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Abstract
Granulocyte colony-stimulating factor (G-CSF) is a pleiotropic cytokine playing a major role as regulator of hematopoiesis and innate
immune responses. There is growing evidence that G-CSF also exerts profound immunoregulatory effects in adaptive immunity. G-CSF
mediates anti-inflammatory reactions accompanied by TH2 cell differentiation and promotes tolerogeneic cell populations at both poles of
APC/T cell interaction. These recent findings have highlighted the novel impact of G-CSF in transplantation tolerance and autoimmunity. GCSF represents a powerful and promising cytokine to promote T cell tolerance in pathological conditions associated with a TH1/TH2
imbalance.
# 2006 Elsevier Ltd. All rights reserved.
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1. Introduction
In the last decades soluble factors have been identified that
stimulate the growth of hematopoietic stem and progenitor
cells [1]. These factors have been globally defined as colonystimulating factors (CSFs) due to their ability to support the
proliferation and maturation of stem-cell colonies in vitro.
Granulocyte colony-stimulating factor (G-CSF) was characterized as a cytokine inducing both proliferation of normal
granulocyte colonies and maturation of leukemic cell lines
[2–4]. The gene for human G-CSF is localized on
chromosome 17 [5]. G-CSF is produced by bone marrow
stromal cells, endothelial cells, macrophages, fibroblasts, and
its production can be induced by inflammatory stimuli. GCSF acts through the G-CSF receptor (G-CSFR), which is
expressed on early myeloid progenitors, mature granulocytes,
and monocytes/macrophages, as well as endothelial cells [6].
Recently, the G-CSFR have also been described on human T
and B lymphocytes [7–9]. G-CSF is known to stimulate
granulocyte production, maturation and effector function
[2,4,10,11], costimulates early progenitors in synergy with
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several other cytokines [12] and may also induce proliferation
of pre-B cells, a variety of leukemic blasts, and solid tumor
cell lines [1]. Mice deficient in G-CSF or the G-CSFR exhibit
marked neutropenia, demonstrating the importance of G-CSF
in steady-state granulopoiesis [13,14]. G-CSF has a broad
effect on innate immune responses, especially on the
monocyte/macrophage system by expansion and enhancement of phagocytosis [15] and regulation of inflammatory
cytokine/chemokine production [16].
The clinical application of recombinant G-CSF mainly
includes the mobilization of bone marrow hematopoietic
stem and progenitor cells into the peripheral blood [17] and
acceleration of neutrophilic reconstitution following chemotherapy-induced myelosuppression [18]. G-CSF was
previously characterized as a major extracellular regulator of
hematopoiesis and the innate immune system. Evidence is
now accumulating that G-CSF has also pleiotropic effects on
adaptive immune responses. Results from experimental
models, in vitro studies and clinical data indicate that G-CSF
alters T cell function and also has modulating effects on
dendritic cells. The following review will discuss recent
advances in our understanding of the immunoregulatory role
of G-CSF, especially as a novel mediator of T cell tolerance
(Fig. 1).
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Fig. 1. G-CSF as mediator of peripheral T cell tolerance. G-CSF stimulation is leading to several key immunoregulatory effects: T cells upregulate GATA-3
expression and are biased directly [7–9] and indirectly [30,37] via other effector cells (i.e. monocyte, dendritic cell types) towards TH2 differentiation while
inflammatory TH1 immune responses are inhibited [8,9,27]. G-CSF induces the generation of Tr1 cells producing IL-10 and TGF-b [26] that may limit effector
T cells responses. G-CSF expands regulatory APC (i.e. DC2 [37,38], and immature precursor population [47,55,59]) that may recruit regulatory T cells
contributing to tolerance induction [42,47,59]. Furthermore, homeostatic trafficking of Tregs from the bone marrow to the peripheral blood is promoted by GCSF via downregulation of CXCL12 [49]. These mechanism seem to contribute to the tolerogeneic impact of G-CSF as documented in acute GVHD
[30,31,37,40,42,94] and Th1-mediated autoimmune diseases, such as autoimmune type 1 diabetes [47,48], RA [63], lupus erythematosus [65], ileocolitis, [70–
74], and EAE [75].

2. G-CSF as a regulator of T cell responses

2.1. G-CSF affects T cell proliferation

There is growing evidence that G-CSF, in addition to its
stimulatory effects on hematopoiesis, can exert immunomodulatory effects on T lymphocytes. However, it is still not
clear how G-CSF is mediating these regulatory properties.
Recently, G-CSF receptor could be detected in mitogenactivated T cells [7] as well as in unstimulated T cells at the
mRNA level [8]. Whereas contribution of contaminating
non-T cells cannot be excluded in these studies, we could
demonstrate at the single-cell level that G-CSFR expression
was detectable in CD4+ and CD8+ T cells after G-CSF
exposure in vivo and in vitro. A kinetic study in more than
200 single T cells showed an induction of the G-CSFR in a
time-dependent manner after direct stimulation of purified T
cells with G-CSF [9]. Other investigators have observed an
indirect effect of G-CSF on T cells via other effector cells,
such as monocytes, dendritic cell types, and endogenous
mediators. However, these results are not absolutely
contradictionary as both mechanisms may simultaneously
operate in vivo.

In patients [19] and healthy stem cell donors [20] treated
with G-CSF, the proliferative response of T cells to
allogeneic and mitogenic stimulation is profoundly reduced.
This oberservation was confirmed by Rutella et al. [21,22]
showing that the inhibition of T cell proliferation after
mitogenic challenge might result from a G1 arrest in cell
cycling mediated by soluble factors. Others suggested that
G-CSF administration suppresses T cell proliferation by
indirect modulation of the monocyte function as depletion of
monocytes partially reverted the proliferative capacity
[20,23]. The downregulation of costimulatory molecules
like CD86 and enhanced production of interleukin-10 might
contribute to monocyte-mediated suppression of T cell
proliferation [24]. The blockade of B7 with soluble CD28
fusion protein leads to subresponsiveness of T cells and
thereby supports the theory that G-CSF might indirectly
affect T cells through the inhibition of costimulatory
signalling pathways [25]. Apparently, the upregulation of
surface molecules associated with T cell activation, such as
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CD69, CD25, CD71, and HLA-DR, is not affected after
PHA stimulation following G-CSF exposure in vivo [21].
Additional functional analyses revealed that purified CD4+
T cells from G-CSF-mobilized stem cell donors were able to
suppress allo-proliferative responses of autologous T cells in
an antigen-non-specific and cell contact-independent manner [26].
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both TH1 and TH2 cytokine production in G-CSFstimulated PBSC donors [39], especially after alloantigeneic
and mitogeneic stimulation has also been reported [23,40].
In addition, recent murine and human studies applying GCSF point to an increased production of immunoregulatory
cytokines like TGF-b [41] and IL-10 [26,42] after allogeneic
in vitro stimulation with potential impact on T cell-mediated
diseases.

2.2. G-CSF affects cytokine production of T cells
The impact of G-CSF on the cytokine secretion of T cells
still remains controversial. Initial studies analyzed the in
vitro effect of LPS stimulation on mononuclear cells of GCSF-treated healthy volunteers and described an antiinflammatory response with a reduction of pro-inflammatory
cytokines such as TNF-a, IL-12, IL-1b, and IL-2 [27,28].
Further in vitro analyses demonstrated that G-CSF-mediated
suppression of TNF-a production is regulated at the
posttranscriptional level and might contribute to the
impaired generation of cytolytic effector cells [29].
Additional murine and human studies investigated the
effect of G-CSF on T helper type 1 (TH1) and type 2 (TH2)
cell development. Several groups identified a shift towards a
TH2 immune response with increased production of IL-10,
IL-4 [8,30,31], accompanied by a decrease of interferon-g
[8,30] and IL-2 [30,28,31,32] upon alloantigeneic or
mitogeneic stimulation in vitro. Interestingly, a spontaneous
increase of IL-4 and decrease of IFN-g secretion could be
observed in peripheral stem cell donors after G-CSF
application [9]. The molecular mechanism by which
cytokine signalling and/or antigen stimulation via the T
cell receptor (TCR) might control TH1 and TH2 effector cell
differentiation is still poorly understood. Recently, we could
identify the upregulation of the T cell-specific transcription
factor GATA-3, which controls T helper cell differentiation,
directs to TH2 commitment and stabilizes this phenotype
[33,34] in peripheral stem cell donors after G-CSF
application [9]. In addition, G-CSF may repress the
opposing TH1 immune response by interfering with
the IFN-g transduction pathway through modulation of
the ISGF3-g subunit/p48 in CD4+ T cells of G-CSFstimulated stem cell donors [9]. Whereas in vitro experiments could show the direct induction of GATA-3 activating
a TH2 program in G-CSFR expressing T cells, the mode of
action of G-CSF in vivo is still unknown. Some data argue
for an indirect effect of G-CSF on the T cell phenotype via
monocytes by downregulation of costimulatory molecules
[30], increased production of IL-10 [24], and decreased
production of IL-12 and TNF-a [20,31]. However, in
peripheral blood and stem cell harvests from G-CSFstimulated donors a selective mobilization of plasmacytoid
dendritic cells (DCs) has been reported, which promote
TH2-biased T cell responses [35] and regulatory T cell
function [36]. It has been postulated that plasmacytoid DCs
contribute indirectly to the skewed TH2 phenotype of donor
T cells after G-CSF exposure [37,38]. But the inhibition of

3. G-CSF as inducer of peripheral tolerance
Recent evidence supports an important role of G-CSF for
the induction and maintenance of peripheral tolerance, but
the mechanism by which G-CSF acts still remains
controversial. There are two major possibilities for GCSF as key player in T cell homeostasis: First, G-CSF may
interfere by downregulating the differentiation, effector
function and proliferation of potentially autoreactive T cells
as described above. Second, G-CSF may be important for
regulatory T cells (Treg) controlling autoreactive immune
responses. It is well established that Treg cells play a pivotal
role in the induction of antigen-specific tolerance by
downregulating the activation and expansion of self-reactive
T cells which seems to be a key mechanism for the control of
T cell-mediated diseases [43]. Besides thymus-derived
naturally occurring CD4+CD25+ Tregs, which have gained
enormous interest [43], there are various types of in vivo- and
in vitro-induced Tregs [44–46]. These regulatory cell types
differ from naturally occurring Tregs in their dependency on
cytokines, but not in their suppressive capacity or
proliferative response upon antigenic stimulation. For
example, T regulatory type 1 (Tr1) cells produce high
levels of immunosuppressive IL-10 and can be generated by
chronic activation in the presence of IL-10 both in the human
and murine systems [44,45].
In particular, different regulatory T cell populations are
induced after G-CSF stimulation in vivo and in vitro. In
addition, G-CSF may modulate dendritic cell types and
thereby lead to the expansion of potentially tolerogenic
subsets at both poles of APC/T cell interaction. To date it is
not yet clear whether these conflicting data are due to
different experimental settings or result from the heterogeneity within the immunoregulatory cell populations.
3.1. G-CSF as inducer of regulatory T cells
G-CSF was reported to induce Tr1-like regulatory T cells
in the peripheral blood of normal human recipients [26].
After TCR ligation in vitro these regulatory CD4+ T cells
produce high amounts of IL-10 and to a lesser extent also
TGF-b. They show an impaired proliferative capacity and
mediate suppressive effects on antigen-driven proliferation
of other T cells mainly via a cell contact-independent way.
These effects seem to be consistent with observations in vivo
where protection from graft-versus-host disease (GVHD)
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following pretreatment of the donor with pegylated G-CSF
is dependent on IL-10 production of regulatory donor T cells
[42]. However, the precise phenotype of the protective IL-10
secreting T cell population remains unclear. Further
evidence for the immunoregulatory function of G-CSF
was provided by murine studies demonstrating that G-CSF
treatment enhances a CD4+CD25+ T cell subset by
producing high levels of membrane-bound and secreted
TGF-b with regulatory capacity in adoptive transfer
experiments [47]. In cyclophosphamid accelerated autoimmune diabetes G-CSF promoted the expansion of
CD4+CD25+ Tregs in the spleen of NOD mice and
critically controlled the early onset of disease [48].
Interestingly, a recent study postulated a major role for
G-CSF by the induction of homeostatic trafficking of
CD4+CD25+ Tregs from the human bone marrow to the
periphery by downregulating CXCL12. Further evidence for
the migration properties of G-CSF was provided by
investigating chimeric non-obese diabetic/severe combined
immunodeficient (NOD/SCID) mice showing that
CD4+CD25+ Tregs traffic to and are retained in the bone
marrow as significant reservoir for Tregs through the
regulation of CXCR4/CXCL12 signals [49].
3.2. G-CSF as regulator in dendritic cell types
Dendritic cells (DCs) as professional antigen-presenting
cells (APCs) initiate primary T cell immune responses [50].
Different subsets of DCs have been described with distinct
properties for the activation, clonal proliferation and
functional differentiation of both naı̈ve and memory T
cells. According to their ability to induce naive T cell
differentiation to TH1 and TH2 effector cells [51], two
lineages have been described, DC1 (myeloid DCs) and DC2
(plasmocytoid DCs), respectively. Recently, DCs have also
been identified as key regulators for the induction and
maintenance of self-tolerance [44] being highly dependent
on their maturation/activation stage. Especially immature
DCs are able to induce regulatory T cells and may serve as
stabilizing platform on which effector and Treg cell
populations physically interact [52]. Furthermore direct
DC/T cell interaction modulates the immunosuppressive
environment by inhibiting the maturation and antigenpresenting function of DCs [53].
Arpinati et al. reported that G-CSF application in normal
stem cell donors selectively increases the number of DC2
cells in the peripheral blood (approximately five-fold) and
transplanted graft whereas DC1 counts did not change [37].
Functional characterization of the DC subsets after G-CSF
application revealed that DC1 cells did not differ in their
ability to stimulate allogeneic naive T cells, whereas DC2
cells behaved as poor stimulators but were not impaired in
their capacity to induce a TH2 immune response [37,38].
The selective mobilization of DC2 cells to the peripheral
blood and stem cell harvests from G-CSF-stimulated donors
may result from an altered trafficking of DC subsets

following the downregulation of CD62L and upregulation of
CCR7 [54]. These alterations may also coordinate the
migration of DCs into secondary lymphoid organs. Besides
the selective increase of DC2 cell numbers in stem cell
donors, in vitro studies demonstrated that G-CSF might
induce a regulatory DC-like phenotype derived from
monocytes [55]. This regulatory DC-like cell population
shows an impaired ability to release IL12p70 and a poor
allo-stimulatory capacity. Furthermore, co-culture of naı̈ve
CD4+ T cells with this DC-like population leads to IFN-aand IL-10-dependent generation of regulatory T cells which
secrete the immunosuppressive cytokines TGF-b and IL-10
[55]. These findings are well in line with another observation
that human Tr1-like cells may be induced by IFN-a and IL10 [56]. Interestingly, G-CSF treatment of NOD mice seems
to prevent the spontaneous development of autoimmune
diabetes by recruiting immature CD11clo B220+ plasmacytoid DC subtype, a phenotype attributed to tolerogeneic
pDCs, that was identified by the production of high levels of
IFN-a [57], but low levels of IL-12p70. In addition this DC
subset displayed features of immature DCs with a lower
expression of the MHC II complex and the costimulatory
molecule CD80. Specific tolerogeneic or immature pDC
subsets have been shown to exert a major influence on
regulatory T cell recruitment [57,58]. Even after adoptive
transfer to untreated naı̈ve NOD mice this immature
tolerogeneic DC subset exhibits suppressive capacities by
accumulating CD4+CD25+ regulatory T cells [47]. Interestingly, G-CSF can expand a novel granulocyte-monocyte
precursor population that functions as regulatory APC and
promotes tolerance in a murine transplant model through the
induction of IL-10-producing antigen-specific regulatory T
cells [59]. However, a better classification of dendritic cell
types and their precursor population will facilitate the
analysis of the complex role and pleiotropic effects G-CSF
exerts on the functional differentiation in APCs.

4. G-CSF in autoimmune diseases
The accumulating evidence that G-CSF affects adaptive
immune responses with skewing of T cells towards a TH2
phenotype and emergence of tolerogeneic APC with
recruitment of regulatory T cells prompted investigations
in autoimmune disease. However, in humoral autoimmune
diseases such as rheumatoid arthritis (RA) and systemic
lupus erythematosus (SLE) the analysis of exogenous and
endogenous G-CSF lead to contradictionary results. In
animal models of RA the blockage of endogenous G-CSF in
collagen-induced arthritis markedly reduced disease manifestation and is as effective as TNF inhibition [60]. These
results were well in line with studies in other animal models
showing that the exogenous administration of G-CSF may
induce a severe exacerbation of inflammatory joint disease
[61,62]. The deleterious effects of G-CSF were explained by
G-CSF-induced mobilization, recruitment and activation of
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myeloid cells within inflamed tissues. However, in an
adjuvant arthritis model of Lewis rats G-CSF application
reduced the disease severity, which was associated with a
decrease of IFN-gamma secretion [63]. Importantly, in
patients suffering from RA the administration of G-CSF
seemed to flare the ongoing disease in a dose-dependent
manner [64]. An unexpected modulation of disease activity
was observed in a murine model system for SLE. Whereas
chronic treatment of MRL-lpr/lpr mice with low doses of GCSF (10 mg/kg) increased glomerular deposition of immunoglobulins and accelerated lupus disease, high-dose
treatment with G-CSF (200 mg/kg) prevented lupus nephritis by local down-modulation of FcgRIII expression within
the glomeruli [65]. Interestingly, at lower dosages G-CSF
seems to function as a key regulator of B cell homeostasis
via the production of BlyS, a novel member of the TNF
ligand superfamily important for B cell maturation and
survival by G-CSF-stimulated neutrophils [66,67]. This
novel finding might explain in part the exacerbation of
humoral autoimmune diseases in animal models and
susceptible humans [68]. Especially, in some patients with
chronic neutropenia which is often associated with autoimmune diseases like RA and SLE flares of symptoms or
development of leukocytoclastic vasculitis have been
observed after G-CSF treatment [68,69]. The role of GCSF has also been investigated in inflammatory bowel
disease (IBD) including Crohn’s disease and ulcerative
colitis. Innate and adaptive immune responses have been
identified as major components for the development of
chronic mucosal inflammation and are currently investigated
in different experimental model systems. Myeloid and
epithelial cell mechanisms are studied in White New
Zealand rabbits where immune complex colitis could be
ameliorated dramatically by G-CSF [70]. The second
component contributing to the intestinal inflammation of
IBD is the disturbance in adaptive immunity, which, in most
instances, comprises an imbalance between pro-inflammatory effector and regulatory T cell responses. Potentially
beneficial effects of G-CSF have been demonstrated in a
hapten-induced colitis model with TH1-associated mucosal
damage [71]. Pretreatment with recombinant G-CSF
(125 mg/kg twice per day) over 5 days before hapten
challenge drastically attenuated the degree of colitis through
selective downregulation of TH1-associated cytokines [71].
Interestingly, recombinant human G-CSF promoted healing
of Crohn’s disease-like intestinal lesions in patients with
chronic granulomatous disease and glycogen storage disease
Ib, which are both characterized by neutropenia and
defective neutrophil functions. In this group of patients
retrospective analysis demonstrate that G-CSF treatment can
be an important protective factor for the development of IBD
[72]. These preliminary clinical results together with
promising data from experimental model systems have
been recently translated to prospective studies with G-CSF
in the treatment of Crohn’s disease [73,74]. G-CSF was well
tolerated in five patients with Crohn’s disease treated for 12
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weeks three times per week at a dosage of 300 mg.
Neutrophil counts, IL-1 receptor antagonist and soluble TNF
receptor p55 and p75 levels were found to be increased
during G-CSF administration resulting in an amelioration of
severe ileocolitis [73]. Another study enrolled 20 patients
with Crohn’s disease and could confirm the efficacy of GCSF application by applying the Crohn’s disease activity
index demonstrating a statistically significant improvement
at each assessment point [74].
The immunoregulatory properties and therapeutic potential of G-CSF have also been investigated in experimental
autoimmune encephalomyelitis (EAE), a murine model for
the human demyelinating disease multiple sclerosis [75].
EAE is mediated by the activation of autoaggressive TH1differentiated T cells which trigger an inflammatory reaction
[76]. Immunoprevention of EAE has been hitherto achieved
either by inhibition of TNF-a [77] or by inducing regulatory
TH2/TH3 cells that release anti-inflammatory cytokines
[78]. Interestingly, a short treatment with G-CSF at the onset
of clinical signs provides durable protection of SJL/J mice
from EAE [75]. G-CSF reduces the T cell infiltration and
autoimmune inflammation within the CNS, an effect based
on immunoregulatory events that take place in the periphery.
G-CSF application induces an immune deviation toward
TH2, a reduction of TNF-a production, and an imbalance in
the chemokine production ratio of MIP-1a/MCP-1. In vivo
and in vitro studies have identified MIP-1a and MCP-1 as
prototypical pro-TH1 and -TH2 chemokines, respectively
[79,80]. However, the molecular and cellular mechanisms
leading to this imbalanced chemokine profile remain
unclear. These results in EAE corroborate recent microarray
studies on multiple sclerosis lesions revealing high gene
expression levels of G-CSF in the acute phase, thus
suggesting an endogenous role for G-CSF in the control
of autoreactive processes [81]. Altogether these data
demonstrate that G-CSF targets mechanisms critical for
the pathogenesis of EAE and constitute a promising
rationale for the clinical evaluation of G-CSF in human
autoimmune diseases, such as multiple sclerosis.
Recent experimental data provide emerging evidence that
G-CSF treatment prevents another T cell-mediated disease,
autoimmune type 1 diabetes, in the NOD mouse [47,48]. GCSF treatment was administered to NOD mice over five
consecutive days every 4 weeks and provided significant
protection against the development of spontaneous diabetes.
This protection correlated with marked recruitment of
CD11clo B220+ plasmacytoid DCs (pDCs), an immature
tolerogenic DC subset that in turn recruits CD4+CD25+
regulatory T cells. This immature pDC subset is characterized by reduced costimulatory signal expression and higher
IFN-a but lower IL-12p70 release capacity than DCs in
control mice. G-CSF recipients further displayed accumulation of functional CD4+CD25+ regulatory T cells that
produced high levels of TGF-b1 and exhibited suppressive
properties also after transfer into secondary NOD/SCID
recipients. The ability of G-CSF to promote key tolerogenic
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interactions between DCs and regulatory T cells was further
demonstrated by enhanced recruitment of TGF-b1-expressing CD4+CD25+ cells after adoptive transfer of DCs
isolated from G-CSF-treated mice into naive NOD
recipients [42]. An interesting aspect is the possible role
of infectious events that trigger endogenous production of
G-CSF, which might protect from autoimmune diabetes in
the early phase. Thus, adaptive immunity might be
controlled by innate immunity.
There is compelling evidence that infections may
influence diabetes frequency in human populations [82].
In addition, vaccination with mycobacteria products such as
complete Freund adjuvant [83] can prevent the onset of type
1 diabetes in NOD mice. Recent reports suggest that
mycobacterial components such as hsp65 [84], might also
induce endogenous response factors to infections, such as GCSF. Mycobacterial infection of IFN-g / mice is
characterized by enhanced extramedullar hematopoiesis
and high levels of G-CSF in the serum of these mice. These
observations have disclosed a critical balance between IFNg and G-CSF [85]. In addition, it has been shown that G-CSF
is able to antagonize the progression of autoimmune
diabetes induced by cyclophosphamide [48]. G-CSF
accelerates the recovery of the T cell compartment, which
might be reconstituted by the mobilization of lymphoid
progenitors [86]. It can selectively prevent the loss of
CD4+CD25+ regulatory T cells and abrogate the IFN-gburst triggered in immune cells by cyclophosphamide.
These results suggest that G-CSF may be evaluated for the
treatment of human type 1 diabetes.

5. G-CSF in stem cell transplantation
Recombinant human G-CSF is widely utilized to
mobilize hematopoietic stem cells from their bone marrow
niche to the peripheral blood. In the last decade G-CSFstimulated peripheral blood has largely replaced bone
marrow as a stem cell source for the treatment of malignant
and non-malignant diseases [87]. Some of the advantages of
peripheral stem cell transplantation (PBSCT) compared with
conventional bone marrow transplantation (BMT) include
easier harvesting of stem cells, improved yield of progenitor
cells, and more rapid and robust engraftment with reduced
transplant-related mortality [17]. In clinical studies, despite
the presence of more than 10-fold higher number of mature
T cells in the G-CSF-mobilized graft compared to the
unstimulated bone marrow harvest [39], a reduced incidence
and severity of acute graft-versus-host disease (GVHD) has
been reported [31,88]. Similarly in murine transplant models
T cells from G-CSF-treated donors show a reduced capacity
to induce GVHD [30]. The mechanism by which G-CSF
ameliorates GVHD still remains controversial. G-CSF has
been shown to induce a TH2 polarization of donor T cells
[22] and this has been suggested to be a major protective
mechanism. The administration of other cytokines like IL-11

driving T cell responses toward TH2 differentiation also
protects from severe GVHD supporting the relevance of this
finding [89]. Several other reports have emphasised the role of
cytokines as mediators in GVHD with compelling evidence
for the protective role of type-2 cytokines [30,90,91] and
deleterious effects of inflammatory TH1 immune responses
[91]. G-CSF may exert its beneficial effects through the
upregulation of GATA-3 expression [9] directing and
stabilizing the TH2 phenotype [33] while opposing TH1
differentiation [34].
Besides direct effects of G-CSF on donor T cell
populations [7–9], there are additional data suggesting that
G-CSF may reduce GVHD through effects on dendritic cells
[37,38], monocytes [23,24,27], natural killer cells [31], and
NKT cells [92]. Most importantly, murine and human
studies have described the selective increase of plasmacytoid DC2 cell numbers after G-CSF application in the stem
cell donor and graft [37,38] which seem to contribute to the
observed TH2 shift in T cell immune responses. There is
growing evidence that G-CSF may also promote the
emergence of tolerogenic immature DC subsets
[47,55,59] that dampen allogeneic and mitogenic responses
by recruiting regulatory T cell populations [26,42,47,59]. A
novel murine granulocyte-monocyte precursor population
has been described after G-CSF application that promotes
transplant tolerance by generation of MHC class IIrestricted IL-10 secreting, antigen-specific regulatory T
cells [59]. So far, these observations are limited to in vitro
studies [26,55] and experimental model systems
[42,47,54,59]. However, adoptive transfer of these immature
APCs potently inhibiting GVHD represents a promising
therapeutic strategy as graft-versus-leukemia (GVL) effects
were not affected. This observation is crucial as the
eradication of malignant cells by immunocompetent cells
of the donor represents a major therapeutic principle in stem
cell transplantation. A murine allogeneic transplant model
investigated whether G-CSF-mobilized PBSC maintained
their GVL effect [93]. In comparison to non-mobilized
donors the transplant survival was dramatically increased
and all surviving recipients were leukemia-free at day 70
after transplantation. Transplantations from G-CSF-mobilized perforin-deficient mice could demonstrate a crucial
role for perforin in mediating the GVL effect, as 90% of the
recipients died from leukemia. While G-CSF treatment of
the donor led to reduced systemic inflammation in the
recipient with reduced systemic level of LPS and TNF-a,
perforin-dependent donor CTL activity was preserved and
responsible for separating GVL from GVHD in G-CSFmobilized allogeneic PBSCT [93].
To date it is not yet clear whether G-CSF induced
tolerogeneic APCs are essential for the generation of
regulatory T cells promoting transplantation tolerance or if
other effector cells/mediators contribute to the generation of
regulatory T cell populations. An alternative possibility
represents the homeostatic trafficking of Tregs from the
bone marrow as important reservoir for regulatory T cells
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through G-CSF regulated expression of CXCL12 [49].
However, studies in murine models show that CD4+CD25+
regulatory T cells are important for the induction of
peripheral tolerance [94] and may potently inhibit GVHD
[95–97] while preserving the GVL effect [98]. A recent
murine study could show that donor pretreatment with GCSF protects from GVHD in a dose-dependent fashion due
to the generation of IL-10-producing Tregs [42]. These data
collaborate with the observation in the human system where
CD4+ T cells exposed to G-CSF in vivo acquire the
properties of IL-10-producing Treg cells following TCR
ligation in vitro [26]. However, the presence of additional
effector molecules besides IL-10 must be assumed as T cells
from G-CSF-treated IL-10 / donors have residual regulatory function in vivo [42]. Gene expression profiling of
CD4+ T cells isolated from G-CSF-stimulated donors
revealed a downregulation of costimulatory molecules that
may have contributed to the reduced alloreactivity observed
in PBSCT [9]. In addition, a homing receptor of naı̈ve T cells
to the peripheral lymphoid tissues, LFA-1a, was drastically
downregulated probably abrogating donor T cell activation
to host antigens and thereby leading to an amelioration of
alloreactive immune responses [9]. Interestingly, results
from a murine model showed that transient a block of
homing receptors reduced the alloreactivity of donor T cells
and prevented acute GVHD [99].
G-CSF is often also administered to the recipients
following transplantation to accelerate the hematopoietic
reconstitution, which is currently a matter of debate.
Whereas a recent meta-analysis studying more than 1000
patients revealed no effect of G-CSF on the incidence and
severity of GVHD [100], an increased risk of GVHD with
reduction of overall survival has been reported by the EBMT
[101]. Furthermore, considerable concerns for routinely
applied G-CSF after transplantation are based on studies in
HLA-mismatched stem cell transplantation which show a
delayed immune reconstitution following G-CSF administration [102]. Although the underlying mechanism remains
unclear, the effects of G-CSF likely differ in transplant
recipients from those observed in stem cell donors treated
with G-CSF.

6. Conclusion
Despite the fact that our understanding of the role of GCSF in adaptive immune responses is rapidly increasing,
numerous questions remain. In particular, the mechanism
of tolerance induction requires further clarification. To
date, it is still not clear whether G-CSF induces regulatory
T cells from naı̈ve T cells in the periphery, selectively
expanding predisposed populations capable of exerting
regulatory functions (i.e. by promoting the emergence of
tolerogeneic APCs) or whether, alternatively, G-CSF
facilitates homeostatic trafficking of Tregs from the bone
marrow. The generation of potentially tolerogeneic subsets
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at both poles of the APC/T cell interaction make G-CSF an
interesting candidate for specific immune modulation in
transplantation and autoimmune diseases associated with
TH1/TH2 imbalance. In addition, there is growing
evidence that G-CSF is an essential mediator in innate
immune responses linking adaptive and innate immunity,
which is of particular interest in infectious diseases and
autoimmunity.
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