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There are two types of abnormal hematopoiesis in solid tumor occurrence

and treatment: pathological hematopoiesis, and myelosuppression induced

by radiotherapy and chemotherapy. In this review we primarily focus on

the abnormal pathological hematopoietic differentiation in cancer induced

by tumor-released granulocyte colony-stimulating factor (G-CSF) and

granulocyte-macrophage colony-stimulating factor (GM-CSF). As key fac-

tors in hematopoietic development, G-CSF/GM-CSF are well-known facili-

tators of myelopoiesis and mobilization of hematopoietic stem cells

(HSCs). In addition, these two cytokines can also promote or inhibit

tumors, dependent on tumor type. In multiple cancer types, hematopoiesis

is greatly enhanced and abnormal lineage differentiation is induced by

these two cytokines. Here, dysregulated hematopoiesis induced by G-CSF/

GM-CSF in solid tumors and its mechanism are summarized, and the

prognostic value of G-CSF/GM-CSF-associated dysregulated hematopoi-

esis for tumor metastasis is also briefly highlighted.

Hematopoiesis is the production of blood cells and

immune cells from pluripotent hematopoietic stem

cells (HSCs) in hematopoietic organs. This process is

precisely controlled by the level of endogenous

hematopoietic growth factor and the interplay of tran-

scriptional and epigenetic networks [1]. In general,

hematopoiesis is mainly driven by various cytokines

such as granulocyte colony-stimulating factor (G-

CSF), granulocyte-macrophage colony-stimulating fac-

tor (GM-CSF), and so on. G-CSF and GM-CSF can

induce the differentiation of HSCs into granulocyte

lineage and monocyte lineage, which is important to

build an immune barrier.

In recent years, hematopoietic abnormalities in solid

tumors characterized by myeloproliferative phenom-

ena, extramedullary hematopoiesis (EMH), and bone

marrow stem/progenitor compartment destruction

have attracted more and more attention. It is consid-

ered to play an important role in the tumor immuno-

suppressive milieu, metastasis, and prognosis.

The spleen, one of the major sites of EMH induced

by solid tumors, is characterized by an accumulation
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of various hematopoietic stem/progenitor cell (HSPC)

types and is associated with a significant myeloid skew

within the Linlo/�Sca-1+c-Kithi (LSK) cell population.

Evidence suggests that hyperactivation of the CCL2/

CCR2 pathway in the spleen of tumor-bearing mice

contributes to the recruitment of LSK HSPCs [2].

Newly suggested evidence reveals that splenic LSK

cells derived from Hepa1-6 hepatoma mouse expressed

a high level of GM-CSF, which induced splenic LSK

cells to generate highly suppressive myeloid descen-

dants [2]. These results have indicated that splenic

LSK HSPCs readily respond to GM-CSF signaling

and support the suppressive myeloid response under

the state of tumor-bearing.

The liver is one of the primary organs where EMH

can take place. A study suggested that an extramedul-

lary niche suitable for HSCs migration and differentia-

tion consist of liver sinusoidal endothelial cells (LSECs)

characterized by high expression of stromal-derived fac-

tor (SDF)-1 [3]. In vitro, LSECs have been confirmed to

support differentiation, proliferation, and survival of

HSCs [3]. Evidence indicated that SDF-1 mediated acti-

vation of the SDF-1/CXCR4 axis, which is involved in

hepatic extramedullary niche formation [4]. Notably,

tumor-derived G-CSF could enhance the level of hepa-

tocyte SDF-1, thereby promoting EMH in the liver [4].

Research suggests that the serum levels of cytokines,

including G-CSF, GM-CSF, and proinflammatory

cytokines produced by malignant cells and stromal

cells are usually elevated in patients with solid tumor

cancers [5]. Subsequently, these cytokines induce

hyperhematopoiesis in bone marrow and EMH. This

extremely enhanced hematopoiesis causes the produc-

tion of immature myeloid cells (iMCs) in large num-

bers. Although a small part of iMCs can differentiate

into normal lineage, most iMCs differentiate into

tumor-associated myeloid cells such as tumor-

associated macrophages (TAMs), tumor-associated

neutrophils (TANs), and myeloid-derived suppressor

cells (MDSCs). Therefore, rebuilding hematopoietic

balance is a potential new approach for adjuvant ther-

apy in advanced cancer patients [6].

Different types of tumor-associated
myeloid cells and their phenotypic
characteristics

Tumor-derived factors regulate the differentiation of

HSCs in bone marrow, subsequently contributing to

hematopoietic dysregulation in cancer patients. The

different hematopoietic processes in patients with

malignant tumors are shown in Fig. 1 and the pheno-

type of tumor-associated cells is listed in Table 1.

Primary features of abnormal
hematopoiesis in solid tumor patients

As summarized in (Table 2), tumor-derived factors can

activate bone marrow and promote the differentiation of

HSCs, subsequently contributing to abnormal increases

of circulating MDSCs. Wu et al. [10] discovered that the

frequency of circulating granulocyte–monocyte progeni-

tors (GMPs) increased 4–6 times in all tumors examined.

The dysfunction of progenitors led to abnormal blood

tests in patients with solid tumors, characterized by high

white blood cell (WBC) counts, platelets (PLT), eosino-

phils (EO), and a high neutrophil-to-lymphocyte ratio

(NLR), as well as the dysregulation of T-lymphocyte

populations. Clinically, tumor-related hematological

abnormalities include tumor-related anemia, thrombosis,

and tumor-associated immunosuppression.

The regulation of the proliferation and differentia-

tion of hematopoietic progenitor cells (HPCs) is gener-

ally controlled by hematopoietic growth factors

(HGFs), a type of glycoprotein hormone, in the bone

marrow. Although not very common, cancers, espe-

cially the most rapidly advancing ones, secrete HGFs

like G-CSF and GM-CSF. For example, tumor cells

from acute myeloid leukemia (AML) patients

expressed transcripts for HGFs including GM-CSF

and G-CSF [14]. Furthermore, increased G/GM-CSF

levels are confirmed to be highly correlated with poor

prognosis and tumor staging in cancers such as lung

cancer, glioma, colorectal cancer, melanoma, breast,

and bladder cancers [15]. These factors are not neces-

sarily secreted directly by tumor cells, but may be

secreted by tumor-associated immune cells or stromal

cells. The effects of several growth factors, including

colony-stimulating factor (CSFs) and erythropoietin

(EPOs), on hematopoiesis have been extensively stud-

ied [16]. HGFs and compounds that simulate their

actions have complex effects on multiple hematologic

cells. Several known HGFs, such as EPO-a, EPO-b,
G-CSF, GM-CSF, interleukin 11 (IL-11) and throm-

bopoietin receptor agonists have been used clinically.

G-CSF and GM-CSF are well-known cytokines

secreted by immune cells, fibroblasts, and endothelium.

In physiological conditions, G-CSF and GM-CSF can

induce the differentiation of HPCs into different

immune cells, including granulocytes, monocyte-

macrophages, T-cells, and natural killer (NK) cells in

the bone marrow. Therefore, they are widely used as

potent factors to control radiation- and chemotherapy-

induced neutropenia in cancer therapies [17-19]. How-

ever, the potential effect of G-CSF and GM-CSF in

promoting tumor growth due to their cytokine-

mediated immune suppression and angiogenesis has
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also been observed [15]. Analysis of clinical data

shows that patients with G-CSF- or GM-CSF-positive

tumors are more likely to experience tumor metastases.

In addition, G-CSF, GM-CSF and their receptors

were expressed to a varying degree in human menin-

giomas but were not expressed in normal tissue [20].

Previous studies have indicated that G-CSF or GM-

CSFs can affect differentiation of bone marrow cells

and increase the ratio of tumor-associated immunosup-

pressive cells through triggering JAK protein kinases

phosphorylation and subsequent activation of STAT3/

STAT5 transcription factors [21-25].

HSCs

Giles et al. [26] found increased production and mobi-

lization of HSCs in cancer patients and animal models.

A study suggests that tumors can activate the function

Table 1. Phenotypic characteristics of MDSC, TAM, and TAN.

MDSC, myeloid-derived suppressor cell; PMN-MDSC, polymor-

phonuclear myeloid-derived suppressor cells; M-MDSC, monocytic

myeloid-derived suppressor cells; TAM, tumor-associated macro-

phages; TAN, tumor-associated neutrophils.

Human Phenotype

PMN-MDSC CD14�CD11b+CD15+ [7]

M-MDSC CD11b+CD14+HLA-DR�/loCD15� [7]

TAM M1: MHC-II+CD68+ [8]

M2: CD163+CD206+ [8]

TAN CD11b+CD14�CD66b+CD15hi [9]

Fig. 1. Hematopoietic process in patients with solid tumors. Cancer patients secrete various cytokines in large quantities, including granulocyte

colony stimulating factor (G-CSF), granulocyte and macrophage colony stimulating factor (GM-CSF), macrophage-colony stimulating factor (M-CSF),

and so on. Generally speaking, these cytokines promote the differentiation of hematopoietic stem cells (HSCs) into immature myeloid cells (iMCs),

and then further differentiate into immune cells such as macrophage, dendritic cells (DCs), and granulocytes. However, the normal differentiation of

HSC is blocked in patients with solid tumors, and iMC mainly differentiate into myeloid-derived suppressor cells (MDSCs) rather than normal

immune cells. In addition, MDSC is recruited by tumors and induces the production of tumor-associated macrophages (TAMs) and tumor-

associated neutrophils (TANs), thereby promoting the formation of the tumor immunosuppressive microenvironment. CMP, common myeloid pro-

genitor; PMN-MDSC, polymorphonuclear myeloid-derived suppressor cells; M-MDSC, monocytic myeloid-derived suppressor cells; SCF, stem cell

factor; TGF-b, transforming growth factor-b; IL-2, interleukin-2; IL-3, interleukin-3; IL-6, interleukin-6; FLT-3, fms-like tyrosine kinase-3.
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of bone marrow and mobilize HSCs. These HSCs con-

tribute to forming an immunosuppressive milieu in dis-

tant tissue sites before tumor metastases. Therefore,

circulating HSCs can be considered potential clinical

indicators of metastatic niche formation and be used

to monitor the metastatic process in the early and mid-

dle stage of malignant tumors [26]. Furthermore, the

circulating HSCs exhibited myeloid bias with a skew

toward granulocytic differentiation in patients with

solid tumors. Wu et al. found a 4–7-fold increase of

circulating GMPs in peripheral blood in patients with

seven different types of tumors (n = 133), which posi-

tively correlated with disease progression. These

reports reveal the vital role of circulating HSCs in

patients with cancer [10].

MDSCs

MDSCs represent a heterogeneous population of largely

immature myeloid cells whose production is induced by

tumor-derived factors, such as G-CSF, GM-CSF, and

IL-6. MDSCs have suppressive properties in T-cell pro-

liferation, cytotoxic and NK cell activation, and also

promote the differentiation and expansion of Foxp3+

suppressive regulatory T-cells (Tregs), which are criti-

cally involved in immune tolerance and homeostasis.

The production and immunosuppressive effect of

MDSCs are well described in many diseases including,

but not limited to, obesity, cancer, autoimmune disor-

ders, and infection. Indeed, it has been previously pro-

ven that MDSCs can be recruited by tumor-derived

chemotactic factors, enter tumor microenvironments,

and differentiate into mature immunosuppressive cells

represented by TAMs.

In mice, two major subtypes of MDSCs have been

identified, including monocytic MDSCs (M-MDSCs)

(CD11b+Ly6G�Ly6Chi) and polymorphonuclear

MDSCs (PMN-MDSCs) (CD11b+Ly6G+Ly6Clo). In

humans, there is another subtype called early-stage

MDSCs (e-MDSCs), which express the myeloid mark-

ers CD33 and CD11b but lack the myeloid lineage

markers CD14 and CD15/CD66b [27].

MDSCs inhibit antitumor immune response through

various mechanisms. L-Arginine is important for T

lymphocyte proliferation and production of interferon-

gamma (IFN-c) by NK cells. MDSCs promote the

depletion of L-arginine by arginase 1 (Arg-1) hyper-

secretion, thereby suppressing the antitumor effect of

T and NK cells [28,29]. Indoleamine 2,3-dioxygenase 1

(IDO-1) is associated with tryptophan degradation.

Accumulation of tryptophan degradation products

enhances the differentiation of Tregs and its immuno-

suppressive effect [30]. Moreover, MDSCs highly

express iNOS and NADPH oxidase 2 (Nox2), which

induce ROS and RNS production. Reactive oxygen

species (ROS) and reactive nitrogen species (RNS)

inhibit infiltration and reaction of CD8+ in the tumor

microenvironment (TME) [31].

TAMs and MDSCs are the most myeloid cell popu-

lations in TME [32]. Monocytes are precursors of

macrophages, and in tumors the population of mono-

cytic cells consists of classical monocytes and M-

MDSCs [33]. Notably, the functional heterogeneity of

macrophages in cancer depends on the nature of their

precursors; M-MDSC-derived macrophages maintain

immune-suppressive activity. A study has indicated

that S100A9 was highly expressed in M-MDSC-

derived macrophages, which drives the polarization of

Table 2. Alterations of blood cells in tumor-bearing hosts. HSC, hematopoietic stem cell; MDSC, myeloid-derived suppressor cell; WBC,

white blood cell; RBC, red blood cell; PLT, platelets; PCT, plateletcrit; EO, eosinophils; BASO, basophils; NURO, neutrophil; NLR, neutrophil-

to-lymphocyte ratio; PLR, platelet to lymphocyte ratio; NEUT%, percentage of neutrophils; EPO, erythropoietin; TPO, thrombopoietin; PDGF,

platelet-derived growth factor; TGF-b, transforming growth factor-b; G-CSF, granulocyte colony stimulating factor; FLT3L, fms-like tyrosine

kinase-3 ligand; GM-CSF, granulocyte and macrophage colony stimulating factor; IL-3, interleukin-3; IL-6, interleukin-6; M-CSF, macrophage

colony stimulating factor; SCF, stem cell factor; IL-2, interleukin-2.

Blood cells Alteration Related factors

HSC Two-fold increase in seven different types of tumors in

human

TGF-b, G-CSF, FLT3L, GM-CSF, IL-3, IL-6, TPO, M-CSF, or a

combination of IL-3/IL-6/SCF [10]

MDSC Increase immunosuppression effect GM-CSF and IL-6 [5,10]

WBC 3- to 7-fold increase in mouse mammary tumors IL-2 [11]

RBC Decreased hematocrit, red blood cells, hemoglobin IL-3, IL-6, TPO, M-CSF [11]

PLT PLT and PCT increase in mouse mammary cancer PDGF and P-selectin [12]

EO EO decreases in human breast cancer LSK [12]

BASO BASO decreases in mouse mammary tumor TGF-b, IL-3 [12]

NURO NEUT% decreases in mouse mammary tumor IL-3, IL-6, TPO, M-CSF [11]

Lymphocyte NLR and PLR decrease in human breast cancer, the

number of Treg increases

EPO [13]
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these macrophages to the M2 subtype. In addition, the

hyperactivation of the S100A9/C/EBPb pathway is

correlated with the immunosuppressive effect of M2

macrophages [34]. Recent studies have suggested that

hypoxia and RAR-related orphan receptor C

(RORC1) were identified as critical in M2 macrophage

generation from M-MDSCs in tumors [35].

TANs

Neutrophils play a key role in the defense against

infection and activation of both the innate and adap-

tive immunity. In malignant tumors, TANs have been

regarded as an important component of TME [36]. In

humans, the surface marker of TANs has been identi-

fied as CD11b+CD14�CD66b+CD15hi [9]. In 2009, a

delineation between antitumorigenic and protumori-

genic neutrophils was suggested, termed N1/N2,

respectively [37]. N1 neutrophils display cytotoxicity

on tumor cells by generating ROS and activating the

ROS/TRPM2 pathway, resulting in a lethal influx of

calcium ions into the cell [38]. Furthermore, N1 neu-

trophils stimulate an adaptive immune response and

IFN-c generation through presenting antigens to T-

cells [39]. Interestingly, N1 neutrophils inhibit tumor

progression by antibody-mediated phagocytosis [40].

Within the TME, Fridlender et al. [37] demonstrated

that transforming growth factor-b (TGF-b) induces

the N2 phenotype, while blocking TGF-b recruits and

activates N1 phenotype. Other studies have shown that

interferon-b (IFN-b) affects tumor angiogenesis and

can bias TAN to the N1 phenotype [41]. However, a

deficiency of endogenous IFN-b may allow neutrophils

to express higher levels of C-X-C chemokine receptor

type 4 (CXCR4), vascular endothelial growth factor

(VEGF), and matrix metalloproteinase 9 (MMP9),

thus promoting angiogenesis, mobility, and tumor

homing. Further, Granot et al. [42] have shown that

the neutrophils in metastatic regions (distal to the pri-

mary tumor) can depress tumor growth directly and

secrete immunomodulators.

In contrast, N2 neutrophils accelerate tumor pro-

gression through various mechanisms. N2 neutrophils

release multiple enzymes, including myeloperoxidase

(MPO), neutrophil elastase (NE), neutrophil collage-

nase (MMP8), and gelatinase B (MMP9). MMPs facil-

itate extracellular matrix remodeling and angiogenesis

[43]. NE and MPO accelerate tumor proliferation and

migration by regulating neutrophil extracellular traps

(NETs) production [44]. In addition, N2 neutrophils

recruit Tregs to TME by CCL17 secretion, thereby

inhibiting the function of effector T lymphocytes [45].

Some evidence has indicated that N2 neutrophils could

reduce tumor growth by inhibiting the production of

IL-17-secreting cd T-cells [46]. Kumagai et al. [47]

found that surgical stress recruits peripheral immuno-

suppressive low-density neutrophils (LDN) in the early

postoperative period, which may support the lodging

of circulating tumor cells via NETs formation and

inhibit T-cell-mediated antitumor response in target

organs, which may promote postoperative cancer

metastases. Although there are functional differences,

no clear surface marker has been identified to distin-

guish N1 and N2 types.

TAMs

TAMs represent one of the primary tumor-infiltrating

immune cell types, displaying functional plasticity and

adapting to change within the microenvironment [48].

In general, macrophages divide into classical activated

M1 macrophages (MHC-II+CD68+) and alternatively

activated M2 macrophages (CD163+CD206+) [8]. The

former exerts antitumor functions and the latter pro-

motes the occurrence and metastasis of tumor cells.

M1 macrophages kill tumor cells by releasing tumor-

killing molecules or antibody-dependent cell-mediated

cytotoxicity (ADCC) [49]. Contrastingly, M2 macro-

phages facilitate tumor proliferation via expressing

various growth factors such as VEGF, TGF-b1,
epithelial growth factor (EGF), and hepatocyte growth

factor [50]. In glioma cells, extracellular adenosine

deaminase protein in the cat eye syndrome critical

region protein 1 (CECR1) has been confirmed to regu-

late macrophages maturation [51]. M2 macrophages

promote tumor invasion through activating the

CECR1/MAPK pathway [51]. Furthermore, M2

macrophages directly accelerate tumor metastasis and

angiogenesis by generating various soluble factors

and proteases, such as serine protease, cathepsin, and

MMPs [52]. Thus, M2 macrophages, the predominant

type of TAMs, can not only suppress the proliferation

of CD8+ T-cells by producing Arg-1, iNOS, ROS, and

RNS, but also inhibit antitumor immune response by

recruiting Tregs [49]. Therefore, tumors reprogramed

macrophage metabolism to maintain its M2 subtype.

The mechanism of G-CSF/GM-CSF-
induced hematopoietic dysregulation

The first identified HGFs were called CSFs because

they could stimulate growth and clone formation of

various bone marrow HSCs in vitro. G-CSF has been

widely used to mobilize HSCs in the bloodstream for

transplantation for over two decades. It efficiently

mobilizes HSCs into the blood by targeting HSCs

1272 FEBS Open Bio 12 (2022) 1268–1285 � 2022 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

G-CSF/GM-CSF-induced hematopoietic dysregulation in tumors K. He et al.



niche function and bone formation via specific bone

marrow macrophages.

GM-CSF is one of the main tumor-derived soluble

factors that can induce the differentiation of mono-

cytic/granulocytic bone marrow cells into

CD11b�Gr1� bone marrow progenitor cells, subse-

quently inducing them to differentiate into MDSCs

[53]. Many studies suggest that GM-CSF plays a

major role in the suppression of antitumor immune

responses and tumor-mediated dysregulation of hema-

topoiesis. For example, patients with stage IV meta-

static melanoma injected with heat shock protein

peptide complex gp96 (HSPPC-96), GM-CSF (75 lg
subcutaneously into the vaccine site) once a week for

4 weeks, and then once every 2 weeks, could promote

the production of new subsets of myeloid suppressor

cells (MSCs) [54]. High doses of GM-CSF adminis-

tered in a vaccine formulation could also recruit MSCs

and substantially inhibit antitumor immunity responses

in melanoma mice [55].

G-CSF/GM-CSF-induced HSCs proliferation and

mobilization

G-CSF/GM-CSF, two recognized cytokines involved in

the regulation of hematopoiesis, can control the self-

renewal of HSCs and regulate the differentiation of

HSCs into specific lineages. What’s more, G-CSF and

GM-CSF were identified as “lineage-specific” cytokines

regulating progenitors in the granulocyte, granulo-

cyte/macrophage lineages, respectively [56]. In general,

G-CSF/GM-CSF mediated HSCs proliferation and

mobilization requires specific interactions between the

G-CSF/GM-CSF and granulocyte colony-stimulating

factor receptor/granulocyte-macrophage colony-

stimulating factor receptor (G-CSFR/GM-CSFR).

Important signaling molecules that mediate transduction

of G-CSFR responses include JAK1/2 kinases, Tyk2,

the Src kinases p55lyn and p56/59hck, STAT1, STAT3,

and STAT5, as well as components of the p21ras/Raf/

mitogen-activated protein kinase pathway [57]. However,

in a tumor-bearing host, G-CSF and GM-CSF showed

an opposite effect on the proliferation and mobilization

of HSCs. G-CSFR/GM-CSFR belongs to the receptor

tyrosine kinase signaling system. As shown in Fig. 2, in

cancer patients the interaction between G-CSF/GM-

CSF and G-CSFR/GM-CSFR could cause receptor

dimerization, tyrosine phosphorylation, and the subse-

quent interaction with multiple intracellular signaling

pathways such as Ras, MAPK, PI3K, JAK [58], finally

inhibiting normal differentiation of HSCs and inducing

the production of tumor-promoting cell phenotypes [59].

Fig. 2. The mechanism of abnormal

differentiation in hematopoietic stem cells

driven by tumor-derived G-CSF and GM-

CSF. Granulocyte colony stimulating factor

(G-CSF) and granulocyte-macrophage

colony stimulating factor (GM-CSF) have

high affinity for their receptors, and then

downstream signaling pathways are

activated, including JAK/STAT, PI3K/AKT,

and RAS/Raf1/MEK pathways. These

signaling pathways play a significant role

in regulating the differentiation and

proliferation of hematopoietic stem cells

(HSCs) by inducing the transcription of

target genes such as Bcl-xl, C-myc, Cyclin

D1, Survivin, S100A8, and S100A9.
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G-CSF/GM-CSF-induced MDSCs proliferation and

mobilization differentiation

MDSCs are characterized by their myeloid origin,

immature state, and immunosuppressive ability, mainly

including M-MDSCs and PMN-MDSCs [60]. They

play key roles in the pathogenesis of cancers, chronic

infection, autoimmune diseases, and transplantation.

The amount of MDSCs is low in the circulation of

healthy individuals and their role involves the regula-

tion of immune responses and tissue repair [61]. In

cancer patients, a tumor-driven microenvironment

characterized by changes in cytokine homeostasis

arises [62], which blocks the differentiation from HSCs

to mature cell types, replacing it with a large number

of MDSCs. Various extracellular factors can induce

MDSC differentiation such as macrophage colony-

stimulating factor (M-CSF), G-CSF, GM-CSF, stem

cell factor (SCF), and others. The administration of

GM-CSF in metastatic melanoma patients significantly

increases CD14+HLA�DR�/low MDSCs in the periph-

eral blood [54]. In addition, the administration of

recombinant G-CSF in mice causes the accumulation

of Gr-1+CD11b+ MDSCs and Tregs in the peripheral

lymphoid organs [63]. In solid tumor, G-CSF and

GM-CSF trigger activating pathways that involve

JAKs and STATs. STAT3 is generally considered a

key mediator regulating MDSCs expansion, as it pro-

motes myelopoiesis and inhibits myeloid cell differenti-

ation [60]. A novel study has indicated that GM-CSF

could promote the differentiation of suppressive mono-

cytes, including M-MDSCs, through two signaling

pathways. First, a functional IFN-cR1/2 signaling

platform is formed on the cell surface that increases

synthesis of IRF-1 and allows its nuclear translocation.

Second, activation of the PI3K pathway leading to

phosphorylation of AKT, mTOR, S6, and 4E-BP1

[64]. Moreover, interferon regulatory factor-8 (IRF-8)

has been identified as an important ingredient of mye-

loid differentiation and lineage commitment. In breast

cancer patients, the level of IRF-8 declined with

increasing MDSCs frequency, implying that it nega-

tively regulates MDSCs [65]. Evidence has displayed

that tumor-derived G-CSF and GM-CSF accelerate

IRF-8 downregulation via STAT3- and STAT5-

dependent pathways [65].

G-CSF/GM-CSF-induced TANs proliferation and

activation

Neutrophils are widely present in the human periph-

eral blood circulation. Especially when the host is

injured or infected, G-CSF will mobilize and expand

neutrophils. Therefore, G-CSF has been used to sup-

port patients receiving chemotherapy [66]. But clinical

case reports have indicated that increased NLR in the

peripheral blood of cancer patients and higher NLR is

associated with more advanced or aggressive disease

[67]. Accumulating evidence found that high-density

TANs are associated with poor prognosis of solid

tumors [68]. Thus, TANs have been regarded as criti-

cal immunosuppressive cells in TME. Once TANs

accumulate in tumor tissues, they show functional

heterogeneity and the existence of two polarized states,

namely, N1 and N2 [37], similar to monocyte polariza-

tion [69]. Notably, N2-like TANs exhibit tumor-

promoting activity; however, N1-like TANs show cyto-

toxicity to tumor cells, and a majority of TANs are

characterized by the N2 phenotype.

Tumor-derived G/GM-CSF play a critical role in

the activation and differentiation of TANs. G-CSF

could induce TANs to generate NETs, which has been

confirmed to possess a dual effect on tumor growth

[44]. Moreover, the expression of Bv8/prokinectin2 in

tumor-infiltrating neutrophils was upregulated, pro-

moting tumor angiogenesis after being treated with G-

CSF [70]. OncostatinM (OSM) is a member of the IL-

6 family, which stimulates angiogenesis by enhancing

FGF-2 expression. GM-CSF could induce TANs to

secrete OSM in patients with breast cancer [67]. Hepa-

tocellular carcinoma (HCC)-derived GM-CSF acceler-

ates tumor progression through stimulating TANs to

produce hepatocyte growth factor and activate hepato-

cyte growth factor/Met axis [71]. Interestingly, a study

has revealed that in patients with lung cancer, IFN-c
and GM-CSF mediated APC-like hybrid neutrophils

generation by downregulating the ikaros transcription

factor, and these APC-like hybrid neutrophils could

differentiate into protumor TANs [72].

G-CSF/GM-CSF-induced TAMs proliferation and

activation

It has long been assumed that TAMs originate

from monocytes/macrophages generated from HSCs;

these cells are heterogeneous and versatile that

could undergo their phenotypic/function dynamics in

response to microenvironmental signals [73]. TAMs

are the primary components of TME and act as a crit-

ical role in tumor metastasis, immunosuppression, and

therapeutic resistance. TAMs are highly infiltrative

and are not terminally differentiated, thus having the

ability to polarize into distinct directions of M1 or M2

phenotype [74]. M1 macrophages secrete proinflamma-

tory cytokines such as tumor necrosis factor-a (TNF-

a), IL-12, and IL-6, which promote tumor cell killing
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by activating T-cells [75,76]. On the contrary, M2

macrophages produce several antiinflammatory cytoki-

nes such as IL-10, IL-13, IL-4, and TGF-b that pro-

mote tumor metastasis [77,78]. A majority of TAMs

are characterized by the M2 phenotype. Accumulating

evidence suggests that the M1/M2 polarization state

could be regulated by various endogenous cell signal-

ing pathways, including C-Jun N-terminal kinase

(JNK), PI3K/Akt, Notch, and JAK/STAT pathways

[79]. GM-CSF is a traditional hematopoietic stimulat-

ing factor and mainly produced by tumor and immune

cells [80]. JAK/STAT signaling is an important onco-

genes pathway in tumor cells [81-88]. STAT5 has been

linked to both M1 and M2 macrophage polarization

in different models [89] and is activated in � 31% of

TAMs [90]. GM-CSF is a well-studied activator of

STAT5 signaling [91,92]. GM-CSF-induced cell differ-

entiation and survival is via JAK2/STAT5-Bcl-2 and

PI3K pathways [93]. In vivo and in vitro data con-

firmed that the activation of the GM-CSF/STAT5 sig-

naling pathway contributes to the progression of

tumor and M2 phenotype polarization of TAMs [90].

In a mouse model of cancer, GM-CSF has been

described to induce an M1 phenotype by hyperactivat-

ing the RBP-J/Notch pathway [79]. However, evidence

also revealed that high expression of CD206, a marker

of M2 macrophages, was a salient feature of GM-

CSF-induced macrophages [94]. These results show

that the role of GM-CSF in TAMs polarization is

complex, which may be related to the synergistic effect

of other cytokines.

Prognostic role of G-CSF/GM-CSF-
induced hematopoietic dysfunction in
cancer metastasis

Normally, the development of blood cell lineages is

tightly controlled by endogenous signals that drive the

differentiation of HSCs to highly proliferative lineage-

committed progenitors [95-98]. These myeloid progeni-

tors can differentiate into iMCs, the latter migrate to

peripheral organs where they differentiate into macro-

phages, dendritic cells (DCs), or granulocytes. How-

ever, recent studies have indicated that tumors are

closely related to a profound perturbation in myelo-

poiesis. Tumor-derived factors could regulate the dif-

ferentiation of HSCs and subsequently cause

hematopoietic dysfunction [10]. As shown in Fig. 3,

among the cytokines secreted by tumors, GM-CSF

and G-CSF could not only promote the myeloid-

biased differentiation, but also induce the differentia-

tion of myeloid precursors into functional TAMs,

TANs, or MDSCs [99,100], and these cell types could

negatively regulate immune responses and facilitate

tumor metastasis and angiogenesis [60,101]. These find-

ings are consistent with clinical studies, revealing that

the concentrations of these factors are upregulated in

patients with tumor, and this level is highly correlated

Fig. 3. Tumor-promoting effects and

mechanisms of tumor-associated cells.

Tumor-associated macrophages (TAMs),

tumor-associated neutrophils (TANs), and

myeloid-derived suppressor cells (MDSCs)

are the main ingredients of the tumor

microenvironment (TME). These cell types

promote tumor invasion and metastasis

through angiogenesis, regulatory T-cell

expansion, and incomplete T-cell

activation. HSC, hematopoietic stem cell;

DC, dendritic cell; Treg, regulatory T-cell.
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with poor prognosis in various tumors, as summarized

in Table 3 [102,103].

Lung cancer is the most common malignant cancer

driven by ectopic secretion of G-CSF/GM-CSF,

including primary and metastatic types [104-107].

Increased G-CSF levels are considered to be a sign of

shortened survival in non-small-cell lung cancer

(NSCLC) patients [106,108]. Interestingly, microarray

data indicated that the expression of the GM-CSF

gene was increased in small-cell lung cancer but not in

NSCLC, implying the posttranscriptional mechanism

of cytokine accumulation [109]. Various cell types have

been considered to be a source of G-CSF/GM-CSF in

lung cancer. In particular, tumor-associated endothe-

lial cells and Gr-1+CD11b+ MDSCs are mainly respon-

sible for the secretion of these cytokines [110,111]. A

clinical study suggested that NK cells decreased, while

the accumulation of MDSCs increased in patients with

lung cancers [112]. There was evidence that PMN-

MDSCs have emerged as an independent prognostic

factor for survival in NSCLC, inhibiting the activation

of CD8+ T lymphocytes by producing high levels of

Arg-1 and inducible iNOS [113,114]. However, other

clinical research indicates that the increased percentage

of new M-MDSCs characterized by CD14+ CD15+

CD11b+ CD33+ HLA-DR� Lin� was correlated with

poor prognosis in patients with NSCLC [115]. Further-

more, monocyte and neutrophil counts were higher in

peripheral blood in lung cancer patients, especially

when these patients had histories of smoking, drinking,

and liver metastasis [112]. Smoking NSCLC patients

showed a high proportion of M2 macrophages that

induced rejection of cisplatin treatment through activa-

tion of JAK1/STAT1/NF-jB/Notch-1 and ERK1/2/

FRA-1/slug signaling pathways [116-118]. It is likely

that specific subsets of neutrophils, TANs, are associ-

ated with inactivated CD8+ T-cells, leading to poor

survival [119]. Given that G-CSF/GM-CSF may pro-

mote the progression and distant metastasis of lung

cancer, using these cytokines as adjuvant therapy

should be carefully considered.

Glioma is the most frequently occurring type of

malignant brain tumor, including glioblastoma

(GBM), the highest-grade primary central nervous sys-

tem cancer [120]. An increased ratio of NLR is a com-

mon phenomenon in GBM. GBM cells synthesize

GM/G-CSF stimulate bone marrow to shift hemato-

poiesis toward granulocytic lineages and away from

lymphocytic lineages; this shift is immunosuppressive

[121]. Increased G-CSF(R)/GM-CSF(R) levels have

been confirmed to correlate with a higher tumor grade

[122,123]. In these tumors, G-CSF(R)/GM-CSF(R)

promote progression mainly using auto-/paracrine acti-

vation of proangiogenic pathways by activating

STAT3 or increasing the expression of VEGF/VEGFR

[124-127]. In the GBM model, decreased G-CSF/GM-

CSF levels inhibit cancer cell invasion and prolifera-

tion, thereby implying the regulatory function of these

cytokines on TME [128]. In addition, it has been

shown that the accumulation of MDSCs is related to

the increase of G-CSF levels in glioma patients [129].

Patients with GBM have increased MDSC counts

(CD33+HLA-DR�) in their blood that are composed

of neutrophilic (CD15+; >60%), lineage-negative

(CD15�CD14�; 31%), and monocytic (CD14+; 6%)

subsets. And these MDSCs promote the progression of

GBM by suppressing T-cell IFN-c generation [129]. A

study indicated that the frequency of M2 macrophage/

microglia was increased in mesenchymal GBM and is

associated with mesenchymal glioma cell differentia-

tion, which induced a poor response to ionizing radio-

therapy [130].

G-CSF was initially extracted from the human blad-

der carcinoma cell line 5637, suggesting an important

Table 3. Roles of G-CSF and GM-CSF in solid cancers. G-CSF, granulocyte colony stimulating factor; GM-CSF, granulocyte/macrophage col-

ony stimulating factor; MDSC, myeloid-derived suppressor cells.

Tumor type G-CSF GM-CSF

Prostate cancer Increase cancer stem cell phenotype

Melanoma Tumorigenic Antiangiogenic or induction of MDSCs

Colorectal cancer Tumorigenic immune-independent mediated antitumor effect

Bladder carcinoma Autocrine growth

Glioma Angiogenic, induction of MDSCs, autocrine/paracrine growth

Lung cancer Angiogenic, induction of MDSCs

Hepatocellular

carcinoma

Accumulation of MDSCs, splenic EMH Accumulation of MDSCs, splenic EMH

Acute myeloid

leukemia

Proliferation of leukemia cells or provide better chemotherapy

response

Proliferation of leukemia cells or neutrophils

recovery
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role in progression of bladder malignancies [131]. An

autocrine growth occurred after G-CSFR had been

integrated into the G-CSF-secreting tumor cells from a

resected bladder carcinoma [132]. Previous studies

have revealed that bladder tumors that secrete G-CSF/

GM-CSF or express their specific receptors are uncom-

mon and have significant differences in response to

treatment [133-136]. Microarray data report that com-

pared with normal tissues, the gene expression of GM-

CSF and GM-CSFRa in bladder tumors has a statisti-

cally significant increase; on the contrary, the changes

of G-CSF and G-CSFR have not yet been found

[137,138]. A clinical study indicated that peripheral

blood mononuclear cell (PBMC) from bladder cancer

patients contain different myeloid suppressor cell sub-

sets, which produced various proinflammatory

chemokines/cytokines including CCL2, CCL3, CCL4,

IL-8, and IL-6, or inhibited T-cells proliferation by

induction of CD4+ Foxp3+ Tregs [139]. Furthermore,

an in vitro study suggested that M2 macrophages

could promote human urothelial bladder cancer

(UBC) T24 cells survival [140]. These results showed

that inflammation and immune dysfunction contribute

to the progression of bladder cancer.

Various studies suggest an increased frequency of M2

macrophages in colorectal cancer (CRC) patients, which

then induced the progression and liver metastasis of

CRC through promoting tissue remodeling, angiogene-

sis, and immune dysfunction [141,142]. Within the

TME, neutrophils polarized towards N2 subsets, which

aggravated the invasion and metastasis of CRC by the

production of MMP-9, VEGF, HGFs, and NETs [143].

Accumulating evidence has demonstrated that MDSCs

in the peripheral blood and tumor tissues are associated

with tumor stage, histological grade of cancer, and

lymph node metastases in CRC [144]. MDSCs aggra-

vated CRC resistance to immunotherapy via producing

high levels of the immune mediators Arg-1, iNOS, and

Nox2, associated with maturation and activation of T-

cells [145]. Elevated GM-CSF in plasma was found in

patients with CRC; unlike in other malignant tumors,

ectopic secretion of GM-CSF driven by demethylation

of its gene promoter has demonstrated an immune-

independent mediated antitumor effect [146]. In addi-

tion, the 5-year overall survival rate of CRC patients

whose tumors tested positive for GM-CSF/GM-CSFR

has improved [146]. In contrast, patients with colon and

rectal cancers accompanied by G-CSF-secretion have

shown a high ratio of large tumors and distal metas-

tases, and the overall survival of these patients is poor,

suggesting oncogenic effects for G-CSF [147,148].

Melanoma is a highly malignant cancer with a ten-

dency to metastasize early. A clinical case study reports

the presence of severe G-CSF secretory melanoma [149].

In vitro, although melanoma cells were found to express

the G-CSFR transcript, the enhancement of cell prolifer-

ation and invasion do not occur on G-CSF stimulation,

suggesting an absence of the G-CSFR protein [150].

However, the role of GM-CSF in melanoma is contro-

versial. In a murine melanoma model, TAMs secreted a

soluble VEGF receptor to inactivate VEGF and inhibit

angiogenesis after stimulation with GM-CSF under

hypoxic conditions [151]. Congruently, adjuvant GM-

CSF monotherapy in advanced melanoma patients

revealed a reduction in the melanoma-specific deaths

[152]. But other studies also found that there exist posi-

tive correlations between GM-CSF and tumor progres-

sion; for example, GM-CSF can exert tumorigenic

effects via mediating MDSCs infiltration in a transgenic

mouse melanoma model [153]. Multiple reports have

highlighted MDSCs as immunotherapy inhibitors of

melanoma [154]. One study has found that decreased

expression of T-cell receptor (TCR) f-chain was a major

feature of T-cell dysfunction caused by MDSCs in a

mouse model of melanoma [153]. Moreover, MDSCs

could induce macrophage reprogramming by suppress-

ing CD40/IL27 signaling, thereby promoting melanoma

progression [155]. TAMs maintain an immunosuppres-

sive M2 subset through the PD-1/PD-L1 pathway; these

M2 macrophages promote melanoma progression by

recruiting immunosuppressive cells and inhibiting T-cell

activation [156]. There was evidence that high levels of

M2 macrophages were associated with a poor prognosis

of melanoma [157,158]. Evidence suggests that extracel-

lular vesicles (EVs) derived from metastatic human mel-

anoma cell line (MV3) induce neutrophil chemotaxis,

promoting formation of NETs and ROS, driving

these cells to a protumor/N2 polarization through the

CXCR2/PI3K-Akt axis [159].

G-/GM-CSF can enhance the dissemination and

bone metastasis in prostate cancer. G-CSF increases a

cancer stem cell phenotype through upregulation of

octamer-binding transcription factor 3/4 (Oct3/4),

nanog homeobox pseudogene 8 (NANOGP8), and

ATP-binding cassette transporter G2 (ABCG2) [160].

GM-CSF facilitates bone metastasis via increasing

osteoclastic activity [161]. Emerging evidence also

reveals that Tregs inhibit the function of antigen-

presenting cells by interacting with CD80/CD86 via

their surface cytotoxic T lymphocyte-associated antigen

4 (CTLA-4) receptor, and secrete granulase B perforat-

ing protein, which suppresses the antitumor function of

T-cells [162]. The underlying mechanisms of TAMs in

the regulation of prostate cancer initiation and progres-

sion are complex. Some studies have suggested that in

prostate cancer, TAMs mediated angiogenesis and bone
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metastasis by activating CD204/NF-jB and the MFG-

E8 pathway, respectively [163,164]. The role of MDSCs

in prostate cancer is still unclear. Currently, activation

of the CD40/CD40L and PI3K/PTEN/Akt pathway,

and promotion of M2 macrophages polarization are

considered to be highly correlated with the protumor

function of MDSCs [165].

Hepatocellular carcinoma (HCC) is a primary liver

malignancy with a high global prevalence and a dismal

prognosis. Immune system instability is a major clinical

performance of HCC [166]. Bone marrow hematopoi-

esis and EMH are the two major ways for maintaining

immune system homeostasis. Notably, EMH has also

been recognized in benign or malignant hepatic tumors,

such as hepatoblastoma, hepatocellular adenoma, HCC,

and vascular tumors [167]. The spleen is an important

site for EMH and tumor immunotolerance. There was

evidence that in a murine H22 subcutaneous hepatoma

model, spleen weight was identified to be positively cor-

related with tumor weight, and the proportion of CD8+

T lymphocyte in the spleen were decreased, while the

percentages of M-MDSCs, CD11b+ F4/80+ macro-

phages and PMN-MDSCs at day 21 after tumor cell

inoculation [168]. Moreover, a study indicated that icar-

itin could induce antitumor immune responses in HCC

by inhibiting splenic MDSCs generation [169]. Recent

studies revealed that tumor-derived factors, including

GM-CSF and G-CSF, mediate systemic deviation of

hematopoiesis in extramedullary tissues such as the

spleen [2]. GM-CSF and G-CSF have been described to

cause an accumulation of MDSCs in the spleen of

HCC mice, and an increased serum GM-CSF level has

been described in patients with HCC [170]. Further-

more, a study revealed that chemerin has a protective

role in HCC by inhibiting the expression of IL-6 and

GM-CSF and MDSC accumulation [171]. These results

suggest that GM-CSF/G-CSF mediate splenic EMH

and MDSCs accumulation and play a critical role in

the progression and immunosuppression microenviron-

ment of HCC.

AML is a complex, heterogeneous hematological

malignancy caused by mutations in immature myeloid

cells differentiation and proliferation [172]. EMH in

the spleen is a characteristic feature of the chronic

myeloproliferative disorders (CMPDs) and various

other neoplastic or reactive myeloid conditions [173].

Both AML and CMPDs have a variety of underlying

cytogenetic defects; allelic losses were common in the

neoplastic EMH found in the spleens of CMPDs and

AML [174]. A study showed that in an AML mouse

model with high cyclin A1 levels, a majority of imma-

ture myeloid cells infiltrated the spleen and liver [175].

It is also of interest that the microenvironment of

spleen in an AML mouse model has a promoting

effect on the activation and accumulation of NK cells,

although the underlying mechanism is unclear [176]. A

meta-analysis revealed that treatment with chemother-

apy plus G-CSF appears to provide better survival

and treatment responses, particularly for patients with

previously untreated AML [177]. Most clinical trials

have indicated that GM-CSF accelerated neutrophils

recovery and reduced early mortality in high-risk

patients with AML [178,179]. However, the abnormal

signal transduction caused by GM-CSF/G-CSF in

AML patients was frequently reported; leukemic cells

have surface receptors for CSFs and proliferate in

response to CSFs [180]. These results suggest that a

phenomenon of splenic EMH does exist in AML, and

the effect of GM-CSF/G-CSF on AML is dual direc-

tional. There is currently no evidence that this dual

function is involved in splenic EMH.

Conclusion

Tumor-associated hematopoietic disorders work

through a feedback mechanism within the TME and

participate in the formation of the tumor immunosup-

pressive microenvironment. Based on a series of data

highlighting the interplay of tumor growth, angiogene-

sis, and hematopoietic dysregulation, it is generally

believed that abnormal hematopoiesis can accelerate

tumor progression by inducing the generation and acti-

vation of tumor-associated immunosuppressive cells.

G-CSF/GM-CSF-induced hematopoietic dysregulation

can be used as a marker of poor prognosis in various

tumors. However, it should be noted that many differ-

ent local, systemic mechanisms and regulatory path-

ways have been implicated in hematopoietic

dysregulation during tumor evolution, and the exact

mechanism of this regulation is still not fully under-

stood. Therefore, improving dysregulated hematopoi-

etic environments based on the elimination of tumor-

induced abnormal immunosuppressive cells may be a

valuable therapeutic approach.

Acknowledgements

This research was supported by Zhejiang Provincial

Natural Science Foundation of China under grant no.

LY19H280010 and LY22H160007. It was also sup-

ported by Zhejiang Provincial Key Laboratory Project

(grant no. 2012E10002).

Conflict of interest

The authors declare no conflicts of interest.

1278 FEBS Open Bio 12 (2022) 1268–1285 � 2022 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

G-CSF/GM-CSF-induced hematopoietic dysregulation in tumors K. He et al.



Author contributions

J-LG and G-Y Lv designed and revised the review, K

He, R Hoffman, X Liu and R-Z Shi wrote the manu-

script.) and G-YL (lv.gy@263.net) designed the pro-

ject. KH, RDH, XL, and R-ZS wrote the article.

References

1 Saba HI, Mufti GJ. Advances in Malignant

Hematology. Vol 416. Hoboken, NJ: Wiley-Blackwell;

2011.

2 Wu C, Ning H, Liu M, Lin J, Luo S, Zhu W, et al.

Spleen mediates a distinct hematopoietic progenitor

response supporting tumor-promoting myelopoiesis. J

Clin Invest. 2018;8:3425–38.
3 Cardier JE, Barbera-Guillem E. Extramedullary

hematopoiesis in the adult mouse liver is associated

with specific hepatic sinusoidal endothelial cells.

Hepatology. 1997;1:165–75.
4 Mendt M, Cardier JE. Stromal-derived factor-1 and its

receptor, CXCR4, are constitutively expressed by

mouse liver sinusoidal endothelial cells: implications

for the regulation of hematopoietic cell migration to

the liver during extramedullary hematopoiesis. Stem

Cells Dev. 2012;12:2142–51.
5 Albeituni SH, Ding C, Yan J. Hampering immune

suppressors: therapeutic targeting of myeloid-derived

suppressor cells in cancer. Cancer J. 2013;6:490–501.
6 Kaushansky K, Zhan H. The regulation of normal and

neoplastic hematopoiesis is dependent on

microenvironmental cells. Adv Biol Regul. 2018;69:11–
5.

7 Bronte V, Brandau S, Chen SH, Colombo MP, Frey

AB, Greten TF, et al. Recommendations for myeloid-

derived suppressor cell nomenclature and

characterization standards. Nat Commun. 2016;7:12150.

8 Chen Y, Song Y, Du W, Gong L, Chang H, Zou Z.

Tumor-associated macrophages: an accomplice in solid

tumor progression. J Biomed Sci. 2019;1:78.

9 Gabrilovich DI. Myeloid-derived suppressor cells.

Cancer Immunol Res. 2017;1:3–8.
10 Wu WC, Sun HW, Chen HT, Liang J, Yu XJ, Wu C,

et al. Circulating hematopoietic stem and progenitor

cells are myeloid-biased in cancer patients. Proc Natl

Acad Sci USA. 2014;11:4221–6.
11 Sio A, Chehal MK, Tsai K, Fan X, Roberts ME,

Nelson BH, et al. Dysregulated hematopoiesis caused

by mammary cancer is associated with epigenetic

changes and hox gene expression in hematopoietic

cells. Cancer Res. 2013;19:5892–904.
12 Wang C, Chen Y, Gao J, Lyu G, Su J, Zhang QI,

et al. Low local blood perfusion, high white blood cell

and high platelet count are associated with primary

tumor growth and lung metastasis in a 4T1 mouse

breast cancer metastasis model. Oncol Lett.

2015;2:754–60.
13 Schmitt E, Meuret G, Stix L. Monocyte recruitment in

tuberculosis and sarcoidosis. Br J Haematol.

1977;1:11–7.
14 Russell NH. Autocrine growth factors and leukaemic

haemopoiesis. Blood Rev. 1992;3:149–56.
15 Aliper AM, Frieden-Korovkina VP, Buzdin A,

Roumiantsev SA, Zhavoronkov A. A role for G-CSF

and GM-CSF in nonmyeloid cancers. Cancer Med.

2014;4:737–46.
16 Metcalf D. The colony-stimulating factors and cancer.

Cancer Immunol Res. 2013;6:351–6.
17 Mac MM, Clarke J, McCormick D, Abram WP. Use of

recombinant granulocyte-colony stimulating factor to

treat neutropenia occurring during craniospinal

irradiation. Int J Radiat Oncol Biol Phys. 1993;5:845–50.
18 Marks LB, Halperin EC. The use of G-CSF during

craniospinal irradiation. Int J Radiat Oncol Biol Phys.

1993;26:905–6; discussion 907.

19 Papadopoulos KP, Balmaceda C, Fetell M, Kaufman

E, Vahdat LT, Bruce J, et al. A phase I study of high-

dose BCNU, etoposide and escalating-dose thiotepa

(BTE) with hematopoietic progenitor cell support in

adults with recurrent and high-risk brain tumors. J

Neurooncol. 1999;2:155–62.
20 Braun B, Lange M, Oeckler R, Mueller MM.

Expression of G-CSF and GM-CSF in human

meningiomas correlates with increased tumor

proliferation and vascularization. J Neurooncol.

2004;2:131–40.
21 Hansen G, Hercus TR, McClure BJ, Stomski FC,

Dottore M, Powell J, et al. The structure of the GM-

CSF receptor complex reveals a distinct mode of

cytokine receptor activation. Cell. 2008;3:496–507.
22 Hamilton JA. Colony-stimulating factors in

inflammation and autoimmunity. Nat Rev Immunol.

2008;7:533–44.
23 Kaushansky K. Lineage-specific hematopoietic growth

factors. N Engl J Med. 2006;19:2034–45.
24 Valdembri D, Serini G, Vacca A, Ribatti D, Bussolino

F. In vivo activation of JAK2/STAT-3 pathway during

angiogenesis induced by GM-CSF. FASEB J.

2002;2:225–7.
25 Zgheib A, Lamy S, Annabi B. Epigallocatechin gallate

targeting of membrane type 1 matrix

metalloproteinase-mediated Src and Janus kinase/

signal transducers and activators of transcription 3

signaling inhibits transcription of colony-stimulating

factors 2 and 3 in mesenchymal stromal cells. J Biol

Chem. 2013;19:13378–86.
26 Giles AJ, Reid CM, Evans JD, Murgai M, Vicioso Y,

Highfill SL, et al. Activation of hematopoietic stem/

progenitor cells promotes immunosuppression within

the pre-metastatic niche. Cancer Res. 2016;6:1335–47.

1279FEBS Open Bio 12 (2022) 1268–1285 � 2022 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

K. He et al. G-CSF/GM-CSF-induced hematopoietic dysregulation in tumors



27 Lang S, Bruderek K, Kaspar C, Hoing B, Kanaan O,

Dominas N, et al. Clinical relevance and suppressive

capacity of human myeloid-derived suppressor cell

subsets. Clin Cancer Res. 2018;19:4834–44.
28 Rodriguez PC, Quiceno DG, Ochoa AC. L-arginine

availability regulates T-lymphocyte cell-cycle

progression. Blood. 2007;4:1568–73.
29 Goh CC, Roggerson KM, Lee HC, Golden-Mason L,

Rosen HR, Hahn YS. Hepatitis C virus-induced

myeloid-derived suppressor cells suppress NK cell

IFN-gamma production by altering cellular

metabolism via arginase-1. J Immunol. 2016;5:

2283–92.
30 Baban B, Chandler PR, Sharma MD, Pihkala J, Koni

PA, Munn DH, et al. IDO activates regulatory T-cells

and blocks their conversion into Th17-like T-cells. J

Immunol. 2009;4:2475–83.
31 Molon B, Ugel S, Del PF, Soldani C, Zilio S, Avella

D, et al. Chemokine nitration prevents intratumoral

infiltration of antigen-specific T-cells. J Exp Med.

2011;10:1949–62.
32 Umemura N, Sugimoto M, Kitoh Y, Saio M,

Sakagami H. Metabolomic profiling of tumor-

infiltrating macrophages during tumor growth. Cancer

Immunol Immunother. 2020;69:2357–69.
33 Bronte V. Deciphering macrophage and monocyte

code to stratify human breast cancer patients. Cancer

Cell. 2019;4:538–9.
34 Kwak T, Wang F, Deng H, Condamine T, Kumar V,

Perego M, et al. Distinct populations of immune-

suppressive macrophages differentiate from monocytic

myeloid-derived suppressor cells in cancer. Cell Rep.

2020;13:108571.

35 Tcyganov E, Mastio J, Chen E, Gabrilovich DI.

Plasticity of myeloid-derived suppressor cells in cancer.

Curr Opin in Immunol. 2018;51:76–82.
36 Jaillon S, Ponzetta A, Di Mitri D, Santoni A,

Bonecchi R, Mantovani A. Neutrophil diversity and

plasticity in tumour progression and therapy. Nat Rev

Cancer. 2020;9:485–503.
37 Fridlender ZG, Sun J, Kim S, Kapoor V, Cheng G,

Ling L, et al. Polarization of tumor-associated

neutrophil phenotype by TGF-beta: “N1” versus “N2”

TAN. Cancer Cell. 2009;3:183–94.
38 Gershkovitz M, Caspi Y, Fainsod-Levi T, Katz B,

Michaeli J, Khawaled S, et al. TRPM2 mediates

neutrophil killing of disseminated tumor cells. Cancer

Res. 2018;10:2680–90.
39 Beauvillain C, Delneste Y, Scotet M, Peres A, Gascan

H, Guermonprez P, et al. Neutrophils efficiently cross-

prime naive T-cells in vivo. Blood. 2007;8:2965–73.
40 Matlung HL, Babes L, Zhao XW, van Houdt M,

Treffers LW, van Rees DJ, et al. Neutrophils kill

antibody-opsonized cancer cells by trogoptosis. Cell

Rep. 2018;13:3946–59.

41 Jablonska J, Leschner S, Westphal K, Lienenklaus S,

Weiss S. Neutrophils responsive to endogenous IFN-b
regulate tumor angiogenesis and growth in a mouse

tumor model. J Clin Invest. 2010;4:1151–64.
42 Granot Z, Henke E, Comen EA, King TA, Norton L,

Benezra R. Tumor entrained neutrophils inhibit

seeding in the premetastatic lung. Cancer Cell.

2011;3:300–14.
43 Das A, Monteiro M, Barai A, Kumar S, Sen S. MMP

proteolytic activity regulates cancer invasiveness by

modulating integrins. Sci Rep. 2017;1:14219.

44 Park J, Wysocki RW, Amoozgar Z, Maiorino L, Fein

MR, Jorns J, et al. Cancer cells induce metastasis-

supporting neutrophil extracellular DNA traps. Sci

Transl Med. 2016;361:138–361.
45 Mishalian I, Bayuh R, Eruslanov E, Michaeli J, Levy

L, Zolotarov L, et al. Neutrophils recruit regulatory T-

cells into tumors via secretion of CCL17 – a new

mechanism of impaired antitumor immunity. Int J

Cancer. 2014;5:1178–86.
46 Mensurado S, Rei M, Lanca T, Ioannou M,

Goncalves-Sousa N, Kubo H, et al. Tumor-associated

neutrophils suppress protumoral IL-17+ gammadelta

T-cells through induction of oxidative stress. PLoS

Biol. 2018;5:e2004990.

47 Kumagai Y, Ohzawa H, Miyato H, Horie H, Hosoya

Y, Lefor AK, et al. Surgical stress increases circulating

low-density neutrophils which may promote tumor

recurrence. J Surg Res. 2020;246:52–61.
48 Vitale I, Manic G, Coussens LM, Kroemer G,

Galluzzi L. Macrophages and metabolism in the tumor

microenvironment. Cell Metab. 2019;1:36–50.
49 Pan Y, Yu Y, Wang X, Zhang T. Tumor-associated

macrophages in tumor immunity. Front Immunol.

2020;11:583084.

50 Yin M, Li X, Tan S, Zhou HJ, Ji W, Bellone S, et al.

Tumor-associated macrophages drive spheroid

formation during early transcoelomic metastasis of

ovarian cancer. J Clin Invest. 2016;11:4157–73.
51 Zhu C, Mustafa D, Zheng PP, van der Weiden M,

Sacchetti A, Brandt M, et al. Activation of CECR1 in

M2-like TAMs promotes paracrine stimulation-

mediated glial tumor progression. Neuro Oncol.

2017;5:648–59.
52 Annamalai RT, Turner PA, Carson WT, Levi B,

Kunkel S, Stegemann JP. Harnessing macrophage-

mediated degradation of gelatin microspheres for

spatiotemporal control of BMP2 release. Biomaterials.

2018;161:216–27.
53 Morales JK, Kmieciak M, Knutson KL, Bear HD,

Manjili MH. GM-CSF is one of the main breast

tumor-derived soluble factors involved in the

differentiation of CD11b-Gr1- bone marrow

progenitor cells into myeloid-derived suppressor cells.

Breast Cancer Res Treat. 2010;1:39–49.

1280 FEBS Open Bio 12 (2022) 1268–1285 � 2022 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

G-CSF/GM-CSF-induced hematopoietic dysregulation in tumors K. He et al.



54 Filipazzi P, Valenti R, Huber V, Pilla L, Canese P,

Iero M, et al. Identification of a new subset of myeloid

suppressor cells in peripheral blood of melanoma

patients with modulation by a granulocyte-macrophage

colony-stimulation factor-based antitumor vaccine. J

Clin Oncol. 2007;18:2546–53.
55 Rossner S, Voigtlander C, Wiethe C, Hanig J, Seifarth

C, Lutz MB. Myeloid dendritic cell precursors

generated from bone marrow suppress T-cell responses

via cell contact and nitric oxide production in vitro.

Eur J Immunol. 2005;12:3533–44.
56 Ogawa M. Differentiation and proliferation of

hematopoietic stem cells. Blood. 1993;11:2844–53.
57 Barreda DR, Hanington PC, Belosevic M. Regulation

of myeloid development and function by colony

stimulating factors. Dev Comp Immunol. 2004;5:509–54.
58 Chen YC, Lai YS, Hsuuw YD, Chang KT.

Withholding of M-CSF supplement reprograms

macrophages to M2-like via endogenous CSF-1

activation. Int J Mol Sci. 2021;7:3532.

59 Li HW, Tang SL. Colony stimulating factor-1 and its

receptor in gastrointestinal malignant tumors. J

Cancer. 2021;23:7111–9.
60 Gabrilovich DI, Nagaraj S. Myeloid-derived

suppressor cells as regulators of the immune system.

Nat Rev Immunol. 2009;3:162–74.
61 Draghiciu O, Lubbers J, Nijman HW, Daemen T.

Myeloid derived suppressor cells – an overview of

combat strategies to increase immunotherapy efficacy.

Oncoimmunology. 2015;1:e954829.

62 Serafini P, Borrello I, Bronte V. Myeloid suppressor

cells in cancer: recruitment, phenotype, properties, and

mechanisms of immune suppression. Semin Cancer

Biol. 2006;1:53–65.
63 Adeegbe D, Serafini P, Bronte V, Zoso A, Ricordi C,

Inverardi L. In vivo induction of myeloid suppressor cells

and CD4+Foxp3+T regulatory cells prolongs skin

allograft survival in mice. Cell Transplant. 2011;6:941–54.
64 Ribechini E, Hutchinson JA, Hergovits S, Heuer M,

Lucas J, Schleicher U, et al. Novel GM-CSF signals

via IFN-gammaR/IRF-1 and AKT/mTOR license

monocytes for suppressor function. Blood Adv.

2017;14:947–60.
65 Waight JD, Netherby C, Hensen ML, Miller A, Hu Q,

Liu S, et al. Myeloid-derived suppressor cell

development is regulated by a STAT/IRF-8 axis. J

Clin Invest. 2013;10:4464–78.
66 Lyman GH, Reiner M, Morrow PK, Crawford J. The

effect of filgrastim or pegfilgrastim on survival

outcomes of patients with cancer receiving

myelosuppressive chemotherapy. Ann Oncol.

2015;7:1452–8.
67 Mukaida N, Sasaki SI, Baba T. Two-faced roles of

tumor-associated neutrophils in cancer development

and progression. Int J Mol Sci. 2020;10:3457.

68 Gentles AJ, Newman AM, Liu CL, Bratman SV, Feng

W, Kim D, et al. The prognostic landscape of genes

and infiltrating immune cells across human cancers.

Nat Med. 2015;8:938–45.
69 Zhou J, Tang Z, Gao S, Li C, Feng Y, Zhou X.

Tumor-associated macrophages: recent insights and

therapies. Front Oncol. 2020;10:188.

70 Shojaei F, Wu X, Zhong C, Yu L, Liang XH, Yao J,

et al. Bv8 regulates myeloid-cell-dependent tumour

angiogenesis. Nature. 2007;7171:825–31.
71 He M, Peng A, Huang XZ, Shi DC, Wang JC, Zhao

Q, et al. Peritumoral stromal neutrophils are essential

for c-Met-elicited metastasis in human hepatocellular

carcinoma. Oncoimmunology. 2016;10:e1219828.

72 Lecot P, Sarabi M, Pereira AM, Mussard J,

Koenderman L, Caux C, et al. Neutrophil

heterogeneity in cancer: from biology to therapies.

Front Immunol. 2019;10:2155.

73 Yan S, Wan G. Tumor-associated macrophages in

immunotherapy. FEBS J. 2021;21:6174–86.
74 Biswas SK, Sica A, Lewis CE. Plasticity of

macrophage function during tumor progression:

regulation by distinct molecular mechanisms. J

Immunol. 2008;4:2011–7.
75 Martinez FO, Gordon S. The M1 and M2 paradigm

of macrophage activation: time for reassessment.

F1000Prime Rep. 2014;6:13.

76 Gordon S, Pluddemann A, Martinez EF. Macrophage

heterogeneity in tissues: phenotypic diversity and

functions. Immunol Rev. 2014;1:36–55.
77 Sica A, Bronte V. Altered macrophage differentiation

and immune dysfunction in tumor development. J Clin

Invest. 2007;5:1155–66.
78 Movahedi K, Laoui D, Gysemans C, Baeten M,

Stange G, Van den Bossche J, et al. Different tumor

microenvironments contain functionally distinct

subsets of macrophages derived from Ly6C(high)

monocytes. Cancer Res. 2010;14:5728–39.
79 Zhou D, Huang C, Lin Z, Zhan S, Kong L, Fang C,

et al. Macrophage polarization and function with

emphasis on the evolving roles of coordinated regulation

of cellular signaling pathways. Cell Signal. 2014;2:192–7.
80 Cali B, Agnellini A, Cioccarelli C, Sanchez-Rodriguez

R, Predonzani A, Toffolo GI, et al. GM-CSF nitration

is a new driver of myeloid suppressor cell activity in

tumors. Front Immunol. 2021;12:718098.

81 Wagner KU, Rui H. Jak2/Stat5 signaling in

mammogenesis, breast cancer initiation and

progression. J Mammary Gland Biol Neoplasia.

2008;1:93–103.
82 Schmidt JW, Wehde BL, Sakamoto K, Triplett AA,

Anderson SM, Tsichlis PN, et al. Stat5 regulates the

phosphatidylinositol 3-kinase/Akt1 pathway during

mammary gland development and tumorigenesis. Mol

Cell Biol. 2014;7:1363–77.

1281FEBS Open Bio 12 (2022) 1268–1285 � 2022 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

K. He et al. G-CSF/GM-CSF-induced hematopoietic dysregulation in tumors



83 Yu H, Jove R. The STATs of cancer–new molecular

targets come of age. Nat Rev Cancer. 2004;2:97–105.
84 Balko JM, Schwarz LJ, Luo N, Estrada MV, Giltnane

JM, Davila-Gonzalez D, et al. Triple-negative breast

cancers with amplification of JAK2 at the 9p24 locus

demonstrate JAK2-specific dependence. Sci Transl

Med. 2016;334:334–53.
85 Marotta LL, Almendro V, Marusyk A, Shipitsin M,

Schemme J, Walker SR, et al. The JAK2/STAT3

signaling pathway is required for growth of CD44(+)
CD24(-) stem cell-like breast cancer cells in human

tumors. J Clin Invest. 2011;7:2723–35.
86 Iavnilovitch E, Cardiff RD, Groner B, Barash I.

Deregulation of Stat5 expression and activation causes

mammary tumors in transgenic mice. Int J Cancer.

2004;4:607–19.
87 Creamer BA, Sakamoto K, Schmidt JW, Triplett AA,

Moriggl R, Wagner KU. Stat5 promotes survival of

mammary epithelial cells through transcriptional

activation of a distinct promoter in Akt1. Mol Cell

Biol. 2010;12:2957–70.
88 O’Shea JJ, Holland SM, Staudt LM. JAKs and STATs

in immunity, immunodeficiency, and cancer. N Engl J

Med. 2013;2:161–70.
89 Qin S, Li J, Zhou C, Privratsky B, Schettler J, Deng

X, et al. SHIP-1 regulates phagocytosis and M2

polarization through the PI3K/Akt-STAT5-Trib1

circuit in Pseudomonas aeruginosa infection. Front

Immunol. 2020;11:307.

90 Jesser EA, Brady NJ, Huggins DN, Witschen PM,

O’Connor CH, Schwertfeger KL. STAT5 is activated in

macrophages by breast cancer cell-derived factors and

regulates macrophage function in the tumor

microenvironment. Breast Cancer Res. 2021;1:104.

91 Lehtonen A, Matikainen S, Miettinen M, Julkunen I.

Granulocyte-macrophage colony-stimulating factor

(GM-CSF)-induced STAT5 activation and target-gene

expression during human monocyte/macrophage

differentiation. J Leukoc Biol. 2002;3:511–9.
92 Ghirelli C, Reyal F, Jeanmougin M, Zollinger R,

Sirven P, Michea P, et al. Breast cancer cell-derived

GM-CSF licenses regulatory Th2 induction by

plasmacytoid predendritic cells in aggressive disease

subtypes. Cancer Res. 2015;14:2775–87.
93 Lotfi N, Thome R, Rezaei N, Zhang GX, Rezaei A,

Rostami A, et al. Roles of GM-CSF in the

pathogenesis of autoimmune diseases: an update. Front

Immunol. 2019;10:1265.

94 Kittan NA, Allen RM, Dhaliwal A, Cavassani KA,

Schaller M, Gallagher KA, et al. Cytokine induced

phenotypic and epigenetic signatures are key to

establishing specific macrophage phenotypes. PLoS

One. 2013;10:e78045.

95 Kondo M, Wagers AJ, Manz MG, Prohaska SS,

Scherer DC, Beilhack GF, et al. Biology of

hematopoietic stem cells and progenitors: implications

for clinical application. Annu Rev Immunol.

2003;21:759–806.
96 Essers MA, Offner S, Blanco-Bose WE, Waibler Z,

Kalinke U, Duchosal MA, et al. IFNalpha activates

dormant haematopoietic stem cells in vivo. Nature.

2009;7240:904–8.
97 King KY, Goodell MA. Inflammatory modulation of

HSCs: viewing the HSC as a foundation for the

immune response. Nat Rev Immunol. 2011;10:685–92.
98 Doulatov S, Notta F, Laurenti E, Dick JE.

Hematopoiesis: a human perspective. Cell Stem Cell.

2012;2:120–36.
99 Marigo I, Bosio E, Solito S, Mesa C, Fernandez A,

Dolcetti L, et al. Tumor-induced tolerance and

immune suppression depend on the C/EBPbeta

transcription factor. Immunity. 2010;6:790–802.
100 Solito S, Falisi E, Diaz-Montero CM, Doni A, Pinton

L, Rosato A, et al. A human promyelocytic-like

population is responsible for the immune suppression

mediated by myeloid-derived suppressor cells. Blood.

2011;8:2254–65.
101 Gabrilovich DI, Ostrand-Rosenberg S, Bronte V.

Coordinated regulation of myeloid cells by tumours.

Nat Rev Immunol. 2012;4:253–68.
102 Katsumata N, Eguchi K, Fukuda M, Yamamoto N,

Ohe Y, Oshita F, et al. Serum levels of cytokines in

patients with untreated primary lung cancer. Clinical

Cancer Research. 1996;3:553–9.
103 Pang XH, Zhang JP, Zhang YJ, Yan J, Pei XQ,

Zhang YQ, et al. Preoperative levels of serum

interleukin-6 in patients with hepatocellular

carcinoma. Hepatogastroenterology. 2011;110-

111:1687–93.
104 Lammel V, Stoeckle C, Padberg B, Zweifel R, Kienle

DL, Reinhart WH, et al. Hypereosinophilia driven by

GM-CSF in large-cell carcinoma of the lung. Lung

Cancer. 2012;3:493–5.
105 Shalom G, Sion-Vardy N, Dudnik J, Ariad S.

Leukemoid reaction in lung cancer patients. Isr Med

Assoc J. 2010;4:255–6.
106 Fukutomi T, Kohno M, Izumi Y, Watanabe M,

Hayashi Y, Nomori H. Pulmonary pleomorphic

carcinoma producing granulocyte-macrophage colony-

stimulating factor: report of a case. Surg Today.

2012;3:288–91.
107 Bahar B, Acedil AIB, Coskun U, Buyukberber S,

Benekli M, Yildiz R. Granulocyte colony stimulating

factor (G-CSF) and macrophage colony stimulating

factor (M-CSF) as potential tumor markers in non

small cell lung cancer diagnosis. Asian Pac J Cancer

Prev. 2010;3:709–12.
108 Stathopoulos GP, Armakolas A, Tranga T, Marinou

H, Stathopoulos J, Chandrinou H. Granulocyte

colony-stimulating factor expression as a prognostic

1282 FEBS Open Bio 12 (2022) 1268–1285 � 2022 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

G-CSF/GM-CSF-induced hematopoietic dysregulation in tumors K. He et al.



biomarker in non-small cell lung cancer. Oncol Rep.

2011;6:1541–4.
109 Bhattacharjee A, Richards WG, Staunton J, Li C,

Monti S, Vasa P, et al. Classification of human lung

carcinomas by mRNA expression profiling reveals

distinct adenocarcinoma subclasses. Proc Natl Acad

Sci USA. 2001;24:13790–5.
110 Chen C, Duckworth CA, Zhao Q, Pritchard DM,

Rhodes JM, Yu LG. Increased circulation of galectin-

3 in cancer induces secretion of metastasis-promoting

cytokines from blood vascular endothelium. Clin

Cancer Res. 2013;7:1693–704.
111 Younos I, Donkor M, Hoke T, Dafferner A, Samson

H, Westphal S, et al. Tumor- and organ-dependent

infiltration by myeloid-derived suppressor cells. Int

Immunopharmacol. 2011;7:816–26.
112 Yin W, Lv J, Yao Y, Zhao Y, He Z, Wang Q, et al.

Elevations of monocyte and neutrophils, and higher

levels of granulocyte colony-stimulating factor in

peripheral blood in lung cancer patients. Thorac

Cancer. 2021;20:2680–90.
113 Liu CY, Wang YM, Wang CL, Feng PH, Ko HW,

Liu YH, et al. Population alterations of L-arginase-

and inducible nitric oxide synthase-expressed CD11b+/
CD14(-)/CD15+/CD33+ myeloid-derived suppressor

cells and CD8+ T lymphocytes in patients with

advanced-stage non-small cell lung cancer. J Cancer

Res Clin Oncol. 2010;1:35–45.
114 Barrera L, Montes-Servin E, Hernandez-Martinez JM,

Orozco-Morales M, Montes-Servin E, Michel-Tello D,

et al. Levels of peripheral blood polymorphonuclear

myeloid-derived suppressor cells and selected cytokines

are potentially prognostic of disease progression for

patients with non-small cell lung cancer. Cancer

Immunol Immunother. 2018;9:1393–406.
115 Vetsika EK, Koinis F, Gioulbasani M, Aggouraki D,

Koutoulaki A, Skalidaki E, et al. A circulating

subpopulation of monocytic myeloid-derived

suppressor cells as an independent prognostic/

predictive factor in untreated non-small lung cancer

patients. J Immunol Res. 2014;2014:659294.

116 Huang WC, Kuo KT, Wang CH, Yeh CT, Wang Y.

Cisplatin resistant lung cancer cells promoted M2

polarization of tumor-associated macrophages via the

Src/CD155/MIF functional pathway. J Exp Clin

Cancer Res. 2019;1:180.

117 Yang L, Dong Y, Li Y, Wang D, Liu S, Wang D,

et al. IL-10 derived from M2 macrophage promotes

cancer stemness via JAK1/STAT1/NF-kappaB/Notch1

pathway in non-small cell lung cancer. Int J Cancer.

2019;4:1099–110.
118 Guo Z, Song J, Hao J, Zhao H, Du X, Li E, et al.

M2 macrophages promote NSCLC metastasis by

upregulating CRYAB. Cell Death Dis. 2019;

6:377.

119 Tamminga M, Hiltermann T, Schuuring E, Timens W,

Fehrmann RS, Groen HJ. Immune microenvironment

composition in non-small cell lung cancer and its

association with survival. Clin Transl Immunology.

2020;6:e1142.

120 Waziri A. Glioblastoma-derived mechanisms of

systemic immunosuppression. Neurosurg Clin N Am.

2010;1:31–42.
121 Kast RE, Hill QA, Wion D, Mellstedt H, Focosi D,

Karpel-Massler G, et al. Glioblastoma-synthesized G-

CSF and GM-CSF contribute to growth and

immunosuppression: Potential therapeutic benefit from

dapsone, fenofibrate, and ribavirin. Tumour Biol.

2017;5:1393389867.

122 Wang J, Yao L, Zhao S, Zhang X, Yin J, Zhang Y,

et al. Granulocyte-colony stimulating factor promotes

proliferation, migration and invasion in glioma cells.

Cancer Biol Ther. 2012;6:389–400.
123 Revoltella RP, Menicagli M, Campani D.

Granulocyte-macrophage colony-stimulating factor as

an autocrine survival-growth factor in human gliomas.

Cytokine. 2012;3:347–59.
124 Brantley EC, Nabors LB, Gillespie GY, Choi YH,

Palmer CA, Harrison K, et al. Loss of protein

inhibitors of activated STAT-3 expression in

glioblastoma multiforme tumors: implications for

STAT-3 activation and gene expression. Clin Cancer

Res. 2008;15:4694–704.
125 Niola F, Evangelisti C, Campagnolo L, Massalini S,

Bue MC, Mangiola A, et al. A plasmid-encoded

VEGF siRNA reduces glioblastoma angiogenesis and

its combination with interleukin-4 blocks tumor

growth in a xenograft mouse model. Cancer Biol Ther.

2006;2:174–9.
126 Jung KH, Chu K, Lee ST, Kim SJ, Sinn DI, Kim SU,

et al. Granulocyte colony-stimulating factor stimulates

neurogenesis via vascular endothelial growth factor with

STAT activation. Brain Res. 2006;1073-1074:190–201.
127 Ohki Y, Heissig B, Sato Y, Akiyama H, Zhu Z,

Hicklin DJ, et al. Granulocyte colony-stimulating

factor promotes neovascularization by releasing

vascular endothelial growth factor from neutrophils.

FASEB J. 2005;14:2005–7.
128 Curran CS, Evans MD, Bertics PJ. GM-CSF

production by glioblastoma cells has a functional role

in eosinophil survival, activation, and growth factor

production for enhanced tumor cell proliferation. J

Immunol. 2011;3:1254–63.
129 Raychaudhuri B, Rayman P, Ireland J, Ko J, Rini B,

Borden EC, et al. Myeloid-derived suppressor cell

accumulation and function in patients with newly

diagnosed glioblastoma. Neuro Oncol. 2011;6:591–9.
130 Wang Q, Hu B, Hu X, Kim H, Squatrito M, Scarpace

L, et al. Tumor evolution of glioma-intrinsic gene

expression subtypes associates with immunological

1283FEBS Open Bio 12 (2022) 1268–1285 � 2022 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

K. He et al. G-CSF/GM-CSF-induced hematopoietic dysregulation in tumors



changes in the microenvironment. Cancer Cell.

2017;1:42–56.
131 Welte K, Platzer E, Lu L, Gabrilove JL, Levi E,

Mertelsmann R, et al. Purification and biochemical

characterization of human pluripotent hematopoietic

colony-stimulating factor. Proc Natl Acad Sci USA.

1985;5:1526–30.
132 Tachibana M, Miyakawa A, Uchida A, Murai M,

Eguchi K, Nakamura K, et al. Granulocyte colony-

stimulating factor receptor expression on human

transitional cell carcinoma of the bladder. Br J

Cancer. 1997;10:1489–96.
133 Wetzler M, Estrov Z, Talpaz M, Markowitz A,

Gutterman JU, Kurzrock R. Granulocyte-macrophage

colony-stimulating factor as a cause of paraneoplastic

leukaemoid reaction in advanced transitional cell

carcinoma. J Int Med. 1993;4:417–20.
134 Perez FA, Fligner CL, Yu EY. Rapid clinical

deterioration and leukemoid reaction after treatment

of urothelial carcinoma of the bladder: possible effect

of granulocyte colony-stimulating factor. J Clin Oncol.

2009;34:e215–7.
135 Turalic H, Deamant FD, Reese JH. Paraneoplastic

production of granulocyte colony-stimulating factor in

a bladder carcinoma. Scand J Urol Nephrol.

2006;5:429–32.
136 Ueno M, Ban S, Ohigashi T, Nakanoma T, Nonaka

S, Hirata R, et al. Simultaneous production of

granulocyte colony-stimulating factor and parathyroid

hormone-related protein in bladder cancer. Int J Urol.

2000;2:72–5.
137 Lee JS, Leem SH, Lee SY, Kim SC, Park ES, Kim

SB, et al. Expression signature of E2F1 and its

associated genes predict superficial to invasive

progression of bladder tumors. J Clin Oncol.

2010;16:2660–7.
138 Sanchez-CarbayoM, Socci ND, Lozano J, Saint F,

Cordon-Cardo C. Defining molecular profiles of poor

outcome in patients with invasive bladder cancer using

oligonucleotide microarrays. J Clin Oncol. 2006;5:778–89.
139 Eruslanov E, Neuberger M, Daurkin I, Perrin GQ,

Algood C, Dahm P, et al. Circulating and tumor-

infiltrating myeloid cell subsets in patients with

bladder cancer. Int J Cancer. 2012;5:1109–19.
140 Dufresne M, Dumas G, Asselin E, Carrier C, Pouliot

M, Reyes-Moreno C. Pro-inflammatory type-1 and

antiinflammatory type-2 macrophages differentially

modulate cell survival and invasion of human bladder

carcinoma T24 cells. Mol Immunol. 2011;12-13:1556–67.
141 Yahaya M, Lila M, Ismail S, Zainol M, Afizan N.

Tumour-associated macrophages (TAMs) in colon

cancer and how to reeducate them. J Immunol Res.

2019;2019:2368249.

142 Zhao S, Mi Y, Guan B, Zheng B, Wei P, Gu Y, et al.

Tumor-derived exosomal miR-934 induces macrophage

M2 polarization to promote liver metastasis of

colorectal cancer. J Hematol Oncol. 2020;1:156.

143 Mizuno R, Kawada K, Itatani Y, Ogawa R,

Kiyasu Y, Sakai Y. The role of tumor-associated

neutrophils in colorectal cancer. Int J Mol Sci.

2019;3:529.

144 Yin K, Xia X, Rui K, Wang T, Wang S. Myeloid-

derived suppressor cells: a new and pivotal player in

colorectal cancer progression. Front Oncol.

2020;10:610104.

145 De Cicco P, Ercolano G, Ianaro A. The new era of

cancer immunotherapy: targeting myeloid-derived

suppressor cells to overcome immune evasion. Front

Immunol. 2020;11:1680.

146 Urdinguio RG, Fernandez AF, Moncada-Pazos A,

Huidobro C, Rodriguez RM, Ferrero C, et al.

Immune-dependent and independent antitumor activity

of GM-CSF aberrantly expressed by mouse and

human colorectal tumors. Cancer Res. 2013;1:395–405.
147 Matsuda A, Sasajima K, Matsutani T, Maruyama H,

Miyamoto M, Yokoyama T, et al. Aggressive

undifferentiated colon carcinoma producing

granulocyte-colony stimulating factor: report of a case.

Surg Today. 2009;11:990–3.
148 Fujiwara Y, Yamazaki O, Takatsuka S, Kaizaki R,

Inoue T. Granulocyte colony-stimulating factor-

producing ascending colon cancer as indicated by

histopathological findings: report of a case. Osaka City

Med J. 2011;2:79–84.
149 Schniewind B, Christgen M, Hauschild A, Kurdow R,

Kalthoff H, Klomp HJ. Paraneoplastic leukemoid

reaction and rapid progression in a patient with

malignant melanoma: establishment of KT293, a novel

G-CSF-secreting melanoma cell line. Cancer Biol Ther.

2005;1:23–7.
150 Moon HW, Kim TY, Oh BR, Hwang SM, Kwon J,

Ku JL, et al. Effects of granulocyte-colony stimulating

factor and the expression of its receptor on various

malignant cells. Korean J Hematol. 2012;3:219–24.
151 Roda JM, Wang Y, Sumner LA, Phillips GS, Marsh

CB, Eubank TD. Stabilization of HIF-2alpha induces

sVEGFR-1 production from tumor-associated

macrophages and decreases tumor growth in a murine

melanoma model. J Immunol. 2012;6:3168–77.
152 Grotz TE, Kottschade L, Pavey ES, Markovic SN,

Jakub JW. Adjuvant GM-CSF improves survival in

high-risk stage iiic melanoma: a single-center Study.

Am J Clin Oncol. 2014;5:467–72.
153 Meyer C, Sevko A, Ramacher M, Bazhin AV, Falk

CS, Osen W, et al. Chronic inflammation promotes

myeloid-derived suppressor cell activation blocking

antitumor immunity in transgenic mouse melanoma

model. Proc Natl Acad Sci USA. 2011;41:17111–6.
154 Weber R, Fleming V, Hu X, Nagibin V, Groth C,

Altevogt P, et al. Myeloid-derived suppressor cells

1284 FEBS Open Bio 12 (2022) 1268–1285 � 2022 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

G-CSF/GM-CSF-induced hematopoietic dysregulation in tumors K. He et al.



hinder the anticancer activity of immune checkpoint

inhibitors. Front Immunol. 2018;9:1310.

155 Valencia JC, Erwin-Cohen RA, Clavijo PE, Allen C,

Sanford ME, Day CP, et al. Myeloid-derived

suppressive cell expansion promotes melanoma growth

and autoimmunity by inhibiting CD40/IL27 regulation

in macrophages. Cancer Res. 2021;23:5977–90.
156 Fujimura T, Aiba S. Significance of

immunosuppressive cells as a target for

immunotherapies in melanoma and non-melanoma

skin cancers. Biomolecules. 2020;8:1087.

157 Kim YJ, Won CH, Lee MW, Choi JH, Chang SE, Lee

WJ. Correlation between tumor-associated

macrophage and immune checkpoint molecule

expression and its prognostic significance in cutaneous

melanoma. J Clin Med. 2020;8:2500.

158 Salmi S, Siiskonen H, Sironen R, Tyynela-Korhonen

K, Hirschovits-Gerz B, Valkonen M, et al. The

number and localization of CD68+ and CD163+
macrophages in different stages of cutaneous

melanoma. Melanoma Res. 2019;3:237–47.
159 Guimaraes-Bastos D, Frony AC, Barja-Fidalgo C,

Moraes JA. Melanoma-derived extracellular vesicles

skew neutrophils into a protumor phenotype. J Leukoc

Biol. 2022;3:585–96.
160 Ma Y, Liang D, Liu J, Axcrona K, Kvalheim G,

Giercksky KE, et al. Synergistic effect of SCF and G-

CSF on stem-like properties in prostate cancer cell

lines. Tumour Biol. 2012;4:967–78.
161 Dai J, Lu Y, Yu C, Keller JM, Mizokami A, Zhang J,

et al. Reversal of chemotherapy-induced leukopenia

using granulocyte macrophage colony-stimulating factor

promotes bone metastasis that can be blocked with

osteoclast inhibitors. Cancer Res. 2010;12:5014–23.
162 Wu SQ, Su H, Wang YH, Zhao XK. Role of tumor-

associated immune cells in prostate cancer: angel or

devil? Asian J Androl. 2019;5:433–7.
163 Mohr A, Malhotra R, Mayer G, Gorochov G, Miyara

M. Human FOXP3(+) T regulatory cell heterogeneity.

Clin Transl Immunol. 2018;1:e1005.

164 Takeuchi Y, Nishikawa H. Roles of regulatory T-cells

in cancer immunity. Int Immunol. 2016;8:401–9.
165 Lopez-Bujanda Z, Drake CG. Myeloid-derived cells in

prostate cancer progression: phenotype and

prospective therapies. J Leukoc Biol. 2017;2:393–406.
166 Yang Z, Zi Q, Xu K, Wang C, Chi Q. Development

of a macrophages-related 4-gene signature and

nomogram for the overall survival prediction of

hepatocellular carcinoma based on WGCNA and

LASSO algorithm. Int Immunopharmacol.

2021;90:107238.

167 Noguchi H, Higashi M, Desaki R, Tasaki T,

Kirishima M, Kitazono I, et al. Adult hepatocellular

carcinoma coexisting with extramedullary

hematopoiesis. Int J Surg Pathol. 2022;3:339–45.

168 Jiang W, Li Y, Zhang S, Kong G, Li Z. Association

between cellular immune response and spleen weight

in mice with hepatocellular carcinoma. Oncol Lett.

2021;2:625.

169 Tao H, Liu M, Wang Y, Luo S, Xu Y, Ye B, et al.

Icaritin induces antitumor immune responses in

hepatocellular carcinoma by inhibiting splenic

myeloid-derived suppressor cell generation. Front

Immunol. 2021;12:609295.

170 Kapanadze T, Gamrekelashvili J, Ma C, Chan C,

Zhao F, Hewitt S, et al. Regulation of accumulation

and function of myeloid derived suppressor cells in

different murine models of hepatocellular carcinoma. J

Hepatol. 2013;5:1007–13.
171 Lin Y, Yang X, Liu W, Li B, Yin W, Shi Y, et al.

Chemerin has a protective role in hepatocellular

carcinoma by inhibiting the expression of IL-6 and

GM-CSF and MDSC accumulation. Oncogene.

2017;25:3599–608.
172 Wojcicki AV, Kasowski MM, Sakamoto KM, Lacayo

N. Metabolomics in acute myeloid leukemia. Mol

Genet Metab. 2020;4:230–8.
173 Hsieh PP, Olsen RJ, O’Malley DP, Konoplev SN,

Hussong JW, Dunphy CH, et al. The role of Janus

Kinase 2 V617F mutation in extramedullary

hematopoiesis of the spleen in neoplastic myeloid

disorders. Mod Pathol. 2007;9:929–35.
174 O’Malley DP, Orazi A, Wang M, Cheng L. Analysis

of loss of heterozygosity and X chromosome

inactivation in spleens with myeloproliferative

disorders and acute myeloid leukemia. Mod Pathol.

2005;12:1562–8.
175 Liao C, Wang XY, Wei HQ, Li SQ, Merghoub T,

Pandolfi PP, et al. Altered myelopoiesis and the

development of acute myeloid leukemia in transgenic

mice overexpressing cyclin A1. Proc Natl Acad Sci

USA. 2001;12:6853–8.
176 Yang F, Wang R, Feng W, Chen C, Yang X, Wang

L, et al. Characteristics of NK cells from leukemic

microenvironment in MLL-AF9 induced acute

myeloid leukemia. Mol Immunol. 2018;93:68–78.
177 Feng X, Lan H, Ruan Y, Li C. Impact on acute

myeloid leukemia relapse in granulocyte colony-

stimulating factor application: a meta-analysis.

Hematology. 2018;9:581–9.
178 Buchner T, Hiddemann W, Wormann B, Rottmann R,

Maschmeyer G, Ludwig WD, et al. The role of GM-

CSF in the treatment of acute myeloid leukemia. Leuk

Lymphoma. 1993;11(Suppl 2):21–4.
179 Rowe JM. Treatment of acute myeloid leukemia with

cytokines: effect on duration of neutropenia and

response to infections. Clin Infect Dis. 1998;6:

1290–4.
180 Ezaki K. Cytokine therapy for hematological

malignancies. Inte J Hematol. 1996;1:17–29.

1285FEBS Open Bio 12 (2022) 1268–1285 � 2022 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

K. He et al. G-CSF/GM-CSF-induced hematopoietic dysregulation in tumors


	Outline placeholder
	feb413445-aff-0001
	feb413445-aff-0002
	feb413445-aff-0003
	feb413445-aff-0004
	feb413445-aff-0005

	 Dif�fer�ent types of tumor-as�so�ci�ated myeloid cells and their phe�no�typic char�ac�ter�is�tics
	 Pri�mary fea�tures of abnor�mal hematopoiesis in solid tumor patients
	 HSCs
	feb413445-tbl-0001
	feb413445-fig-0001
	 MDSCs
	feb413445-tbl-0002
	 TANs
	 TAMs

	 The mech�a�nism of G-CSF/GM-CSF-in�duced hematopoi�etic dys�reg�u�la�tion
	 G-CSF/GM-CSF-in�duced HSCs pro�lif�er�a�tion and mobi�liza�tion
	feb413445-fig-0002
	 G-CSF/GM-CSF-in�duced MDSCs pro�lif�er�a�tion and mobi�liza�tion dif�fer�en�ti�a�tion
	 G-CSF/GM-CSF-in�duced TANs pro�lif�er�a�tion and acti�va�tion
	 G-CSF/GM-CSF-in�duced TAMs pro�lif�er�a�tion and acti�va�tion

	 Prog�nos�tic role of G-CSF/GM-CSF-in�duced hematopoi�etic dys�func�tion in cancer metas�ta�sis
	feb413445-fig-0003
	feb413445-tbl-0003

	 Con�clu�sion
	 Acknowl�edge�ments
	 Con�flict of inter�est
	 Author con�tri�bu�tions
	feb413445-bib-0001
	feb413445-bib-0002
	feb413445-bib-0003
	feb413445-bib-0004
	feb413445-bib-0005
	feb413445-bib-0006
	feb413445-bib-0007
	feb413445-bib-0008
	feb413445-bib-0009
	feb413445-bib-0010
	feb413445-bib-0011
	feb413445-bib-0012
	feb413445-bib-0013
	feb413445-bib-0014
	feb413445-bib-0015
	feb413445-bib-0016
	feb413445-bib-0017
	feb413445-bib-0018
	feb413445-bib-0019
	feb413445-bib-0020
	feb413445-bib-0021
	feb413445-bib-0022
	feb413445-bib-0023
	feb413445-bib-0024
	feb413445-bib-0025
	feb413445-bib-0026
	feb413445-bib-0027
	feb413445-bib-0028
	feb413445-bib-0029
	feb413445-bib-0030
	feb413445-bib-0031
	feb413445-bib-0032
	feb413445-bib-0033
	feb413445-bib-0034
	feb413445-bib-0035
	feb413445-bib-0036
	feb413445-bib-0037
	feb413445-bib-0038
	feb413445-bib-0039
	feb413445-bib-0040
	feb413445-bib-0041
	feb413445-bib-0042
	feb413445-bib-0043
	feb413445-bib-0044
	feb413445-bib-0045
	feb413445-bib-0046
	feb413445-bib-0047
	feb413445-bib-0048
	feb413445-bib-0049
	feb413445-bib-0050
	feb413445-bib-0051
	feb413445-bib-0052
	feb413445-bib-0053
	feb413445-bib-0054
	feb413445-bib-0055
	feb413445-bib-0056
	feb413445-bib-0057
	feb413445-bib-0058
	feb413445-bib-0059
	feb413445-bib-0060
	feb413445-bib-0061
	feb413445-bib-0062
	feb413445-bib-0063
	feb413445-bib-0064
	feb413445-bib-0065
	feb413445-bib-0066
	feb413445-bib-0067
	feb413445-bib-0068
	feb413445-bib-0069
	feb413445-bib-0070
	feb413445-bib-0071
	feb413445-bib-0072
	feb413445-bib-0073
	feb413445-bib-0074
	feb413445-bib-0075
	feb413445-bib-0076
	feb413445-bib-0077
	feb413445-bib-0078
	feb413445-bib-0079
	feb413445-bib-0080
	feb413445-bib-0081
	feb413445-bib-0082
	feb413445-bib-0083
	feb413445-bib-0084
	feb413445-bib-0085
	feb413445-bib-0086
	feb413445-bib-0087
	feb413445-bib-0088
	feb413445-bib-0089
	feb413445-bib-0090
	feb413445-bib-0091
	feb413445-bib-0092
	feb413445-bib-0093
	feb413445-bib-0094
	feb413445-bib-0095
	feb413445-bib-0096
	feb413445-bib-0097
	feb413445-bib-0098
	feb413445-bib-0099
	feb413445-bib-0100
	feb413445-bib-0101
	feb413445-bib-0102
	feb413445-bib-0103
	feb413445-bib-0104
	feb413445-bib-0105
	feb413445-bib-0106
	feb413445-bib-0107
	feb413445-bib-0108
	feb413445-bib-0109
	feb413445-bib-0110
	feb413445-bib-0111
	feb413445-bib-0112
	feb413445-bib-0113
	feb413445-bib-0114
	feb413445-bib-0115
	feb413445-bib-0116
	feb413445-bib-0117
	feb413445-bib-0118
	feb413445-bib-0119
	feb413445-bib-0120
	feb413445-bib-0121
	feb413445-bib-0122
	feb413445-bib-0123
	feb413445-bib-0124
	feb413445-bib-0125
	feb413445-bib-0126
	feb413445-bib-0127
	feb413445-bib-0128
	feb413445-bib-0129
	feb413445-bib-0130
	feb413445-bib-0131
	feb413445-bib-0132
	feb413445-bib-0133
	feb413445-bib-0134
	feb413445-bib-0135
	feb413445-bib-0136
	feb413445-bib-0137
	feb413445-bib-0138
	feb413445-bib-0139
	feb413445-bib-0140
	feb413445-bib-0141
	feb413445-bib-0142
	feb413445-bib-0143
	feb413445-bib-0144
	feb413445-bib-0145
	feb413445-bib-0146
	feb413445-bib-0147
	feb413445-bib-0148
	feb413445-bib-0149
	feb413445-bib-0150
	feb413445-bib-0151
	feb413445-bib-0152
	feb413445-bib-0153
	feb413445-bib-0154
	feb413445-bib-0155
	feb413445-bib-0156
	feb413445-bib-0157
	feb413445-bib-0158
	feb413445-bib-0159
	feb413445-bib-0160
	feb413445-bib-0161
	feb413445-bib-0162
	feb413445-bib-0163
	feb413445-bib-0164
	feb413445-bib-0165
	feb413445-bib-0166
	feb413445-bib-0167
	feb413445-bib-0168
	feb413445-bib-0169
	feb413445-bib-0170
	feb413445-bib-0171
	feb413445-bib-0172
	feb413445-bib-0173
	feb413445-bib-0174
	feb413445-bib-0175
	feb413445-bib-0176
	feb413445-bib-0177
	feb413445-bib-0178
	feb413445-bib-0179
	feb413445-bib-0180


