood. 2000; 96: 2635.

15. Jun HX, Jun CY, Yu ZX. In vivo induction of T-cell
hyporesponsiveness and alteration of immunological
cells of bone marrow grafts using granulocyte colony-
stimulating factor. Haematologica 2004; 89: 1517–24.

16. Rutella S, Bonanno G, Pierelli L, Mariotti A,

Capoluongo E, Contemi AM, Ameglio F, Curti A,

De Ritis DG, Voso MT, Perillo A, Mancuso S,

Scambia G, Lemoli RM, Leone G. Granulocyte
colony-stimulating factor promotes the generation of
regulatory DC through induction of IL-10 and IFN-
alpha. Eur J Immunol. 2004; 34: 1291–302.

17. Mielcarek M, Graf L, Johnson G, Torok-Storb B.

Production of interleukin-10 by granulocyte colony-
stimulating factor-mobilized blood products: a mech-
anism for monocyte-mediated suppression of T-cell
proliferation. Blood. 1998; 92: 215–22.

18. Fraser AR, Cook G, Franklin IM, Templeton JG,

Campbell M, Holyoake TL, Campbell JD. Immature
monocytes from G-CSF-mobilized peripheral blood
stem cell collections carry surface-bound IL-10 and
have the potential to modulate alloreactivity. J Leukoc
Biol. 2006; 80: 862–9.

19. Saito M, Kiyokawa N, Taguchi T, Suzuki K, Sekino

T, Mimori K, Suzuki T, Nakajima H, Katagiri YU,

Fujimura J, Fujita H, Ishimoto K, Yamashiro Y,

Fujimoto J. Granulocyte colony-stimulating factor
directly affects human monocytes and modulates
cytokine secretion. Exp Hematol. 2002; 30: 1115–23.

20. Boneberg EM, Hareng L, Gantner F, Wendel A,

Hartung T. Human monocytes express functional
receptors for granulocyte colony-stimulating factor
that mediate suppression of monokines and interfer-
on-gamma. Blood. 2000; 95: 270–6.

21. Singh RK, Varney ML, Buyukberber S, Ino K,

Ageitos AG, Reed E, Tarantolo S, Talmadge JE.

Fas-FasL-mediated CD4+ T-cell apoptosis following

stem cell transplantation. Cancer Res. 1999; 59:
3107–11.

22. Morikawa K, Morikawa S, Nakamura M, Miyawaki

T. Characterization of granulocyte colony-stimulating
factor receptor expressed on human lymphocytes. Br
J Haematol. 2002; 118: 296–304.

23. Sloand EM, Kim S, Maciejewski JP, Van Rhee F,

Chaudhuri A, Barrett J, Young NS. Pharmacologic
doses of granulocyte colony-stimulating factor affect
cytokine production by lymphocytes in vitro and in
vivo. Blood. 2000; 95: 2269–74.

24. Franzke A, Piao W, Lauber J, Gatzlaff P, Konecke

C, Hansen W, Schmitt-Thomsen A, Hertenstein B,

Buer J, Ganser A. G-CSF as immune regulator in T
cells expressing the G-CSF receptor: implications for
transplantation and autoimmune diseases. Blood.
2003; 102: 734–9.

25. Gessler P, Neu S, Brockmann Y, Speer CP.

Decreased mRNA expression of G-CSF receptor in
cord blood neutrophils of term newborns: regulation
of expression by G-CSF and TNF-alpha. Biol
Neonate. 2000; 77: 168–73.

26. Zheng W, Flavell RA. The transcription factor GATA-
3 is necessary and sufficient for Th2 cytokine gene
expression in CD4 T cells. Cell. 1997; 89: 587–96.

27. Takemoto N, Kamogawa Y, Jun Lee H, Kurata H,

Arai KI, O’Garra A, Arai N, Miyatake S. Cutting
edge: chromatin remodeling at the IL-4/IL-13 inter-
genic regulatory region for Th2-specific cytokine
gene cluster. J Immunol. 2000; 165: 6687–91.

28. Ranganath S, Ouyang W, Bhattarcharya D, Sha

WC, Grupe A, Peltz G, Murphy KM. GATA-3-
dependent enhancer activity in IL-4 gene regulation.
J Immunol. 1998; 161: 3822–6.

29. Ouyang W, Ranganath SH, Weindel K,

Bhattacharya D, Murphy TL, Sha WC, Murphy KM.

Inhibition of Th1 development mediated by GATA-3
through an IL-4-independent mechanism. Immunity.
1998; 9: 745–55.

30. van de Geijn GJ, Gits J, Touw IP. Distinct activities
of suppressor of cytokine signaling (SOCS) proteins
and involvement of the SOCS box in controlling G-
CSF signaling. J Leukoc Biol. 2004; 76: 237–44.

31. Zhuang D, Qiu Y, Haque SJ, Dong F. Tyrosine 729
of the G-CSF receptor controls the duration of recep-
tor signaling: involvement of SOCS3 and SOCS1. J
Leukoc Biol. 2005; 78: 1008–15.

32. Seki Y, Inoue H, Nagata N, Hayashi K, Fukuyama S,

Matsumoto K, Komine O, Hamano S, Himeno K,

Inagaki-Ohara K, Cacalano N, O’Garra A, Oshida T,

Saito H, Johnston JA,Yoshimura A, Kubo M. SOCS-
3 regulates onset and maintenance of TH2-mediated
allergic responses. Nat Med. 2003; 9: 1047–54.



J. Cell. Mol. Med. Vol 11, No 6, 2007

1287© 2007 The Authors
Journal compilation © 2007 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

33. Yu CR, Mahdi RM, Ebong S, Vistica BP, Gery I,

Egwuagu CE. Suppressor of cytokine signaling 3
regulates proliferation and activation of T-helper cells.
J Biol Chem. 2003; 278: 29752–9.

34. Li Y, Chu N, Rostami A, Zhang GX. Dendritic cells
transduced with SOCS-3 exhibit a tolerogenic/DC2
phenotype that directs type 2 Th cell differentiation in
vitro and in vivo. J Immunol. 2006; 177: 1679–88.

35. Wong PK, Egan PJ, Croker BA, O’Donnell K, Sims

NA, Drake S, Kiu H, McManus EJ, Alexander WS,

Roberts AW,Wicks IP. SOCS-3 negatively regulates
innate and adaptive immune mechanisms in acute
IL-1-dependent inflammatory arthritis. J Clin Invest.
2006; 116: 1571–81.

36. Jo D, Liu D, Yao S, Collins RD, Hawiger J.

Intracellular protein therapy with SOCS3 inhibits
inflammation and apoptosis. Nat Med. 2005; 11:
892–8.

37. Ozaki A, Seki Y, Fukushima A, Kubo M. The control
of allergic conjunctivitis by suppressor of cytokine
signaling (SOCS)3 and SOCS5 in a murine model. J
Immunol. 2005; 175: 5489–97.

38. Kimura A, Kinjyo I, Matsumura Y, Mori H, Mashima

R, Harada M, Chien KR,Yasukawa H,Yoshimura A.

SOCS3 is a physiological negative regulator for gran-
ulopoiesis and granulocyte colony-stimulating factor
receptor signaling. J Biol Chem. 2004; 279: 6905–10.

39. Lock C, Hermans G, Pedotti R, Brendolan A,

Schadt E, Garren H, Langer-Gould A, Strober S,

Cannella B, Allard J, Klonowski P, Austin A, Lad

N, Kaminski N, Galli SJ, Oksenberg JR, Raine CS,

Heller R, Steinman L. Gene-microarray analysis of
multiple sclerosis lesions yields new targets validated
in autoimmune encephalomyelitis. Nat Med. 2002; 8:
500–8.

40. Zavala F, Abad S, Ezine S, Taupin V, Masson A,

Bach JF. G-CSF therapy of ongoing experimental
allergic encephalomyelitis via chemokine- and
cytokine-based immune deviation. J Immunol. 2002;
168: 2011–9.

41. Hadaya K, Kared H, Masson A, Chatenoud L,

Zavala F. G-CSF treatment prevents cyclophos-
phamide acceleration of autoimmune diabetes in the
NOD mouse. J Autoimmun. 2005; 24: 125–34.

42. Egi H, Hayamizu K, Yoshimitsu M, Shimamoto F,

Oishi K, Ohmori I, Okajima M, Asahara T.

Regulation of T helper type-1 immunity in hapten-
induced colitis by host pretreatment with granulocyte
colony-stimulating factor. Cytokine. 2003; 23: 23–30.

43. Brendolan A, Higuchi M, Sibley R, Strober S.

Treatment of adjuvant arthritis with granulocyte-
colony stimulating factor and peptide derived from
heat shock protein 65. Cell Immunol. 2003; 221:
6–14.

44. Snowden JA, Biggs JC, Milliken ST, Fuller A,

Staniforth D, Passuello F, Renwick J, Brooks PM.

A randomised, blinded, placebo-controlled, dose
escalation study of the tolerability and efficacy of fil-
grastim for haemopoietic stem cell mobilisation in
patients with severe active rheumatoid arthritis. Bone
Marrow Transplant. 1998; 22: 1035–41.

45. Vasiliu IM, Petri MA, Baer AN. Therapy with granu-
locyte colony-stimulating factor in systemic lupus ery-
thematosus may be associated with severe flares. J
Rheumatol. 2006; 33: 1878–80.

46. Snir O, Lavie G, Achiron A, Bank I, Ben-Aharon T,

Sredni B, Cohen IR, Mandel M. G-CSF enhances
the adhesion of encephalitogenic T cells to extracel-
lular matrix components: a possible mechanism for
exacerbation of multiple sclerosis. J Neuroimmunol.
2006; 172: 145–55.

47. Lawlor KE, Campbell IK, Metcalf D, O’Donnell K,

van Nieuwenhuijze A, Roberts AW, Wicks IP.

Critical role for granulocyte colony-stimulating factor
in inflammatory arthritis. Proc Natl Acad Sci USA.
2004; 101: 11398–403.

48. Verda L, Luo K, Kim DA, Bronesky D, Kohm AP,

Miller SD, Statkute L, Oyama Y, Burt RK. Effect of
hematopoietic growth factors on severity of experi-
mental autoimmune encephalomyelitis. Bone Marrow
Transplant. 2006; 38: 453–60.

49. Campbell IK, Rich MJ, Bischof RJ, Hamilton JA.

The colony-stimulating factors and collagen-induced
arthritis: exacerbation of disease by M-CSF and G-
CSF and requirement for endogenous M-CSF. J
Leukoc Biol. 2000; 68: 144–50.

50. Miyahara H, Hotokebuchi T, Saikawa I, Arita C,

Takagishi K, Sugioka Y. The effects of recombinant
human granulocyte colony-stimulating factor on pas-
sive collagen-induced arthritis transferred with anti-
type II collagen antibody. Clin Immunol
Immunopathol. 1993; 69: 69–76.

51. Zavala F, Masson A, Hadaya K, Ezine S, Schneider

E, Babin O, Bach JF. Granulocyte-colony stimulating
factor treatment of lupus autoimmune disease in
MRL-lpr/lpr mice. J Immunol. 1999; 163: 5125–32.

52. Eyles JL, Roberts AW, Metcalf D, Wicks IP.

Granulocyte colony-stimulating factor and neu-
trophils–forgotten mediators of inflammatory dis-
ease. Nat Clin Pract Rheumatol. 2006; 2: 500–10.

53. Schneider A, Kruger C, Steigleder T, Weber D,

Pitzer C, Laage R, Aronowski J, Maurer MH,

Gassler N, Mier W, Hasselblatt M, Kollmar R,

Schwab S, Sommer C, Bach A, Kuhn HG, Schabitz

WR. The hematopoietic factor G-CSF is a neuronal
ligand that counteracts programmed cell death and
drives neurogenesis. J Clin Invest. 2005; 115:
2083–98.



1288 © 2007 The Authors
Journal compilation © 2007 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

54. Meuer K, Pitzer C, Teismann P, Kruger C, Goricke

B, Laage R, Lingor P, Peters K, Schlachetzki JC,

Kobayashi K, Dietz GP, Weber D, Ferger B,

Schabitz WR, Bach A, Schulz JB, Bahr M,

Schneider A, Weishaupt JH. Granulocyte-colony
stimulating factor is neuroprotective in a model of
Parkinson’s disease. J Neurochem. 2006; 97: 675–86.

55. Cao XQ, Arai H, Ren YR, Oizumi H, Zhang N, Seike

S, Furuya T, Yasuda T, Mizuno Y, Mochizuki H.

Recombinant human granulocyte colony-stimulating
factor protects against MPTP-induced dopaminergic
cell death in mice by altering Bcl-2/Bax expression
levels. J Neurochem. 2006; 99: 861–7.

56. Huang HY, Lin SZ, Kuo JS, Chen WF, Wang MJ. G-
CSF protects dopaminergic neurons from 6-OHDA-
induced toxicity via the ERK pathway. Neurobiol
Aging. 2007; 28: 1258–69.

57. Aloisi F, Care A, Borsellino G, Gallo P, Rosa S,

Bassani A, Cabibbo A,Testa U, Levi G, Peschle C.

Production of hemolymphopoietic cytokines (IL-6, IL-
8, colony-stimulating factors) by normal human astro-
cytes in response to IL-1 beta and tumor necrosis
factor-alpha. J Immunol. 1992; 149: 2358–66.

58. Bolin LM, Zhaung A, Strychkarska-Orczyk I,

Nelson E, Huang I, Malit M, Nguyen Q. Differential
inflammatory activation of IL-6-/- astrocytes. Cytokine
2005; 30: 47–55.

59. Meeuwsen S, Persoon-Deen C, Bsibsi M, Ravid R,

van Noort JM. Cytokine, chemokine and growth fac-
tor gene profiling of cultured human astrocytes after
exposure to proinflammatory stimuli. Glia. 2003. 43:
243–53.

60. Wesselingh SL, Gough NM, Finlay-Jones JJ,

McDonald PJ. Detection of cytokine mRNA in astro-
cyte cultures using the polymerase chain reaction.
Lymphokine Res. 1990; 9: 177–85.

61. Tanaka M, Kikuchi H, Ishizu T, Minohara M,

Osoegawa M, Motomura K, Tateishi T, Ohyagi Y,

Kira J. Intrathecal upregulation of granulocyte colony
stimulating factor and its neuroprotective actions on
motor neurons in amyotrophic lateral sclerosis. J
Neuropathol Exp Neurol. 2006; 65: 816–25.

62. Hasselblatt M, Jeibmann A, Riesmeier B, Maintz

D, Schabitz WR. Granulocyte-colony stimulating fac-
tor (G-CSF) and G-CSF receptor expression in
human ischemic stroke. Acta Neuropathol. 2007;
113: 45–51.

63. Kleinschnitz C, Schroeter M, Jander S, Stoll G.

Induction of granulocyte colony-stimulating factor
mRNA by focal cerebral ischemia and cortical
spreading depression. Brain Res Mol Brain Res.
2004; 131: 73–8.

64. Zhao LR, Navalitloha Y, Singhal S, Mehta J, Piao

CS, Guo WP, Kessler JA, Groothuis DR.

Hematopoietic growth factors pass through the
blood-brain barrier in intact rats. Exp Neurol. 2007;
204: 569–73.

65. Six I, Gasan G, Mura E, Bordet R. Beneficial effect
of pharmacological mobilization of bone marrow in
experimental cerebral ischemia. Eur J Pharmacol.
2003; 458: 327–8.

66. Chen J, Li Y, Wang L, Zhang Z, Lu D, Lu M, Chopp

M. Therapeutic benefit of intravenous administration
of bone marrow stromal cells after cerebral ischemia
in rats. Stroke. 2001; 32: 1005–11.

67. Yanqing Z, Yu-Min L, Jian Q, Bao-Guo X, Chuan-

Zhen L. Fibronectin and neuroprotective effect of
granulocyte colony-stimulating factor in focal cerebral
ischemia. Brain Res. 2006; 1098: 161–9.

68. Orlic D, Kajstura J, Chimenti S, Limana F,

Jakoniuk I, Quaini F, Nadal-Ginard B, Bodine DM,

Leri A, Anversa P. Mobilized bone marrow cells
repair the infarcted heart, improving function and sur-
vival. Proc Natl Acad Sci USA. 2001; 98: 10344–9.

69. Li Y, Chen J, Chen XG,Wang L, Gautam SC, Xu YX,

Katakowski M, Zhang LJ, Lu M, Janakiraman N,

Chopp M. Human marrow stromal cell therapy for
stroke in rat: neurotrophins and functional recovery.
Neurology. 2002; 59: 514–23.

70. Mieno S, Ramlawi B, Boodhwani M, Clements RT,

Minamimura K, Maki T, Xu SH, Bianchi C, Li J,

Sellke FW. Role of stromal-derived factor-1alpha in
the induction of circulating CD34+CXCR4+ progenitor
cells after cardiac surgery. Circulation. 2006; 114:
I186–92.

71. Hirayama F, Yamaguchi M, Yano M, Yasui K, Horie

Y, Matsumoto K, Nagao N, Ikebuchi K, Azuma H,

Ikeda H,Tani Y. Spontaneous and rapid reexpression
of functional CXCR4 by human steady-state periph-
eral blood CD34+ cells. Int J Hematol. 2003; 78:
48–55.

72. Williams LR, Varon S, Peterson GM, Wictorin K,

Fischer W, Bjorklund A, Gage FH. Continuous infu-
sion of nerve growth factor prevents basal forebrain
neuronal death after fimbria fornix transection. Proc
Natl Acad Sci USA. 1986; 83: 9231–5.

73. Tate MC, Shear DA, Hoffman SW, Stein DG, Archer

DR, LaPlaca MC. Fibronectin promotes survival and
migration of primary neural stem cells transplanted
into the traumatically injured mouse brain. Cell
Transplant. 2002; 11: 283–95.

74. Sakai T, Johnson KJ, Murozono M, Sakai K,

Magnuson MA, Wieloch T, Cronberg T, Isshiki A,

Erickson HP, Fassler R. Plasma fibronectin sup-
ports neuronal survival and reduces brain injury fol-
lowing transient focal cerebral ischemia but is not
essential for skin-wound healing and hemostasis. Nat
Med. 2001; 7: 324–30.



J. Cell. Mol. Med. Vol 11, No 6, 2007

1289© 2007 The Authors
Journal compilation © 2007 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

75. Tom VJ, Doller CM, Malouf AT, Silver J. Astrocyte-
associated fibronectin is critical for axonal regenera-
tion in adult white matter. J Neurosci. 2004; 24:
9282–90.

76. Komine-Kobayashi M, Zhang N, Liu M, Tanaka R,

Hara H, Osaka A, Mochizuki H, Mizuno Y, Urabe T.

Neuroprotective effect of recombinant human granu-
locyte colony-stimulating factor in transient focal
ischemia of mice. J Cereb Blood Flow Metab. 2006;
26: 402–13.

77. Harada M, Qin Y, Takano H, Minamino T, Zou Y,

Toko H, Ohtsuka M, Matsuura K, Sano M, Nishi J,

Iwanaga K, Akazawa H, Kunieda T, Zhu W,

Hasegawa H, Kunisada K, Nagai T, Nakaya H,

Yamauchi-Takihara K, Komuro I. G-CSF prevents
cardiac remodeling after myocardial infarction by
activating the Jak-Stat pathway in cardiomyocytes.
Nat Med. 2005; 11: 305–11.

78. Ferrer I, Planas AM. Signaling of cell death and cell
survival following focal cerebral ischemia: life and
death struggle in the penumbra. J Neuropathol Exp
Neurol. 2003; 62: 329–39.

79. Solaroglu I,Tsubokawa T, Cahill J, Zhang JH. Anti-
apoptotic effect of granulocyte-colony stimulating fac-
tor after focal cerebral ischemia in the rat.
Neuroscience. 2006; 143: 965–74.

80. Jung KH, Chu K, Lee ST, Kang L, Kim SU, Kim M,

Roh JK. G-CSF protects human cerebral hybrid neu-
rons against in vitro ischemia. Neurosci Lett. 2006;
394: 168–73.

81. Kawada H, Takizawa S, Takanashi T, Morita Y,

Fujita J, Fukuda K, Takagi S, Okano H, Ando K,

Hotta T. Administration of hematopoietic cytokines in
the subacute phase after cerebral infarction is effec-
tive for functional recovery facilitating proliferation of
intrinsic neural stem/progenitor cells and transition of
bone marrow-derived neuronal cells. Circulation.
2006; 113: 701–10.

82. Natori T, Sata M, Washida M, Hirata Y, Nagai R,

Makuuchi M. G-CSF stimulates angiogenesis and
promotes tumor growth: potential contribution of
bone marrow-derived endothelial progenitor cells.
Biochem Biophys Res Commun. 2002; 297:
1058–61.

83. Louissaint AJr, Rao S, Leventhal C, Goldman SA.

Coordinated interaction of neurogenesis and angio-
genesis in the adult songbird brain. Neuron. 2002;
34: 945–60.

84. Wei D, Le X, Zheng L, Wang L, Frey JA, Gao AC,

Peng Z, Huang S, Xiong HQ, Abbruzzese JL, Xie

K. Stat3 activation regulates the expression of vascu-
lar endothelial growth factor and human pancreatic
cancer angiogenesis and metastasis. Oncogene.
2003; 22: 319–29.

85. Takahama H, Minamino T, Hirata A, Ogai A,

Asanuma H, Fujita M, Wakeno M, Tsukamoto O,

Okada K, Komamura K,Takashima S, Shinozaki Y,

Mori H, Mochizuki N, Kitakaze M. Granulocyte
colony-stimulating factor mediates cardioprotection
against ischemia/reperfusion injury via phosphatidyli-
nositol-3-kinase/Akt pathway in canine hearts.
Cardiovasc Drugs Ther. 2006; 20: 159–65.

86. Peng Y, Jiang BH, Yang PH, Cao Z, Shi X, Lin MC,

He ML, Kung HF. Phosphatidylinositol 3-kinase sig-
naling is involved in neurogenesis during Xenopus
embryonic development. J Biol Che. 2004; 279:
28509–14.

87. Vojtek AB, Taylor J, DeRuiter SL, Yu JY, Figueroa

C, Kwok RP, Turner DL. Akt regulates basic helix-
loop-helix transcription factor-coactivator complex
formation and activity during neuronal differentiation.
Mol Cell Biol. 2003; 23: 4417–27.

88. Takagi Y, Omura T, Yoshiyama M, Matsumoto R,

Enomoto S, Kusuyama T, Nishiya D, Akioka K,

Iwao H, Takeuchi K, Yoshikawa J. Granulocyte-
colony stimulating factor augments neovasculariza-
tion induced by bone marrow transplantation in rat
hindlimb ischemia. J Pharmacol Sci. 2005; 99:
45–51.

89. Lee M, Aoki M, Kondo T, Kobayashi K, Okumura K,

Komori K, Murohara T. Therapeutic angiogenesis
with intramuscular injection of low-dose recombinant
granulocyte-colony stimulating factor. Arterioscler
Thromb Vasc Biol. 2005; 25: 2535–41.

90. Capoccia BJ, Shepherd RM, Link DC. G-CSF and
AMD3100 mobilize monocytes into the blood that
stimulate angiogenesis in vivo through a paracrine
mechanism. Blood. 2006; 108: 2438–45.

91. Minamino K, Adachi Y, Okigaki M, Ito H, Togawa Y,

Fujita K, Tomita M, Suzuki Y, Zhang Y, Iwasaki M,

Nakano K, Koike Y, Matsubara H, Iwasaka T,

Matsumura M, Ikehara S. Macrophage colony-stim-
ulating factor (M-CSF), as well as granulocyte
colony-stimulating factor (G-CSF), accelerates neo-
vascularization. Stem Cells. 2005; 23: 347–54.

92. Ohki Y, Heissig B, Sato Y, Akiyama H, Zhu Z,

Hicklin DJ, Shimada K, Ogawa H, Daida H, Hattori

K, Ohsaka A. Granulocyte colony-stimulating factor
promotes neovascularization by releasing vascular
endothelial growth factor from neutrophils. FASEB J.
2005; 19: 2005–7.

93. Sun Y, Jin K, Xie L, Childs J, Mao XO, Logvinova

A, Greenberg DA. VEGF-induced neuroprotection,
neurogenesis, and angiogenesis after focal cerebral
ischemia. J Clin Invest. 2003; 111: 1843–51.

94. Lu CZ, Xiao BG. G-CSF and neuroprotection: a ther-
apeutic perspective in cerebral ischemia. Biochem
Soc Trans. 2006; 34: 1327–33.



95. Gibson CL, Jones NC, Prior MJ, Bath PM, Murphy

SP. G-CSF suppresses edema formation and reduces
interleukin-1beta expression after cerebral ischemia in
mice. J Neuropathol Exp Neurol. 2005; 64: 763–9.

96. Schneider A, Wysocki R, Pitzer C, Kruger C,

Laage R, Schwab S, Bach A, Schabitz WR. An
extended window of opportunity for G-CSF treatment
in cerebral ischemia. BMC Biol. 2006; 4: 36.

97. Shyu WC, Lin SZ, Lee CC, Liu DD, Li H.

Granulocyte colony-stimulating factor for acute
ischemic stroke: a randomized controlled trial. CMAJ.
2006; 174: 927–33.

98. Borlongan CV, Hess DC. New hope for stroke
patients: mobilization of endogenous stem cells.
CMAJ. 2006; 174: 954–5.

99. Matchett GA, Calinisan JB, Matchett GC, Martin

RD, Zhang JH. The effect of granulocyte-colony stim-
ulating factor in global cerebral ischemia in rats. Brain
Res. 2007; 1136: 200–7.

100. Henze C, Lescot T, Traver S, Salthun-Lassalle B,

Hirsch EC, Michel PP, Hartmann A. Granulocyte
colony-stimulating factor is not protective against
selective dopaminergic cell death in vitro. Neurosci
Lett. 2005; 383: 44–8.

101. Urdzikova L, Jendelova P, Glogarova K, Burian M,

Hajek M, Sykova E. Transplantation of bone marrow
stem cells as well as mobilization by granulocyte-
colony stimulating factor promotes recovery after spinal
cord injury in rats. J Neurotrauma. 2006; 23: 1379–91.

102. Sheibani N, Grabowski EF, Schoenfeld DA,

Whalen MJ. Effect of granulocyte colony-stimulating
factor on functional and histopathologic outcome
after traumatic brain injury in mice. Crit Care Med.
2004; 32: 2274–8.

103. Hauben E, Agranov E, Gothilf A, Nevo U, Cohen A,

Smirnov I, Steinman L, Schwartz M. Posttraumatic
therapeutic vaccination with modified myelin self-
antigen prevents complete paralysis while avoiding
autoimmune disease. J Clin Invest. 2001; 108: 591–9.

104. Hendrix S, Nitsch R. The role of T helper cells in
neuroprotection and regeneration. J Neuroimmunol.
2007; 184: 100–12.

105. Gee JM, Kalil A, Shea C, Becker KJ. Lymphocytes:
potential mediators of postischemic injury and neuro-
protection. Stroke. 2007; 38: 783–8.

106. Deboy CA, Xin J, Byram SC, Serpe CJ, Sanders

VM, Jones KJ. Immune-mediated neuroprotection of
axotomized mouse facial motoneurons is dependent
on the IL-4/STAT6 signaling pathway in CD4+ T cells.
Exp Neurol. 2006; 201: 212–24.

107. Frenkel D, Huang Z, Maron R, Koldzic DN,

Moskowitz MA, Weiner HL. Neuroprotection by IL-
10-producing MOG CD4+ T cells following ischemic
stroke. J Neurol Sci. 2005; 233: 125–32.

108. Hohlfeld R. Does inflammation stimulate remyelina-
tion? J Neurol. 2007; 254: 147–54.

109. Squadrito F, Altavilla D, Squadrito G, Campo GM,

Ioculano M, Ammedolia L, Arlotta M, Saitta A,

Caputi AP. The effects of recombinant human gran-
ulocyte-colony stimulating factor on vascular dys-
function and splanchnic ischaemia-reperfusion injury.
Br J Pharmacol. 1997; 120: 333–9.

110. Gorgen I, Hartung T, Leist M, Niehorster M, Tiegs

G, Uhlig S, Weitzel F, Wendel A. Granulocyte
colony-stimulating factor treatment protects rodents
against lipopolysaccharide-induced toxicity via sup-
pression of systemic tumor necrosis factor-alpha. J
Immunol. 1992; 149: 918–24.

111. Heard SO, Fink MP. Counterregulatory control of the
acute inflammatory response: granulocyte colony-
stimulating factor has anti-inflammatory properties.
Crit Care Med. 1999; 27: 1019–21.

112. Christopher MJ, Link DC. Regulation of neutrophil
homeostasis. Curr Opin Hematol. 2007; 14: 3–8.

113. Dagia NM, Gadhoum SZ, Knoblauch CA, Spencer

JA, Zamiri P, Lin CP, Sackstein R. G-CSF induces
E-selectin ligand expression on human myeloid cells.
Nat Med. 2006; 12: 1185–90.

© 2007 The Authors
Journal compilation © 2007 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

1290


