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Abstract

Granulocyte colony-stimulating factor (G-CSF) is a cytokine most well-known for maturation and
mobilization of bone marrow neutrophils. Although it is used therapeutically to treat
chemotherapy induced neutropenia, it is also highly expressed in some tumors. Case reports
suggest that tumors expressing high levels of G-CSF are aggressive, more difficult to treat, and
present with poor prognosis and high mortality rates. Research on this topic has suggested that G-
CSF has tumor-promoting effects on both tumor cells and the tumor microenvironment. G-CSF
has a direct effect on tumor cells to promote tumor stem cell longevity, and overall tumor cell
proliferation and migration. Additionally, it may promote pro-tumorigenic immune cell
phenotypes such as M2 macrophages, myeloid-derived suppressor cells, and regulatory T cells.
Overall, the literature suggests a plethora of pro-tumorigenic activity that should be balanced with
the therapeutic use. In this review, we present an overview of the multiple complex roles of G-CSF
and G-CSFR in tumors and their microenvironment and discuss how clinical advances and
strategies may open new therapeutic avenues.
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Introduction

Granulocyte colony-stimulating factor (G-CSF), also known as colony-stimulating factor 3
(CSF3), is a glycoprotein that stimulates granulopoiesis and leads to proliferation,
maturation and mobilization of neutrophils. Initially, it was believed that G-CSF and its
receptor (G-CSFR) were mainly expressed by myeloid cells, but there have also been reports
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of expression in fibroblasts, endothelial cells, and bone marrow stromal cells (1). More
recent studies have shown that G-CSF is also expressed in other tissues as well as the
placenta, adult neural stem cells, B-cells and cardiomyocytes (2, 3). Despite the production
of G-CSF from immune cells, of particular interest is the growing body of evidence that
some tumor cells might produce G-CSF.

G-CSF is most well-known for its function in maturation and mobilization of neutrophils
from the bone marrow. Thus, it is used as an adjuvant treatment in severe cases of
chemotherapy-induced neutropenia (4). In contrast to the short-term clinical administration
of G-CSF, evidence points to chronic production by tumors and potentially important effects
on immune cells. G-CSF is highly produced in several cancers, such as colon (5), breast (6),
thyroid (7-9), pancreatic (10-12), bladder (13), lung (14) and liver cancer (15). These
studies and others reviewed here have shown that the presence of G-CSF within the tumor
microenvironment may promote malignancy progression, metastasis, poor prognosis and
decreased overall patient survival. In this review, we have gathered available data to decipher
the multi-faceted role of G-CSF in tumor growth and possible implications of the pro-
tumorigenic effects in the tumor microenvironment.

The biology of G-CSF signaling pathways

In the hemopoietic system, G-CSF facilitates proliferation and differentiation of myeloid
progenitors into neutrophils and their mobilization into the peripheral blood (16). G-CSF is a
glycoprotein consisting of an immunoglobulin (1g)-like domain, a cytokine receptor-
homologous (CRH) domain, three fibronectin type 111 (FNIII) domains in the extracellular
region, a transmembrane domain and a cytoplasmic domain. Structural analysis of G-CSFR
has shown that its cytoplasmic domain consists of four tyrosine residues (Y704, Y729,
Y744, Y764), serving as phospho-acceptor docking sites for either Src homology type 2
(SH2) or phosphotyrosine binding (PTB) domains of signaling proteins (17, 18). Human G-
CSF (molecular weight ~30,000) consists of 174 amino acids, while murine G-CSF
(molecular weight ~25,000) consists of 178 amino acids. G-CSF receptor (G-CSFR also
known as CD114 or CSF3R) (molecular weight ~100,000-130,000) consist of 812 and 813
amino acids in human and mouse, respectively (19). The crystallographic analysis of the
human (determined to 2.8 A resolution) and murine G-CSF/G-CSFR complex structure
revealed a 2:2 stoichiometry by means of a cross-over interaction between the Ig-like
domains of GCSF-R and GCSF. This conformation is quite different from the murine G-
CSF/G-CSFR complex, but shows a similar structure to that of the 1L-6/gp130 signaling
complex (20, 21), implying the importance of those small structural changes when designing
G-CSF used for therapeutic use.

G-CSF expression can be triggered by inflammatory signals including LPS, TNF-a and
IL-1B (22). When binding to its receptor, G-CSF triggers signal transduction molecules such
as transcription factors (STAT 1, 3 and 5) and activates three main signaling pathways; JAK/
STAT, PI3K/AKT, and MAPK/ERK (Figure 1). Upon initial activation, G-CSFR dimerizes,
which leads to a phosphorylation cascade of the JAK/STAT pathway. Phosphorylated JAK2
phosphorylates the STAT (STAT3 or STATS5) proteins, which upon dimerization migrate into
the nucleus to activate the transcription of target genes. The second signaling pathway that is
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activated upon G-CSF binding is the PI3K pathway. Although the molecular mechanism of
the PI3K activation is not completely understood, studies have suggested that the activation
of this pathway is SRC kinase-mediated (23, 24). The last documented signaling pathway of
the G-CSFR is the MAPK/ERK mediated by the p21/Ras pathway (Shc and Grb2 proteins)
(25). G-CSF/G-CSFR complex formation furthermore activates Lyn, a Src kinase in myeloid
cells, via Gab2-mediated recruitment of Shp2 (26).

The above signaling pathway leads to activation of NF-xB and C/EBP transcription factors
and their subsequent binding to regulatory elements of the G-CSF promoter leading to
activation of neutrophils in the bone marrow (27, 28). Under normal conditions, activation of
the aforementioned pathways leads to neutrophil maturation and mobilization to the
bloodstream. Aberrant activation of the signaling pathways or mutations of the G-CSFR
pathway affect the myeloid lineage and have been directly linked with malignances.
Mutations that affect the Ig-like, CRH and fibronectin domains have been identified in
patients with severe neutrophilic leukemia (SNL), while mutations of the transmembrane
and cytoplasmic domains have been related to chronic neutrophilic leukemia (CNL),
myelodysplastic syndrome (MDS) and acute myeloid leukemia (AML) (29).

The role of G-CSF in the immune system

In addition to controlling granulopoeisis through stimulating hematopoietic mobilization of
stem cells and the production of neutrophils, G-CSF has also been reported to regulate
inflammation and presents immunomodulatory effects by mediating innate and adaptive
immune responses as described below (30-32).

i. G-CSF regulation of innate immune cells—In the innate immune system, the
most well-known function of G-CSF is in maturation and trafficking of neutrophils from the
blood to the periphery (33). One study suggested that macrophages also produce very high
levels of G-CSF in response to bacteria that may also modulate dendritic cell responses, thus
suggesting a role in the interaction between innate and adaptive immune cells (34). Binding
of G-CSF to its receptor leads to phosphorylation of JAK kinases and subsequent
recruitment of STATS transcription and has been reported to be involved in the maturation of
granulocyte/macrophage precursors of activated G-/GM-CSFR (35). In in vitro studies using
bone marrow cell culture models, G-CSF was found to play important role in generation of
Gr-1hjgn/F4/80 M2-like macrophages present in the intestine after the adoptive transfer (36).
Furthermore, our group recently reported that G-CSFR™/~ bone marrow-derived
macrophages (BMDMs) produced decreased IL-10 and increased IL-12 in colon tumors
suggesting that G-CSF promotes a pro-tumorigenic macrophage phenotype (37). Other
groups have suggested that G-CSF promotes development of myeloid-derived suppressor
cells (MDSCs) in a STAT3 dependent manner that promote tumor progression (38). In
agreement with these studies, another group showed the G-CSF promoting MDSC activity
led to chemoresistance in uterine cancer (39). G-CSF promotion of IL-10 production by
macrophages and the role in generation of MDSCs suggest important regulatory functions
that may be critical in inflammatory diseases and cancer.
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In contrast to its stimulatory effects on neutrophils, G-CSF has been also shown to
downregulate pro-inflammatory responses by decreasing proinflammatory cytokine release
in activated monocytes and macrophages (30, 40, 41). In another function of the innate
immune system, G-CSF has been shown to decrease NK cytotoxic function (42). This last
observation comes from graft vs host disease studies, suggesting that besides mobilization of
neutrophils, G-CSF induces inhibitory innate immune cells responses. However, our group
has also shown that in a colitis-associated cancer model, neutralization of G-CSF may lead
to increased NK cell influx into mouse colons and decreased tumor growth (43), suggesting
an inhibitory role for G-CSF in mobilization and activity of NK cells.

ii. G-CSF regulation of adaptive immune cells—/n vitroand in vivo studies have
shown that G-CSF is also expressed in T lymphocytes (including, CD4, CD8, T regulatory
cells (Tyegs), and T helper cells (TH)) and affects T cell proliferation, cytokine production
and peripheral T cell tolerance (44, 45) in regards to graft vs host disease. Human bone
marrow transplant studies have shown that T cells from G-CSF-mobilized peripheral blood
stem cell donors have an immunotolerant profile with upregulation of genes related to TH2
and Tyeg cells, downregulation of genes associated with TH1 cells, cytotoxicity, and
decreased antigen presentation and graft-versus-host disease (46). Moreover, overexpression
of negative regulators of TH17 differentiation was observed in donors during G-CSF
treatment with increased levels of CD4*CD25MINCD45RO™* Tyeq cells (46). Recently, it was
shown that /n vitro activation of human T cells led to expression of G-CSFR, enhanced the
proportion of CD38" cells, downregulated IFN-y production and upregulated the I1L-4
production implying a mechanism of constrained T cell driven pro-inflammatory responses
that prevent damage and inflammatory reactivity (47). Our group recently confirmed the role
of G-CSF in regulating T cell responses, particularly in promoting Tegs and inhibiting TH1
responses in the context of tumors (48). Moreover, overexpression of negative regulators of
TH17 differentiation were observed in donors during G-CSF treatment with increased levels
of CD4*CD25"MINCDASRO* Tyeq cells (46). G-CSF was also shown to inhibit T cell
proliferation in response to both mitogens and alloantigens and reduce their cytotoxic
activity (49). In a mouse model of acute graft vs. host disease (GVHD), when donor mice
received G-CSF pre-treatment, it reduced the severity of GVHD and enhanced the survival
of recipient mice (49). In addition to TH cells, G-CSF has been shown to also have a TH2
polarizing effect of NKT cells (50), which may also be protective in graft vs host disease.
Thus, G-CSF may be an attractive candidate for specific immune modulation in
transplantation and particularly acute GVHD as well as in disorders associated with
TH1/TH2 imbalance, such as TH1-mediated autoimmune diseases.

Autocrine/paracrine effect of tumor secreted G-CSF in the myeloid progenitors and cancer

stem cells

While the potential sources of G-CSF in mouse models are numerous, including myeloid
cells and stromal cells, under pathological conditions G-CSF tumor producing cells have
also been reported (48). Tumor secreted G-CSF promotes tumor growth and metastasis by
facilitating angiogenesis and enhancing mobilization of immature granulocytes (51, 52).
These cells were shown to be of the MDSC phenotype that can affect tumor progression by
suppressing T cell function (53). Studies have shown that in cervical cancer, G-CSF is
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associated with increased frequency of MDSC and resistance to chemotherapy (54). Tumor-
secreted G-CSF and the MDSC-mediated pre-metastatic niche were reported to be
responsible for the highly metastatic nature of other malignancies as well (55, 56). /n vivo
studies suggested that by recruiting MDSCs, G-CSF induces VEGF-independent
angiogenesis leading to increased resistance to anti-VEGF drugs (57, 58). Also of
importance, tumors expressing G-CSF with simultaneous infiltration of Gr1*CD11b*
MDSCs were shown to be refractory to the subsequent antiangiogenic treatments (58). As
shown by /n vitro studies in mouse colon cancer, accumulation of MDSCs has also been
reported, suggesting that G-CSF can promote MDSC survival and activation via the STAT
signaling pathway. In the same study, it was shown that anti-GCSF treatment led to
decreased infiltration of MDSCs and tumor growth (59).

Mesenchymal stromal cells (MSCs) are also of interest in regards to G-CSF production and
tumor progression. Stimulation of the STAT pathways suggests that G-CSF or GM-CSF may
regulate epithelial to mesenchymal transition (EMT), a critical event in malignant
transformation (60, 61). Our group also observed that stromal cells are a major source of G-
CSF production in gastric and colon cancers, which can feedback on tumors to promote
tumor growth and tumor cell migration (43). Additionally, another study revealed elevated
levels of cytokines associated with angiogenesis (interleukin- 6 and VEGF) and EMT
(transforming growth factor -B1 and -p2) in mice treated with G-CSF. These observations
indicate that administration of exogenous G-CSF promoted tumor growth via cell
proliferation, angiogenesis, recruitment of M2 macrophages and enhancement of EMT
through the modulation of the tumor microenvironment (62).

In addition to EMT and migration, there is further evidence that G-CSF supports a pool of
cancer cells expressing stem markers. Studies have shown that G-CSF could sustain a pool
of stem cells via c-jun-dependent by activating SLUG, SNAIL1, or TWIST-1 transcription
factors (63). /n vitroand in vivo influence of G-CSFR in a cancer stem cell-like (CSC)
subpopulation in neuroblastoma demonstrated that G-CSFR promoted selective activation of
STAT3 in the CSCs subpopulation. This study reported an expansion of CSCs, combined
with an increasing tumor growth and metastasis in human xenograft and murine
neuroblastoma tumor models (64). Additionally, the authors demonstrated that STAT3 acts
in a feed-forward loop to transcriptionally activate the G-CSFR and sustain neuroblastoma
cancer stem cells in response to G-CSF. Depletion of the cancer stem cell subpopulation
within tumors along with a decrease of tumor growth, metastasis and increased
chemosensitivity were observed after inhibition of the G-CSF-STAT3 signaling loop with
either anti-G-CSF antibody or STAT3 inhibitor (64).

Cancers that produce G-CSF

The proliferation promoting activity of G-CSF has suggested implications of the G-CSF in
cancer growth and tumor microenvironment. Various case report studies have correlated high
G-CSF plasma levels derived from G-CSF producing tumors patient with aberrant tumor
progression and poor outcome. The first report of G-CSF associated tumors was in the 1970s
with plasma G-CSF increased in nude mice transplanted with human lung cancer cells (65).
Clinically, the diagnostic criteria for G-CSF producing tumors are extreme leukocytosis and
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reduction in the white blood cell count (WBC) after tumor resection (65). Histologically, G-
CSF is secreted into extracellular spaces while its positive staining is presented in the
cytoplasm of tumor cells at the immunohistochemical examination (11, 15, 66). There is an
increasing number of reports showing a high autocrine G-CSF production in a variety of
cancers, including colon (5), breast (6), pancreas (11) and urinary tract (13, 67) among
others. Given the pro-tumorigenic activities mentioned above, it may be important to gain an
increased understanding of the tumors that produce high levels of G-CSF and the impact of
this cytokine on those tumors.

G-CSF is highly produced in gastrointestinal tract tumors

The cytokine milieu in the tumor microenvironment is an important factor that can control
cell proliferation, differentiation, migration and apoptosis. A plethora of clinical reports and
animal cancer models have reported the increased expression of G-CSF and its receptor in
several malignancies such as Gl tumors (including esophagus, colon and gastric cancers) (5,
68), pancreatic and hepatocellular carcinoma (11, 15, 69-71). The elevated G-CSF plasma
levels (normal < 18.1 pg/mL) in GI tumor patients are linked with strikingly poor prognosis
and few groups have tried to elucidate the tumor microenvironment and signaling pathways
that are implicated in cancer development and progression (72). G-CSF may act directly on
tumors that express G-CSFR and promote tumor cell proliferation (68). However, the
complete mechanism by which G-CSF promotes immunosuppressive immune cell
phenotypes remains unclear. Accumulating data from the past years have also suggested a
molecular mechanism of G-CSF facilitating metastasis through tumor promoting
neutrophils. A possible tumor promoting mechanism might be the secreted G-CSF from the
primary tumor that could drive the release of neutrophil extracellular traps (NETS) which are
capable of capturing tumor cells within vessels and facilitate their migration into secondary
organs leading to metastases (73). All the above observations highlight the importance of G-
CSF in Gl cancer physiology.

i) CRC: The first study that reported the high expression of G-CSFR in CRC patients was
published in 2005 and showed that 31 out of 42 human colorectal cancers showed an up-
regulation of G-CSFR when compared with normal mucosa based on gene expression and
immunochemistry experiments (5). A few years before, both /n vitro and in vivo murine
studies documented the role of G-CSF in cancer development by promoting tumor growth
and neo-angiogenesis (74). Using a tumor implantation model, upon injection of murine
syngeneic rectal cancer cells followed by treatment with G-CSF, the authors reported a
promotion of tumor growth when compared with the control group. The tumor promoting
ability of G-CSF and its receptor has also been reported in Gl epithelial cells, gastric and
colon cancer, where a tumor stage-dependent increase of G-CSF expression was observed as
confirmed by flow cytometry and gene expression experiments (68). The in vitro treatment
of gastric carcinoma cells and colon carcinoma cells with increasing doses of recombinant
G-CSF led to an increase in cell proliferation and migration, while the opposite result were
observed upon the addition of monoclonal G-CSF neutralizing antibody.

The implication of G-CSF in immune cells has also been described from our group, in an
azoxymethane/dextran sodium sulfate (AOM/DSS) mouse model of colitis-associated
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cancer, suggesting that a tumor protective reaction is caused when anti-G-CSF treatment is
used (43). The treatment resulted in colon neoplasm shrinkage and macrophages with
decreased 1L-10 levels and increased expression of IL-12, implying a polarization of these
cells with pro-tumorigenic and anti-tumorigenic characteristics respectively (Figure 2). The
balance of IL-2, IFN+y and IL-10 secreted cytokines was also disturbed in the mice tumors
that were treated with anti-G-CSF compared to isotype control, leading to increase number
of other immune cells types such as NK, CD4 and CD8. In order to further understand the
tumor microenvironment and identify the immune cells implicated, we recently reported the
impact of G-CSF in tumor-associated macrophages (TAMSs) and T subpopulations cells in
mouse models of colorectal cancer (48). We showed that injection of G-CSFR™~ mice with
MC38 colon cancer cells resulted in decreased tumor growth and an elevated cytokine
profile with decreased levels of IL-10 and increased levels of IFNy and IL-17A along with
an increase in a cytotoxic immune response (Figure 2). Similar results were observed upon
adoptive transfer of G-CSFR™'~ CD4* or CD8* T cells into the peritumoral region of WT or
Rag2~~ mice, suggesting a pro-tumorigenic role for G-CSF in gastrointestinal tumors
through inhibiting CD4* and CD8" T cell responses by promoting IL-10 secretion and
reducing cytotoxic responses. In order to characterize the macrophage phenotype and their
role in tumor progression, adoptive transfer of WT or G-CSFR™/~ macrophages was
performed, in order to monitor the development of colon and pancreatic tumor (37). Both /n
vitro and in vivo experiments showed that G-CSFR genetic ablation led to increased levels
of IL-12, NOS2 expression and NO production in concert with decreased levels of 1L-10,
enhancing the important role of G-CSF blockade in anti-tumorigenic adaptive immune
responses mediated through macrophage related tumor cytotoxicity. Another study reported
the role of G-CSF in controlling non-coding genes (75). 11 vitro experiments showed that
treatment of the HCT8 colon cancer cell line with G-CSF led to upregulation of miR-125b,
which in turn promoted tumor cell migration and invasion. Additionally, other studies have
also tried to elucidate the impact and the survival outcomes of the G-CSF treatment in
metastatic colon cancer, where neutropenic patients received G-CSF (filgrastim or
pegfilgrastim) as a maintenance therapy during chemotherapy (known as secondary
prophylaxis) (76, 77). Although the treatment of G-CSF reduced the grades 3 and 4 of
neutropenia and febrile neutropenia, no statistically significant benefit on the survival rate
was observed. All the above data provide more details on the role and the complexity of G-
CSF in tumor development and progression through possible activation of different
molecules and signaling pathways in different tumor cells.

ii) Upper GI Tract: G-CSF-producing cancers from the upper gastrointestinal tract
including esophagus and esophagogastric junction may be rare, with only few cases being
reported thus far (78-80). Statistics have shown that almost 90% of the patients presenting
G-CSF-secreting esophagus cancer were males, and so far, this sex related tendency remains
unanswered. The main symptoms that were found in these patients were leukocytosis,
persistent fever and elevation of the C-reacting proteins (CRP) with few cases showing also
neutrophil infiltration in the tumor (81). In 2011, another case study reported a G-CSF
producing carcinosarcoma where the immunohistochemical analysis showed positive
staining for G-CSF and interleukin-6 (IL-6) in the spindle/pleomorphic cells (82). More
recently, another G-CSF carcinosarcoma producing tumor was reported in the esophagus
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with diffuse neutrophil infiltration and G-CSF immunostaining in the sarcoma component
(83). Although rare, G-CSF producing tumors of the upper Gl tract are associated with
aggressive tumor types.

iii) Gastric Cancer: Likewise, high levels of G-CSF and its receptor have been reported
in gastric cancers, particularly in aggressive tumors (84-86). In 2014, a case was reported
for a G-CSF secreting gastric cancer with the patient presenting an immunohistochemical G-
CSF and HER-2 positive staining (87). In the same year, our group also documented high
expression of the G-CSF and G-CSFR in gastric cancer patient samples (68). In this study, a
series of gastric and colon cancer samples showed that both stromal cells and carcinoma
cells produce G-CSF which may act on G-CSFR expressing tumor cells to promote tumor
cell proliferation and migration. Another case report in 2017, described a gastric
adenosquamous carcinoma linked with severe anemia and leukocytosis. The histopathologic
evaluation showed that the tumor consisted of areas of both squamous cell carcinoma and
adenocarcinoma while the immunohistochemical analysis revealed a positive anti-G-CSF
antibody staining (85). High levels of G-CSF and its receptor were also reported in a clinical
study of 40 gastric cancer patients when compared to normal mucosa tissues (88).
Overexpression of G-CSF and G-CSFR were associated with high cancer antigen 72-4 (CA
72-4) and VEGF-A levels and associated with later tumor stages, metastases and poor
survival. Recently, intercorrelation analysis work conducted in our lab to decipher the
cytokine network in gastric cancers demonstrated that G-CSF is linked with the Map kinase-
activated protein kinase 2 (MK2) and its downstream mediators that were also found to be
upregulated in these tumors and correlated with metastases (89).

iv) Pancreatic cancer: Pancreatic cancer is another G-CSF-producing tumor type
where plasma G-CSF detection provides an important evaluation of early prognosis and
tumor stage (90). Thus far, there are some pancreatic cancer reports indicating high G-CSF
production and the majority were reported in Japan (91, 92). The first reported case of G-
CSF secreting pancreatic cancer was reported in 1989 when a 71-year-old male patient was
diagnosed with pancreatic carcinoma, based on a high G-CSF serum levels (93). Another
case was described for a ductal adenocarcinoma producing G-CSF as diagnosed by
immunohistochemical evaluation (94). In 1996, a rare case of anaplastic carcinoma
(identified as pancreatic cystadenocarcinoma) producing G-CSF was also described. The
patient presented high G-CSF concentration in the aspirated tumor fluid (mucin) at its early
stage without leukocytosis, presenting G-CSF concentration higher than 2400 pg/mL (11).
Most of the pancreas cancers producing G-CSF refer to anaplastic carcinoma of the
pancreas. Patients were diagnosed upon showing fever, leukocytosis, weight loss and
abdominal pain, with all cases showing overexpression of the G-CSF in the tumors, detected
through histological examination and positive immunohistochemical staining (69, 70, 95—
97).

v) Liver cancer—The first case of a rapidly growing and poorly differentiated
hepatocellular carcinoma (HCC) producing G-CSF was reported in 1999. The patient
presented with elevated levels of G-CSF and the immunohistochemical staining confirmed
the presence of secreted G-CSF in the cytoplasm of HCC cells (98). Several more cases of
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HCC secreting G-CSF have been reported worldwide with most of them being diagnosed as
poorly/moderately differentiated HCCs as previously reviewed (15, 71). The case presented
by Kohono, et al, showed a HCC case that was reported with the G-CSF producing tumor
composed of sarcomatous spindle-shaped malignant cells, pleomorphic cells with intense
infiltration of neutrophils and macrophages, while the immunohistochemical staining
detected the presence of G-CSFR. High serum levels of G-CSF and parathyroid hormone-
related protein (PTHrP) have also been reported in patients with cholangiocellular
carcinoma (99-101). Recently, another case of HCC producing G-CSF was reported, with
the patient presenting a continuous fever, granulocytosis, elevated levels of G-CSF and a
huge liver mass in the right lobe. Again, in this case, the immunohistochemical staining
confirmed the presence of G-CSF in the cytoplasm of poorly differentiate HCC (102). A
liver tumor that had metastasized from esophagogastric junction cancer has also been
reported to produce G-CSF (81). This case reported progressive leukocytosis accompanied
by high serum levels of G-CSF. Upon hepatectomy, there was decreased serum levels of G-
CSF. Taken together, the cases mentioned above suggest that G-CSF production by tumors
of the gastrointestinal tract is prevalent with esophagus, stomach, pancreas, liver, and
particularly colon tumors. These tumors were usually reported with an aggressive phenotype
and metastasis suggesting that perhaps G-CSF may be a possible biomarker for outcome on
Gl tumors.

G-CSF in breast cancer

In addition to colon cancer, breast cancer is the second most common cancer associated with
G-CSF production. A study involving a large group of human samples revealed that triple-
negative breast cancer exhibited higher G-CSF expression associated with higher amounts of
CD163* macrophages (tolerant macrophage, M2 phenotype) and a poorer overall survival
rate when compared to other breast cancers of different histology (103). These studies
suggest that higher G-CSF expression in this breast cancer subtype may facilitate cancer cell
migration. Additionally, other studies have confirmed the expression of G-CSF in breast
cancer tissues and its association with invasiveness (103-105). In line with these findings,
breast cancer invasive MDA-MB-231 cells exhibit higher G-CSF expression compared to
noninvasive breast cancer cells (T47D and MCF-7 cells) (106), suggesting an association
between G-CSF expression and malignancy. Other studies have also reported that G-CSF
plasma levels are significantly higher in breast cancer patients compared with healthy
controls. After tumor resection, the plasma level of G-CSF decreased significantly, as
opposed to M-CSF, suggesting that this cytokine may be helpful in the diagnosis and stage
of breast cancer, as its level increased in patients with clinical stage I1l and 1V and patients
with N3 tumor when compared to patients with benign breast cancer and healthy controls
(105).

Some studies in breast cancer have also focused on the effects of G-CSF on immune cells.
One study examining a luminal A histological subtype with increased motility displayed
high G-CSF expression and neutrophil aggregation associated to neutrophil extracellular trap
(NETS) formation (107). Additionally, findings from another group showed that blocking G-
CSFR with neutralizing antibodies inhibited metastasis in a neutrophil dependent manner
(108). Another report suggested that G-CSF regulates macrophage phenotype and is linked
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with poor outcome in triple negative breast cancer (103). In addition to neutrophils and
macrophages, G-CSF has been shown to promote MDSC cells, enhancing breast cancer
growth in both human tissues and mouse models and has been suggested as a target to
inhibit MDSCs activity (109, 110).

G-CSF producing tumors of the genitourinary tract

Several cases of urinary tract cancer have been reported to produce G-CSF (67, 111, 112).
while the expression of G-CSF receptor has been described in a set of ovarian tumor
biopsies and ovarian cancer cell lines (113). In 1988, Iwata et al. reported a case of G-CSF
producing bladder cancer; the neoplasia diagnosed as sarcomatoid carcinoma with foci of
transitional cell carcinoma presented marked infiltration of polymorphonuclear leukocytes
(114). Later, another group reported a G-CSF producing bladder cancer in which the
histological diagnosis was compatible with squamous cell carcinoma (115). In 2010, the
aggressive nature of G-CSF producing cancers was also reported in four more cases of
uterine cervical carcinoma. All cases showed elevated levels of G-CSF and all patients died
from disease progression in less than 15 months (116). Studies in uterine cervical cancer
have also demonstrated that G-CSF produced by tumor cells causes tumor related
leukocytosis and that MDSCs are responsible for the rapidly growing and radio/chemo-
resistant nature of these tumors (54, 117).

G-CSF producing tumors of the lung

Tumor-related leukocytosis and G-CSF- producing lung tumors have been reported to occur
in the clinical course of lung cancer and this phenomenon is related mostly to non-small cell
lung carcinoma (NSCLC) (118, 119). The aggressive nature of G-CSF secreting cancer was
also reported in a case of lung cancer producing GCSF with rapid spread to the peritoneal
cavity linked with multiple metastases in the adrenal glands, gallbladder, intestine, pancreas,
liver, skin, and peritoneum (120). Elevated levels of G-CSF have been proposed as a marker
of shorter survival in NSCLC patients even if a subsequent resection of a cytokine-secreting
tumor has been successful. A few cases of lung cancer with simultaneous production of G-
CSF and IL-6 have also been reported (119, 121), indicating how the complexity of the
cytokine balance in the tumor microenvironment may affect cell proliferation and tumor
progression.

G-CSF producing tumor of the head and neck

In head and neck squamous cell carcinoma, G-CSF producing tumors are prevalent, and G-
CSF has been reported to be present in the primary tumor and in metastases (8, 122). In a
case of thyroid tumor, high concentration of G-CSF, was not only detected in the primary
tumor tissue, but also in metastatic lesions present in the lung and skin examined at autopsy
(8). Another case of reported thyroid carcinoma of anaplastic type produced GM-CSF and
G-CSF only after metastasizing to the lungs (123). Alternatively, G-CSF was present only in
the primary tumor as seen in a hypopharyngeal squamous cell carcinoma case (122), where
it was mainly expressed in the highly transformed area. The above reports indicate the broad
variety of G-CSF presence in several primary or metastatic tumors such as squamous cell
carcinomas or adenocarcinomas.
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Therapeutic role of G-CSF

In 1986, the molecular cloning and expression of cDNA for hG-CSF was first described in
E. Coliand few years later this recombinant protein was commercialized (124, 125). Since
then, G-CSF is being widely used to prevent complications of severe febrile neutropenia
(related to aplastic anemia, chemotherapy or leukemia) through reinforcing the production of
granulocytes or antigen presenting cells (126-128). G-CSF is used to treat febrile
neutropenia in patients (presenting less than 1500/ul neutrophils) with non-myeloid
malignancies receiving myelosuppressive anti-cancer drugs or in patients with chemotherapy
induced neutropenia (129). The first clinical trials that tested the efficacy of the G-CSF
treatment in chemotherapy caused neutropenia, were used in patients treated for small cell
lung cancer with cyclophosphamide, doxorubicin, and etoposide in both the USA (1991)
(127) and Europe (1993) (130). In both trials, the results showed reduction of febrile
neutropenia, infection, antibiotic treatment, days of hospitalization but also a reduction in
the chemotherapy dose per se. At that time, another clinical trial reported the use of G-CSF
as a treatment in non-Hodgkin lymphoma patients, which were being treated with
vincristine, doxorubicin, prednisolone, etoposide, cyclophosphamide, and bleomycin and led
to reduction of neutropenia (131). For more than 20 years, the administration of G-CSF has
been effectively used in decreasing the risk of patients developing febrile neutropenia when
receiving myelosuppressive chemotherapy regimens (106, 132—-134). Despite the fact that G-
CSF is used as a powerful trigger for granulopoiesis in chemotherapy-induced neutropenia,
concerns have been raised against the concomitant use of G-CSF and chemoradiation due to
potential toxic interactions. Since 2006, the American Society of Clinical Oncology has
advised avoiding the combination of G-CSF and chemoradiation (135).

Recently, clinical and pre-clinal trials have reported that the combined use of G-CSF with
chemoradiation is safe (136). Moreover, another study in a preclinical mouse model in 2016,
reported how the combination of radiation therapy (RT) with G-CSF treatments led to N1
(antitumor) polarization of tumor associated neutrophils (TANS) (137). In another APC
approach, immunotherapy that included the vaccination of cancer patients with tumor
antigen-associated peptide-pulsed dendritic cells (DCs), has been introduced in order to
promote effective immune responses against cancer antigens (138). Recently, a cancer
immunotherapy clinical study showed that when DC vaccines are primed with low-dose
rhG-CSF 16-18 h prior to apheresis, result in 50% more harvested monocytes leading to
higher levels of immunogenicity (139).

It is broadly accepted that blockade of PD-1/PDL-1 pathway is considered as one of the
most applied tools of the anti-tumor immunotherapy for the past years, since the expression
of these molecules has been reported in a multitude of tumors including lung, breast,
ovarian, GlI, urothelial cancer and melanomas (140). However, it has been reported that in
several tumors, blockade of these molecules is efficient only in a reduced number of patients
with the majority of tumor cells escaping treatment (141-143). As shown by our group
recently in GI tumors, G-CSF inhibits the adaptive immune responses through IFNg and
IL-17 dependent mechanisms (48). G-CSF reduces the infiltration of the CD4 and CD8 cells
into the tumor microenvironment leading to a reduced efficacy of the PD-1/ PDL-1 blockade
immunotherapy (144). Taken together the above data suggest the possibility of tumors with

Cytokine. Author manuscript; available in PMC 2022 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

loannis et al.

Page 12

upregulation of G-SCF expression as being resistant to immunotherapy approaches. In the
future, combination of PD-1/ PDL-1 blockade and anti-G-SCF treatment could possibly be a
more efficient approach to improve the existing immunotherapy regimens and deal with
immunotherapy resistant tumors.

Despite the fact that the administration of G-CSF is known to have significant clinical
benefits, the tumor neo-angiogenesis caused by G-CSF leads to chemoresistance as shown in
paclitaxel (PTX) chemotherapy treated breast carcinoma mice. However, correlation
between high G-CSF expressing tumors and chemoresistance has also been reported in other
cases such as medulloblastoma and uterine cervical cancers (54, 145). In a medulloblastoma,
one study reported that G-CSF treatment following chemotherapy led to higher percentages
of G-CSFR positive tumor cells that exhibited chemoresistance. This data suggests that
exogenous administration of G-CSF might be responsible for the reduced tumor cell
chemosensitivity, thus leading to their survival (145). An additional example of the
chemoresistance in G-CSF producing tumor was also reported in uterine cancer cells. The
authors demonstrated that high G-CSF expression led to resistant tumors to cisplatin-based
chemotherapy regimen, through an MDSC- mediated mechanism, suggesting that depletion
of these cells might contribute to a more favorable outcome. Taken together all the above
data indicate the need for a combined strategy between chemotherapy and blocking possible
G-CSF protomorigenic effects in anti- tumoral treatments and reducing the possibility for
the occurrence of chemoresistant tumor cells.

Furthermore, additional non-tumor related therapeutic roles for G-CSF have also been
documented. Studies have reported that G-CSF has been used to trigger the immune system
in patients with pneumonia, HIV, severe diabetic foot infections and more recently, its
neuroprotective properties were reported to treat stroke (146-149). In 2020, few cases also
reported that rhG-CSF treatment for patients with COVID-19 with lymphopenia did not lead
to a clear clinical improvement (150). Although the data have not shown a comprehensible
correlation between the administration of prophylactic G-CSF with SARS-CoV-2 infection,
autopsy from the lungs revealed neutrophil infiltration in pulmonary capillaries and
mucositis, implying that G-CSF does not protect against the risk of a COVID-19 infection,
but it could enhance the proinflammatory pathways leading to higher risk (151, 152).
Overall, as with any manipulation of the immune system, there are pros and cons of
therapeutic administration of cytokines for tumor related or non-related diseases.

Future perspectives

A plethora of studies have shown that G-CSF secreting tumors are highly aggressive and
directly linked with secondary metastasis, worse prognosis and low survival rates, while
other studies have suggested that within the G-CSF secreting tumor the dynamic changes
caused in the tumor microenvironment can be used as markers of early disease progression
and therapeutic response. Despite the fact that the widely applicable use of G-CSF as a
prophylaxis in the chemotherapy-induced neutropenia has provided an important tool to
overcome this pathological condition, scientists and clinicians should also take into account
the pro-tumorigenic properties of G-CSF. As reported in this review, more and more studies
are reporting the role of G-CSF in tumor growth and tumor microenvironment. /n vivo and
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in vitro administration of G-CSF may lead to altered cytokine production, support
inflammation and directly affect the polarization of macrophages and T helper cells,
promoting tumorigenesis. Thus, understanding the complex biology of the autocrine G-CSF
biology in the tumor microenvironment, might in the future provide advanced strategies onto
novel therapeutic avenues for the treatment and proper clinical managements of patients
with chemotherapy-induced neutropenia.
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Figure 1: Schematic illustration of intracellular G-CSF/G-CSFR complex signaling pathways.
Under physiological conditions, upon G-CSF binding to G-CSFR, three major downstream

pathways are activated. JAK/STAT, PI3BK/AKT, and MAPK/ERK as shown here. After
cascading events of kinase-substrate phosphorylations, those pathways promote gene
expression and lead to a multitude of effects such as, Neutrophil maturation and HSC
mobilization.
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Figure 2. Role of G-CSF in moderating the tumor microenvironment of colon cancer.
In a mouse models of colon cancer, G-CSF affects the polarization of tumor associated

macrophages (TAMs) and T cells. As shown here, G-CSFR™~ mice had significantly
decreased tumor growth of MC38 colon cancer cells. Mouse tumor size, cytokine
expression, T cell phenotype, and cytotoxic activity were analyzed and alterations were
observed between WT and G-CSFR™~ mice. Furthermore, the G-CSF/G-CSFR stimulated
IL-10-producing, FoxP3-expressing CD4* T cells, whereas G-CSFR™~ T cells exhibited
increased IFNvy and IL-17A production, leading to increased cytotoxic activity in the tumor
microenvironment. G-CSFR™/~ TAMSs were characterized by higher levels of NOS2
expression and NO production, which led to greater tumor related cytotoxicity both in vitro
and in vivo.
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