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Abstract
Macrophages are one of the first innate immune cells to reach the site of infection or injury. Diverse functions from the uptake 
of pathogen or antigen, its killing, and presentation, the release of pro- or anti-inflammatory cytokines, activation of adaptive 
immune cells, clearing off tissue debris, tissue repair, and maintenance of tissue homeostasis have been attributed to mac-
rophages. Besides tissue-resident macrophages, the circulating macrophages are recruited to different tissues to get activated. 
These are highly plastic cells, showing a spectrum of phenotypes depending on the stimulus received from their immediate 
environment. The macrophage differentiation requires colony-stimulating factor-1 (CSF-1) or macrophage colony-stimulating 
factor (M-CSF), colony-stimulating factor-2 (CSF-2), or granulocyte–macrophage colony-stimulating factor (GM-CSF) and 
different stimuli activate them to different phenotypes. The richness of tissue macrophages is precisely controlled via the 
CSF-1 and CSF-1R axis. In this review, we have given an overview of macrophage origin via hematopoiesis/myelopoiesis, 
different phenotypes associated with macrophages, their clinical significance, and how they are altered in various diseases. 
We have specifically focused on the function of CSF-1/CSF-1R signaling in deciding macrophage fate and the outcome of 
aberrant CSF-1R signaling in relation to macrophage phenotype in different diseases. We further extend the review to briefly 
discuss the possible strategies to manipulate CSF-1R and its signaling with the recent updates.

Keywords  Macrophage · Myelopoiesis · Macrophage polarization · M1 macrophages · M2 macrophages · CSF-1R · 
CSF-1R inhibitors

Introduction

Macrophages (macro, big; phage (from Greek phageîn), to 
devour/eat) are the phagocytes or the big guzzlers (eaters) 
of our immune system. They are part of the mononuclear 
phagocyte system. The mononuclear phagocyte system con-
sists of cells that originate from a common precursor in the 
bone marrow, circulate through the bloodstream, and then 
mature and activate in distinct organs or yolk-sac derived 
(brain, microglia; liver, Kupffer cells; skin, Langerhans 
cells; lung, alveolar macrophages; peritoneum, peritoneal 
macrophages) [1]. They are one of the first responders of the 
innate immune system to any infection or injury, to mediate 

pathogen engulfment [2]. Macrophages are highly malle-
able cells. Their activities, properties, nature, and functions 
change according to their immediate environment [3]. It is 
fascinating to observe that macrophages change their nature 
based on the ambiance they are present in, the signals they 
receive, need of the surrounding tissue, i.e., to kill or to 
repair. However, a plethora of phenotypes are displayed by 
macrophages (explained ahead in Sect. 3), and the two major 
activated polarized states shown by them are classically acti-
vated, pro-inflammatory M1 macrophages and alternatively 
activated anti-inflammatory M2 macrophages [4]. In healthy 
conditions, the ratio of M1/M2 macrophages is greatly con-
trolled and regulated in tissues. Generally, the M1-dominant 
phenotype is required in clearing off infections or tumor 
cells in the initial phases, and the M2-dominant phenotype 
is required in the latter phases for maintaining tissue repair 
and homeostasis [5–8]. The imbalance of inflammatory and 
anti-inflammatory macrophage phenotypes is the major cul-
prit in pathology associated with many diseases and persis-
tent infections. In Alzheimer’s disease (AD), the chronic and 
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pre-dominant, M1-mediated inflammatory response can lead 
to neuronal loss-mediated disease progression [9]. While in 
cancer, the chronic M2 phenotype or the TAM-like pheno-
type aids in disease progression [10]. Similarly, the fungi-
induced M2 subset participates in mediating lung pathology 
[11]. Various lab groups across the globe including ours 
have been exploring the effect of different environments like 
tumors, acute or chronic infections, and antibiotics on mac-
rophage activation and subsequent polarization to different 
phenotypes [12–15].

Historically, macrophage-like phagocytic cells, found in 
invertebrates, are phylogenetically ancient innate immune 
mediators [16]. For instance, when Drosophila is infected 
with bacteria, it surrounds the invading bacteria with cells 
similar to macrophages called hemocytes [17]. Hemocytes 
which phagocytize the microbes and promote coagulation of 
the surrounding hemolymph thus could be called the phylo-
genetic ancestors of macrophages. Macrophages were first 
discovered by Russian scientist Élie Metchnikoff in the late 
1990s [18].

Metchnikoff was recognized for his early discovery of 
phagocytosis in starfish larvae in 1883 [19]. In the decades 
after the 1920s, significant progress was made in describing 
macrophage biology, particularly in the murine cell culture 
models pioneered by Zanvil Cohn and co-workers [20]. The 
macrophages can be derived from murine bone marrow 
(BM) cells by culturing the BM-derived hematopoietic stem 
cells (HSCs) in the presence of colony proliferator cytokines 
like macrophage colony-stimulating factor (M-CSF/CSF-1) 
or granulocyte–macrophage colony-stimulating factor (GM-
CSF/CSF-2) [10, 21] (Table 1) (explained in Sect. 2.). The 
lushness of tissue macrophages is precisely controlled via 
the CSF-1 or M-CSF, IL-34, and CSF-1R axis. However, the 
role of CSF-1R in dictating the fate of macrophage activa-
tion to M1 or M2 is a grey area in macrophage biology.

Henceforth, it is interesting for us to sum up available 
literature to spawn a better understanding of macrophage 
polarization in health and diseases and how it concerns with 
CSF-1R axis. In this review, we have tried to sum up the 
available literature in the context of macrophage polariza-
tion in general and in relation to CSF-1R and its clinical 

implications. We have first explained the generation of 
macrophages via myelopoiesis in normal and stress/disease 
conditions, briefed about macrophage phenotypes, and their 
clinical significance, and then discussed CSF-1R and its pos-
sible connotation with macrophage polarization and clinical 
implications of dysregulated macrophage polarization and 
CSF-1R axis.

Myelopoiesis and macrophage generation

The formation of myeloid cells is called myelopoiesis. The 
center of the bones (bone marrow) produces ample amounts 
of white blood cells (monocytes, lymphocytes, neutrophils, 
eosinophils, basophils, and macrophages), red blood cells 
(erythrocytes), and platelets [22]. These blood cells are 
produced via proliferation and differentiation of pluripo-
tent hematopoietic stem cells (HSCs) (hematopoiesis). 
Hematopoietic cells are “self-renewing” and generate both 
lymphoid and myeloid progenitors. HSCs form a hierarchy 
of proliferative progenitor populations (PPPs) which get 
committed into lymphoid, myeloid, or erythroid lineages. 
HSCs generate multipotent progenitor precursors (MPPs) 
(Fig. 1). MPPs differentiate into immature lineage-biased 
progenitors—lymphoid-primed multipotent progenitors 
(LMPPs)/multilymphoid progenitors (MLPs) which differ-
entiate into common myeloid progenitors (CMPs). CMPs 
form the granulocyte monocyte progenitors (GMPs) [23]. 
The differentiation of MPPs into CMPs and then to GMPs 
is regulated by a transcription factor PU.1 [24] (ETS domain 
transcription factor encoded by Spi-1 proto-oncogene that 
activates gene expression during myeloid and B-lymphoid 
cell development).

Another transcription factor IRF8 or ICSBP1 (inter-
feron regulatory factor 8 or interferon consensus sequence-
binding protein 1) binds to the IFN-stimulated response 
element (ISRE) and regulates the expression of genes 
stimulated by type I IFNs-IFN-α/β and is involved in 
directing GMPs to form granulocyte progenitors (GPs) and 
monocyte progenitors (MPs) [25]. MPs differentiate into 
mononuclear phagocytes, i.e., monocytes, macrophages, 

Table1   Differentiation factors 
and activation stimuli to derive 
BMDMs in vitro

Activated 
phenotype

Differentiation factor/colony prolif-
erator (day 0, 3) (20–50 ng/ml)

Activation stimuli (day 6/7 +) Reference

M1 M-CSF/GM-CSF IFN-γ (20–50 ng/ml) [37–39]
M1 M-CSF/GM-CSF LPS (100 ng/ml)/IFN-γ (20 ng/ml) [37, 38, 40]
M1 M-CSF/GM-CSF IFNγ (50 ng/ml) + LPS (10 ng/ml) [37, 38, 40]
M2c M-CSF TGF-β1 (20 ng/ml) [41]
M2c M-CSF IL-10 (1 0 ng/ml) [37, 38]
M2b M-CSF IgG (immobilized) + LPS (100 ng/ml) [42]
M2a M-CSF IL-4/IL-4 + IL-13 (20 ng/ml/each) [42–45]
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and myeloid DCs. GPs generate polymorphonuclear 
phagocytes, i.e., neutrophils, basophils, and eosinophils.

In mice, the monocyte subsets show differential 
expression of chemokine receptors CCR2 and inflam-
matory monocyte marker Ly6C/Gr1 [26]. Mouse mono-
cytes are grouped in Ly6C+/Ly6Chigh/Ly6Cmiddle and 
Ly6C−/Ly6Clow subsets. The Ly6C+ monocytes could 
further be CD11b+CD115+ and CCR2highCX3CR1low, 
and Ly6C− monocytes could be CD11b+CD115+ and 
CCR2lowCX3CR1high [26, 27]. The CCR2+/high monocyte 
subset has a greater migratory/infiltration ability than the 
CCR2−/low subset. Ly-6C+ and Ly-6C− monocytes enter 
the blood from the bone marrow. Thus, CD115 (CSF-1R) 
plays an important role in the generation of both monocyte 
subsets [27–29] (Fig. 1). Macrophage colony-stimulating 
factor (M-CSF/CSF-1), one of the ligands to CSF-1R 

or CD115, is one of the key cytokines for macrophage 
generation.

CD115/CSF-1R is expressed on monocytes, macrophages, 
and mononuclear phagocyte precursors [30]. Mouse 
Ly6C + monocytes leave the bone marrow in a CCR2-depend-
ent manner. They could differentiate into Ly6C− monocytes 
in circulation which further develop into tissue-resident mac-
rophages/DCs. They are drafted to normal tissue via a LAF/
ICAM1-dependent CX3CR1/CCL3 interaction and become 
tissue-resident macrophages/DCs. Ly6C− monocytes in tis-
sue differentiate into M2-like anti-inflammatory macrophages, 
which secrete anti-inflammatory cytokines like IL-10, and 
contribute to tissue repair/remodeling and maintenance of 
tissue homeostasis [31], whereas Ly6C + monocytes demon-
strate a higher phagocytic ability and better generation of reac-
tive oxidative stress (ROS), higher secretion of inflammatory 
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Fig. 1   Normal and demand adapted or emergency myelopoiesis. The 
quiescent bone marrow-HSCs maintain the normal hematopoiesis/
myelopoiesis. Any systemic inflammation/infection/stress leading 
to the release of inflammatory cytokines, PAMPs, and DAMPs is 
sensed by HSCs. HSCs activate and differentiate to myeloid progeni-
tors. Under inflammation/infection/stress conditions, the GMPs are 

recruited to organs like the spleen in a CCR-2-dependent manner to 
carry out extramedullary myelopoiesis to meet the demand adapted 
emergency myelopoiesis. HSCs, hematopoietic stem cells; CMPs, 
common myeloid progenitors; GMPs, granulocyte monocyte progeni-
tors



133Immunologic Research (2023) 71:130–152	

1 3

cytokines like TNFα, and IL-1β, and better antimicrobial 
competence as compared to the Ly6C− monocytes. During 
inflammatory episodes, Ly6C + monocytes invade tissue via 
a VLA-1/VCAM1-dependent CCR2/CCL2 (MPC-1) interac-
tion and mature into inflammatory M1-like macrophages. M1 
macrophages secrete pro-inflammatory cytokines like TNFα, 
IL-6, IL-12, etc., and cause T cell activation [14, 26, 32].

Emergency or demand adapted myelopoiesis

In response to an inflammatory event like an infection, 
allergy, and tumor, there is an increased demand for myeloid 
cells, i.e., monocytes, macrophages, neutrophils, and DCs. 
The adaptive immune cells (T and B cells) robustly multiply/
proliferate when specific antigens are sensed by them; innate 
immune cells have the low proliferative ability and thus are 
required to be replenished from the HSCs and progenitors in 
the bone marrow. This is called stress-induced or emergency 
or demand-adapted myelopoiesis (Fig. 1).

During inflammatory episodes, the monocytes, mac-
rophages, and neutrophils are deployed from bone marrow 
to the site of infection which is essential for containing the 
pathogens [33]. The molecular mechanism dictating emer-
gency myelopoiesis is not completely understood. Emer-
gency or demand-adapted myelopoiesis is facilitated by 
activation of HSCs and progenitor cells in the bone marrow 
[34] showing a myeloid-biased differentiation during such 
conditions.

This is principally mediated by cytokines, like TNF-α, 
IL-1β, IL-6, IL-12, IFN-α, IFN-γ, M-CSF, and GM-CSF, 
and pathogen-derived factors, e.g., lipopolysaccharide 
(LPS), which are sensed by HSCs. The elevated inflamma-
tory cytokines, PAMPs/DAMPs, lead to the expansion in 
myeloid cell turnover within the bone marrow and extramed-
ullary tissues like the spleen (Fig. 1). Recently, one of the 
IL-6 family cytokines IL-27 has been reported to play a cru-
cial role in emergency myelopoiesis [35]. IL-27 is reported 
to expand lineage (Lin)− Sca-1+c-Kit+ (LSK) cells. LSK 
cells are enriched in bone marrow HSCs in cooperation 
with stem cell factor c-Kit ligand. The HSCs differentiate 
into myeloid progenitors via signal transducer and activator 
of transcription 1 (STAT1) and STAT3. Infections induce 
cytokines like IFN-γ to boost IL-27 production. IL-27, as 
discussed above, promotes the expansion and mobiliza-
tion of LSK cells, resulting in heightened myelopoiesis in 
response to infections [36].

Macrophage phenotypes

Macrophages perform several important functions in innate 
and adaptive immunity like ingestion and killing of microor-
ganisms, generation of reactive oxygen and nitrogen species, 

proteolytic digestion of ingested pathogens, and presenting 
the antigens to adaptive immune cells. Macrophages gobble 
up the dead host cells to clean up the tissue microenviron-
ment after infections or tissue injuries and maintain tissue 
homeostasis (Fig. 2). Macrophages can divide at an inflam-
matory site and thus are the imperative effector cells of 
innate immune response even after several days of infection. 
Other than immunological activities, macrophages promote 
tissue repair by inducing angiogenesis and fibrosis (forma-
tion of collagen-rich extracellular matrix (ECM)). Owing 
to the vast functions associated with macrophages, they are 
known to possess a spectrum of phenotypes. Depending 
upon the nature of activating stimuli, macrophages show 
different functional capabilities.

As macrophages are extremely plastic cells, they can 
change their functional profile through macrophage polari-
zation (Fig. 2). Macrophage polarization is the process by 
which macrophages respond to stimuli coming from the 
local microenvironment and acquire a specific functional 
phenotype. Based on specific programs of gene expression 
leading to the gain of different markers on the cellular sur-
face, the secretion of certain cytokines (Table 2), and meta-
bolic adaptations, macrophages are generally classified into 
classically activated, pro-inflammatory, or M1 macrophages 
and alternatively activated, anti-inflammatory, or M2 mac-
rophages. Below we have briefly described the major mac-
rophage phenotypes:

M1 macrophages

M1 phenotype in macrophages is induced by pathogen-asso-
ciated molecular pattern molecules (PAMPs) and cytokines 
secreted by T helper 1 (TH1) lymphocytes like IFN-γ and 
TNF-α[7].

PAMPs are derived from microorganisms, e.g., LPS, and 
are recognized by pattern recognition receptors (PRRs) of 
different kinds like toll-like receptors (TLRs), nucleotide 
oligomerization domain (NOD)-like receptors (NLRs), reti-
noic acid-inducible gene-I (RIG-I)-like receptors (RLRs), 
C-type lectin receptors (CLRs), and absent in melanoma-2 
(AIM2)-like receptors (ALRs) present in APCs like mac-
rophages[46]. From the functional point of view, M1 mac-
rophages are characterized by their ability to kill patho-
gens and present antigens to T lymphocytes for initiation 
of adaptive responses. M1 has higher expression of CD80, 
CD86, class II trans activator (CIITA), major histocompat-
ibility complex class II receptor (MHC-II), cyclooxygenase 
2 (COX-2), and inducible nitric oxide synthase (iNOS) and 
produces high levels of pro-inflammatory cytokines, such 
as TNF-α, IL1-β, IL-6, IL-12, and IL-23, and promotes 
TH1 responses[47]. The expression of these cytokines is 
mainly controlled by the activation and nuclear translocation 
of the transcription factor nuclear factor kappa-light-chain 
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enhancer of B cell (NF-κB), with STAT1, STAT3, IFN-γ 
regulatory factor 4 (IRF4), hypoxia-induced factor 1 alpha 
(HIF1α), and activator protein 1 (AP1)[4, 37, 47, 48] 
(Fig. 2).

M2a macrophages

M2a is induced by IL-4 and/or IL-13 secreted by innate 
and adaptive immune cells, mast cells, basophils, and TH2 
lymphocytes[47]. Alternatively, activated macrophages are 
characterized by an anti-inflammatory profile, which per-
mits the resolution of inflammation and tissue repair. They 
express high levels of mannose receptor (CD206) and the 

decoy receptor IL-1R as well as the IL-1R antagonist and 
produce pro-fibrotic factors such as the transforming growth 
factor-beta (TGF-β) and insulin-like growth factor-1 (IGF-
1), thus actively suppressing inflammation and promoting 
repair. Markers and effectors associated with M2 polariza-
tion include STAT6, GATA-binding protein 3 (GATA3), 
suppressor of cytokine signaling 1 (SOCS1), peroxisome 
proliferator-activated receptor gamma (PPARγ), CD163, 
and CD36, found in inflammatory zone 1 (FIZZ1), matrix 
metallo-proteinases (MMPs), and arginase 1 [4, 47, 49]. 
The increased arginase activity results in the production of 
polyamines and collagen and favors tissue remodeling and 
wound healing[50]. M2 macrophages induce angiogenesis 

IL-10

CSF-1

C
S

F
-1

R

IL
-1

0
R

1

IL
-4

IL
-4

R
1ENERGY 

STRESS

GROWTH 

FACTOR 

R
T

K

STAT-3 PPAR-α PPAR-γ STAT-6SP-1

M2

Arginase 
Efferocytosis
Angiogenesis
Pro-tumour
Homeostasis, etc.

SP-1

JAK

STAT3

AMPK

P38

PPARγ

ERK1/2

CSF-1

STAT6

JAK

PPARα

ERK

PI3K

AKT

SIP

S
IP

-1
R

T
L

R
-4

NFKB (p65/p50)

R
T

K

GROWTH

FACTOR

STAT-5

CSF-2

C
S

F
-2

R

STAT1/2

JAK1/2

Growth 

hormone 

STAT-1/2

MAPK

R
E

C
E

P
T

O
R

M1

LPS

PI3K

JNK AKT2

mTOR1

MYD88

JAK2

STAT5

NFKB

P65/P50

AKT/

ERK

TRAF6

ISRE

STAT1/2

AP1

iN
O

S

L-ARGININE

NO

iNOS
Cytotoxicity
Pathogen clearance
Anti-tumour, etc.

M2 M1

NFKB

P50,p50

NFKB 

(p50/p50)

IF
N

Monocyte

Resolving phase of infection/disease

KLF-4

SOCS3

STAT-3 STAT-1

STAT-1STAT-6

KLF-4 NFKB

SOCS-3STAT-3

NFKB
p65/p50

NFKB
p50/p50

IL-4, IL-10, TGF-β, ICs, CSF-1 IFN-γ, LPS, CSF-2 

Inhibitor

SOCS3

Healthy

IL-10

IL-4

TGF-β

VEGF

IL-1β

IL-12

IL-6

IFNα/β

TNF-α

Initial phase of infection/disease

Persistent infection
Cancer

Inflammatory disorders, etc.

Tissue scarring
Cytokine storm
Organ failure, etc.

Fig. 2   A balance of inflammatory (M1) and anti-inflammatory (M2) 
macrophages is required for a healthy immune response. Macrophage 
phenotypes play an important role in maintaining a healthy immune 
response and resolving infections and other diseases. Various factors 
induce the M1 or M2 macrophage phenotype, which is tightly reg-

ulated by transcriptional factors as depicted in the image. Any dis-
regulation in the activation of macrophage phenotypes may lead to 
chronic infections, inflammatory disorders, cytokine storm, or tumor 
escape and development to cancer
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and lymphangiogenesis by producing vascular endothe-
lial growth factor-A (VEGF-A), endothelial growth factor 
(EGF), platelet-derived growth factor (PDGF), and IL-8[51].

M2b or regulatory macrophages

M2b macrophages are induced by stimulation with immune 
complexes (ICs) and TLR ligands or by IL-1R agonists. 
These ICs and LPS induce the signaling pathways medi-
ated by NF‐κB, MAPK, PI3K/Akt, and IRF3 to actuate the 
M2b phenotype. Moreover, triggers like radiation induce 
miR‐222/GAS5 signaling to promote M2b polarization[58]. 
They produce both pro- and anti-inflammatory cytokines, 
such as IL-10, IL-1β, and TNF-α, and regulate both immune 
and inflammatory reactions.

M2c macrophages

M2c macrophages are activated by glucocorticoids or IL10 
and exhibit a strong anti-inflammatory profile by releasing 
IL-10 and TGF-β. M2c expresses high IL-10 and TGF-β and 
does not express surface FIZZ-1; instead, M2c expresses 
a regulatory surface molecule B7-H4. This macrophage 
phenotype has HIF-1α and STAT3 expression and induces 
Tregs, impeding macrophage activation and T cell prolifera-
tion [56].

M2d macrophages

M2d macrophages are one of the tumor-associated mac-
rophages (TAMs) [49]. These are induced by TLR ligands 

and A2 adenosine receptor (A2R) agonists, or by IL-6; they 
secrete high levels of IL-10, TGF-β, VEGF, and low IL-12, 
TNF-α, and IL-1β and contribute to tumor angiogenesis, 
growth, and metastasis. M2d macrophages originate from 
circulating monocytes drafted to the tumor site via CCL2, 
M-CSF, and VEGF. IL-6 along with M-CSF is known to 
induce M2d phenotype in tumor microenvironment (TME). 
Recently, it has been reported that Fra-1 upstream to IL-6 
binds to IL-6 promoter and augments IL-6 expression and 
thus causes the generation of M2d macrophages [59].

Macrophage phenotypes: their clinical significance

In the initial phases of infections, pathogenic PAMPs are 
recognized by PRRs such as TLRs, and macrophages are 
activated to pro-inflammatory M1 phenotype [46]. They pro-
duce a large amount of pro-inflammatory mediators such as 
TNF-α, IL-1β, and IL-12 and generate ROS and NO to kill 
invading pathogens and activate adaptive immunity [5, 60].

In the resolving phase of infections to protect the host 
from excessive harm and facilitate wound healing, M1 mac-
rophages undergo apoptosis or polarize to an anti-inflamma-
tory M2 phenotype and counterbalance the excessive inflam-
matory response [61] (Fig. 2).

The mechanism by which the host’s immune system is 
activated plays a decisive role in shaping the consequence 
of an infection. A suitable activation of cell-mediated immu-
nity eliminates intracellular infections; on the other hand, an 
appropriately mounted antibody-dependent humoral immune 
response mediates the elimination of extracellular infections.

Table2   Macrophage polarization, cytokines, and growth factors involved

Activated 
phenotype

Released cytokines Surface markers Transcription factors Reference

Human Mice

M1 TNF-α, IL-1β, IL-6, IL-12, IL-23 CD80
CD86 CD64
CD68
IL-1R

CD80
CD86
CD68
MHC-II

NF-κB (p65), STAT1, STAT3, IRF-4, 
HIF1α, AP1

[4, 37, 42, 52–55]

M2a IL-10, TGF-β CD209
CD200R
CD163

CD206
CD36 CD163
CD23

STAT6, GATA3, SOCS1, PPAR [4, 37, 42, 53–55]

M2b IL-10, IL-1β, IL-6, TNF- α CD86 MHC II CD80
CD86
MHCII

STAT3, IRF4, NF-κB (p50) [4, 37, 42, 53–56]

M2c IL-10, TGF- β CD163
CD206

CD14
CD150

STAT3, STAT6, IRF4, NF-κB (p50) [4, 37, 42, 53–56]

M2d IL-10, VEGF CD204
CD163
CD206
CD36
CD81
MHC-II

CD81
VCAM-1
MHC-II

STAT1, IRF3, NF-κB (p50) [47, 52–55, 57–59]
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Thus, intracellular infections require the M1-mediated 
cytotoxic T lymphocyte (CTL) response or the M1, TH1-
mediated CTL to clear off infection, while extracellular 
infections are better cleared off via M2-mediated TH2-based 
humoral response. However, we are not going to discuss T 
cell-based response here, as it is outside the scope of this 
review, and we will focus only on macrophages. If a host 
fails to mount the balanced immune axis (M1 (TH1), M2 
(TH2)), the infection persists [61]. This is partly dictated 
by the subset of macrophages which primarily phagocyte 
the pathogen and carry their endosomal degradation, sub-
sequently presenting the processed antigens to T cells. As 
discussed earlier, macrophages can exist in different pheno-
typic and functional states (M1 and M2), depending on the 
environmental cues they receive (Fig. 2).

M1, the inflammatory macrophages, mount a TH1-medi-
ated CTL response and participate in clearing off intracellu-
lar infection, while M2, the anti-inflammatory macrophages, 
mount a TH2-mediated humoral response that engages itself 
in clearing off extracellular pathogen and has a major role in 
tissue remodeling and homeostasis. Pathogens may utilize 
this as a strategy to evade the host immune mechanisms 
for their long-term survival. The balance between pro- and 
anti-inflammatory macrophages is crucial for mounting a 
proper immune response and deciding the outcome of the 
disease (Fig. 2).

We here discuss the involvement and dysregulation of 
macrophage phenotypes in various infections/diseases 
(Figs. 2 and 3) and summarize Table 3 for the diseases not 
covered in the text.

Macrophage phenotype in viral infection

It requires an M1 response to clear off the virus during the 
initial phases of infection and an M2-dominant response dur-
ing the resolving phase of infection, to save the host from 
inflammatory cytokine storm-induced damage (Figs. 2 and 
3). It is observed in highly infectious and pathogenic influ-
enza viruses and the recent coronavirus (SARS CoV-2) 
outbreak that excessive M1 response can lead to an exces-
sive release of inflammatory cytokines, leading to host tis-
sue damage and eventually multiple organ failure and death 
[75]. Thus, viral infections generating severe inflammation-
related immune-dysregulation are related to severe sickness 
and mortality in patients. M1 macrophages use strategies 
like generation of oxidative stress (ROS, NO) and produc-
tion of antiviral cytokines (IFNs), activating other immune 
cells to fight off and kill the invading virus.

Oxidative stress (NO, ROS) related to viral control or 
limitation of viral infection has been reported in the vac-
cinia virus and SARS-CoV-2. Inflammatory M1 cytokines 
TNF-α, IL-1, IL-6, IL-8, and IL-12 directly or indirectly 
contain the viral infection. Influenza A virus, human 

immunodeficiency virus type 1 (HIV1), reproductive syn-
drome virus (RSV), and classical swine fever virus are 
directly reported to be inhibited by TNF-α treatment [70]. 
IL-6, IL-8, and IL-1β have been reported to limit viral 
infections directly, whereas IL-12 secreted by M1 mac-
rophages has been reported to contain the viral infections 
indirectly by activating NK cells and promoting the naïve 
CD4+ T cell differentiation into TH1 [76, 77]. M1 mac-
rophages boost the cytotoxicity of NK cells via secretion 
of IL-1β, IFN-β, and IL-15 [78].

However, despite the antiviral activities of M1 mac-
rophages, they also play a prime role in promoting viral 
infections.

In the initial stages, pathogens like intracellular bacteria 
and viruses are delivered to permissive tissues by infected 
macrophages and are disseminated by inflammatory cell 
death of macrophages along with the release of inflamma-
tory mediators like IL-1β and IL-18 [79].

Viruses have evolved multiple strategies to evade host 
immune responses and establish an infection. Viruses cause 
inhibition of macrophage polarization to M1 and can block 
downstream antiviral response signaling to evade the host 
immune response (Fig. 3).

Herpes viruses can cause M2 polarization of mac-
rophages to evade host immune surveillance by encoding 
an IL-10 homolog known as vIL-10 which competes with 
IL-10 and binds to its receptor IL-10R [80]. vIL-10-IL-10R 
interaction causes STAT3 activation and ultimately amplifies 
the M2 response instead of the required M1 [81].

A similar strategy has been employed by the hepatitis 
C virus (HCV), which encodes an E2 protein. E2 upregu-
lates STAT3 phosphorylation and downregulates SOCS3 
expression, leading to enhanced IL-10 and skewing immune 
response to an immunosuppressive M2 type, favorable for 
viral replication [82].

African swine fever virus (ASFV) lowers the expres-
sion of iNOS causing NO suppression, leading to its sur-
vival in the infected macrophage [83]. Myxoma virus 
(MYXV) employs an interesting strategy of encoding the 
viral homolog of CD200, i.e., viral OX2 or vOX2 encoded 
by viral gene M141R [84] and the viral homolog of CD47 
encoded by viral M128L, which are inhibitory regulators or 
suppressors of M1 phenotype and thus suppresses the M1 
polarization [85]. Similarly, the herpes simplex virus type 1 
(HSV-1) increases the expression of PD-L1/PD-1 and inhib-
its STAT1 activation, thus inhibiting M1 polarization and 
increasing viral survival [86, 87]. Other than these, viruses 
can suppress the inflammatory cytokine production during 
the initial phases of infection to establish infection. HIV-1 
encodes Nef and Gag proteins. Nef enhances MHC-I deg-
radation leading to its reduced expression on cell surface, 
thus causing impaired antigen presentation [88]. Moreover, 
if macrophages are treated with IL-4/IL-13 (M2 stimulants), 



137Immunologic Research (2023) 71:130–152	

1 3

IL-10

IL
-1
0
R

HSV

HCV

STAT3

IL
-1
0
R

vIL-10

STAT-1

MYD88

TRAF6

MAPK

PD-L1

NFKBAP-1

HSV-1

IFN-γR

JA
K
1

JA
K
2

IL-1R

TLR-4

MYXV

C
D
2
0
0
R

iNOS

ASFV

SHP1/2

M1 M2

P

NO SOCS3 IL-10

MHC-1

HIV-1

MTB

TGF-β

T
G

F
-β

 R
1

T
G

F
-β

 R
2

Smad 2/3

DD, TRADD, FADD

R
IP

Caspase-8,3

Apoptosis 

BID

P15

G1 arrest

STAT3

TME

HCV

E2 P 

Nef

vIL-10

MIF

vOX2

Fig. 3   Pathogens and tumor cells cause a dis-regulation in the genera-
tion of macrophage phenotypes to escape the immune system. ASFV, 
African swine flu virus; MTB, mycobacterium tuberculosis; MYXV, 
myxoma virus; HSV, herpes simplex virus; HIV, human immunode-
ficiency virus; HCV, hepatitis C virus; TME, tumor microenviron-
ment; DD, death domain; TRADD, TNFR1-associated death domain; 

FADD, Fas-associated protein with death domain; BID, BH3 interact-
ing domain death; MYD88, myeloid differentiation primary response 
88; TRAF6, TNF receptor-associated factor 6; MAPK, mitogen-
activated protein kinase, SHP, protein tyrosine phosphatase; vOX2, 
CD200 viral analogue; vIL-10, viral IL-10 analogue; E2P, E2 viral 
protein; nef, HIV viral protein; MIF, migration inhibition factor

Table 3   Diseases and associated macrophage phenotype

Disease Associated macrophage phenotype Dysregulated cytokines aiding in the 
pathogenesis

Reference

Non-alcoholic fatty liver disease and 
non-alcoholic steatohepatitis

Hyperactivated Kupffer cell, circulatory 
monocyte-derived macrophage

TNF-α, IL-1β, IL-6, TGF-β [32, 62]

Cardio-vascular diseases- atherosclerosis M1foam cells, M2, M2b, M2c IL-10, TGF-β, IL-37 [63, 64]
Alzheimer’s disease Activated microglia (M1) IL-1β, IL-18, TNF-α, IL-6 [9, 65]
Type 2 Diabetes M1-like macrophage in pancreatic tissues, 

inhibiting insulin secretion, islet destruc-
tion Adipose-derived macrophages 
(ATM)

TNF-α, IL-6, IL-1β [66]

Burns Mild burn: M1
Moderate and severe burn injury: M2b

IL-12, IL-10 [58]

Alcoholic liver disease Hyperactivated inflammatory Kupffer cell, 
circulatory monocyte-derived M1

TNF-α, IL-6, IL-8, and IL-18, low IL-10 [32, 67–69]

Viral/bacterial/parasitic infection M1 acute phase; M2 chronic phase; M2b TNF-α, IL-12, IL-1β, IL-6, IL-10, TGF-β [58, 70, 71]
Chronic fungal infection M2 IL-4, IL-13 [72, 73]
Major depressive disorder Activated microglia (M1) IL-6, TNF-α, IL-8, I L-12 [74]
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it augments Ebola virus (EV) glycoprotein-dependent infec-
tion in murine peritoneal macrophages [89].

Thus, the key macrophage phenotype required for viral 
clearance is M1 in the initial stages and M2 in the resolving 
phases. The viruses have evolved the strategies to overcome 
M1-mediated viral clearance and generation of an adaptive 
immune response, to successfully establish an infection. 
If M1 is activated for a prolonged time, the excess of pro-
inflammatory cytokines (cytokine storm) may cause multiple 
organ failures. If M2 is activated and becomes dominant 
during the initial phases of infection, the virus may persist 
and cause severe infection. The M1/M2 misbalance created 
by the invading virus thus costs the host infection and some-
times an eventual death.

Macrophage phenotype in bacterial infection

M. tuberculosis drives the macrophage polarization from 
M1 to M2 by blocking the NO metabolism, as an escape 
strategy [90] (Fig. 3). Biswas et al. reported that in the pres-
ence of a porin from Shigella spp., macrophages demon-
strated increased MHC-II, CD80, and CD40 expression 
accompanying increased release of TNF-α and IL-12 indi-
cating M1-like macrophage generation [91]. Recognition by 
PRRs and phagocytosis facilitates consequent degradation 
of the antigens. Cell wall components of bacteria activate 
cell surface TLRs and NLRP1, and DNA activates TLR9, 
while other proteins may activate AIM2, TLR5, and NLRC4 
inflammasome leading to secretion of multiple inflammatory 
cytokines [92].

The inflammasome is a characteristic of M1 macrophages 
[93] and is authoritative for killing the internalized microbe 
along with the release of inflammatory mediators like IL-1β/
IL-18.

Recognition thus leads to the generation and release of 
inflammatory mediators like cytokines, fatty acid metabo-
lites, and free radicals. Many PRR activators and mediators 
also participate in the activation of inflammasome assem-
bly that induces caspase-1, required to cleave pro–IL-1β to 
secretory IL-1β. Infection with Shigella flexneri is reported 
to activate NLRP1, NLRP3, and NLRC4 [94]. It is also 
reported that inflammasome activation following S. flexneri 
infection induces pyroptotic cell death in macrophages [95].

M1 macrophages, being high in co-stimulatory mol-
ecules, particularly CD40 are expected to prime the T cell 
response more specifically to TH1 and subsequently to 
CD8+ cytotoxic T cells. However, M2 macrophages prime 
the T cells to mount TH17, Treg, or TH2 responses. The 
pro-inflammatory M1 macrophages are associated with host 
protection during acute infections. It has been observed that 
mice deficient in IL-12, TNF-α, and IFN-γ and their respec-
tive receptors are generally prone to bacterial infections and 
may die [96].

The pathogens, like Leishmania, Salmonella, Shigella, 
Mycobacterium, Chlamydia, and Escherichia spp., require 
macrophages to be M1 polarized during initial phases to 
limit the infection.

However, the bacteria have also evolved strategies to 
evade host immune response, and they can modulate the 
host macrophage gene profile in their favor.

Mycobacterium tuberculosis (MTB) has been reported 
to modulate the gene expression relating to the M1 pro-
gram. Tuberculosis patients have been reported to have 
dominant M2-type patterns [97], which could aid in the 
occurrence of chronic, latent, or secondary infections. Our 
lab has been exploring the host–pathogen interactions of 
chlamydial infection in a mouse model. Processed data from 
our lab indicates that Chlamydia trachomatis evades the host 
immune system by altering the host macrophage polariza-
tion program, CD40 signaling, and makes it biased towards 
M2 like during long-term or chronic infections. Similarly, 
we are exploring the effect of antibiotic treatment during 
intracellular infections and have found that immunomodulat-
ing antibiotics like azithromycin can bias the host immune 
system towards an anti-inflammatory M2 type program and 
can cause inefficient bacterial clearance from the host (pro-
cessed lab data, unpublished). The visible disease symp-
toms can disappear due to the antibiotic-aided lowering of 
the bacterial load, but a small persistent population can still 
be present dormant in the host accounting for later second-
ary infections as observed in MTB. Nitric oxide (NO) is an 
important feature of M1 polarization. The reactive nitro-
gen species is imperative for causing oxidative stress to kill 
internalized bacteria like Salmonella [98]. Antibiotics like 
azithromycin have been observed to lower the NO release by 
murine macrophages and thus could aid in inefficient bacte-
rial clearance (processed lab data, unpublished).

M1 polarization backs resistance to intracellular bacteria 
and limits the acute phase of infection. However, sustained 
M1 polarization is lethal for the host (Fig. 2). This is best 
understood in sepsis. Sepsis demonstrates an uncontrolled 
systemic inflammatory response as a result of immune dys-
regulation. This leads to tissue damage and multiple organ 
failure, as also observed in an advanced stage of bacterial 
sepsis [99]. Severe septic patients have been reported to have 
high systemic concentrations of M1 or pro-inflammatory 
cytokines which co-relate with a high rate of mortality 
[100]. Thus, to balance the deleterious effects of the M1 
phenotype, macrophages are M2 biased during the resolving 
phases of infection.

However, in chronic infections, the macrophage repro-
grams towards an M2 profile; e.g., chronic brucellosis 
demonstrates IL-10-mediated M2 polarization [101], 
chlamydial infections have also been observed to cause IL-
10-mediated M2 polarization, and bacteria are observed to 
actively replicate in M2-like macrophages (processed lab 
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data, unpublished). Thus, a balance of M1 and M2 pheno-
types and their timely activation and dominance is critical 
for resolving bacterial infections as well as saving the host 
from inflammatory damage.

Macrophage phenotype in cancer

Like intracellular infections, the balance of M1 and M2 phe-
notypes is crucial for the elimination or escape of tumor 
cells in the host (Figs. 2 and 3). Generally, M1 macrophages 
are required in the initial phase of tumor development to slay 
the aberrant cells. The M2 macrophages are required to sub-
due the deleterious effects of the inflammatory storm and to 
save the host from sustained inflammation. But tumor cells 
create their microenvironment and evade the host immune 
response by immunomodulating strategies like the gen-
eration of pre-cancerous macrophage phenotype [49]. The 
macrophage phenotype primarily associated with tumors is 
known as TAM [49, 102].

TAMs are abundant immune cells in cancer and employ 
a strong influence on tumor initiation, progression, and 
metastasis [57] (Fig. 3). TAMs secrete cytokines such as 
IL-10 and TGF-β to suppress T cell-dependent antitumor 
functions [41, 49, 57, 103–105]. The bone marrow-derived, 
circulating inflammatory Ly6C+CCR2+ monocytes give rise 
to TAMs [106]. These monocytes are recruited to the tumor 
tissue, and there they differentiate into TAMs. Initially, the 
inflammatory monocytes show an increased expression of 
CD11c and a decreased expression of Ly6C; i.e., they are 
CD11chigh and Ly6Clow via recombination signal binding 
protein for immunoglobulin kappa J region (RBPJ)-mediated 
notch signaling [107].

In the latter phase of differentiation, RBPJ induced 
upregulation of MHC-II, and downregulation of CD11b is 
observed in these monocytes [106]. Vcam1 is also upregu-
lated significantly later on the inflammatory monocytes 
[108]; eventually, CCR2+ inflammatory monocytes differ-
entiate to Ly6C−CD11c+MHCII+CD11blowVcam1+ TAMs 
[109]. TAMs can further differentiate tumors according to 
the local stimuli received. TAMs can be polarized into pro-
inflammatory (M1-like) and anti-inflammatory (M2-like) 
under the stimuli of different tumor microenvironments 
(TME) [110]. Landry et al. using single-cell RNA sequenc-
ing (scRNA seq) data and cell trajectory analysis reported 
that TAMs evolve towards a pro-inflammatory state in 
human glioblastoma, while peripheral TAMs develop an 
anti-inflammatory phenotype [111].TAMs are polarized 
towards a conventionally activated endotype in colorectal 
cancer and produce pro-inflammatory cytokines like IFNγ, 
which trigger cytotoxic CD8+ T cell responses to enhance 
tumor elimination [112].

The creation of a macrophage migration inhibitor factor 
(MIF) is another mechanism by which TAMs can kill tumor 

cells [113]. MIF activates the key tumoricidal mechanisms. 
MIF is known to induce tumor cell killing via phagocyto-
sis [114] and the release of apoptosis-inducing TNFα and 
IL1β [115]. In addition to blocking macrophage recruit-
ment, TAMs release IL-18 and IL-22 in tumor milieu, and 
it has been linked to tumor cell death by boosting cytokine 
production (especially IFN-γ and IL-2) and by augmenting 
the cytotoxic activity of NK cells [116]. TAMs have been 
reported to be significant factors of prognostic response to 
postsurgical adjuvant chemotherapy (chemotherapy after 
the primary treatment), usually surgery in pancreatic can-
cer due to TAM re-education to slow tumor development 
[117]. However, other than the M1 TAMs, the existence of 
M2 TAMs in TME contributes to the maintenance of an 
immunosuppressive environment [118], which could be pro-
cancerous. The dominance of M2 TAMs is one of the key 
causes for the formation of the immunosuppressive-TME. As 
tumors progress, the immunosuppressive factors like PGE2, 
IL-10, and TGF-β are secreted by cancer cells [49, 119, 
120]. The excessive presence of these cytokine in the TME 
eventually impairs the M1-mediated immune responses, 
which are required for killing the tumor cells. The cross-talk 
between the different cytokines released by tumor cells and 
macrophages can further aid to the formation of pro-can-
cerous, immunosuppressive TAMs. This cross talk of mac-
rophage cytokines and dual role of TAMs, leading to tumor 
escape or elimination, have been beautifully described by 
Challagundla et al. recently [49]. IL-4 and TGF-β secreted 
in TME can decrease the IL-12 secretion by macrophages 
and thus hamper the proliferation of NK cells and cytotoxic 
T cells, which are imperative to kill tumor cells. Addition-
ally, necrotic tumor cells produce, immunosuppressive fac-
tors like IL-10 and S1P, which polarize the macrophages to 
M2 TAMs with reduced iNOS and NO. These deviations 
caused by TAMs play a vital role in immunosuppression and 
eventually tumor progression. Thus, TAMs play a dual that 
is both anti- and pro-cancerous role in TME, and a balanced, 
timely activation of required TAM phenotype could cause 
the elimination of tumors. On the other hand, inhibition of 
over-dominant M2 TAM generation can slow down tumor 
progression [110, 112, 121].

CSF-1R is expressed on monocytic cells; thus, block-
ing CSF-1R could directly inhibit TAMs generation. The 
humanized anti-CSF-1R antibody emactuzumab (RG7155) 
reduced TAM infiltration and enhanced CD8+ T cell growth 
in mice when used as a single agent [122]. Emactuzumab 
administration to patients resulted in a significant reduction 
of TAMs in tumor tissue, resulting in a significant therapeu-
tic benefit for patients with diffuse-type giant cell tumors 
[123]. Moreover, our group has recently reported that ber-
berine can restore the imbalanced, anti-inflammatory, pro-
cancerous M2 macrophage phenotype to pro-inflammatory, 
anticancerous phenotype M1 [10], resulting in decreased 
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tumor progression in berberine-treated mice. Hence, this 
signifies the importance of macrophage phenotypes in tumor 
progression or elimination.

Macrophage phenotype in allergies

Histamine is said to be the major culprit of allergic reac-
tions [124]. Mast cells and basophils principally produce 
histamines. Macrophages are too reported to produce hista-
mines [125]. If we talk about the pathogenesis of allergies 
and allergy-induced diseases, majorly alternatively activated 
macrophages or M2 are associated with it [126, 127].

In vivo studies by Naruhito Iwasaki et al. showed that 
macrophages produce histamine [128]. Macrophages inter-
acted with antigen-specific TH2 cells to produce histamine 
in the culture supernatant. The authors further demonstrated 
that macrophages in association with TH2 cells caused aller-
gic rhinitis in the mouse model. Allergic asthma is marked 
by the occurrence of high IL-4 and IL-13 levels which are 
known as M2 polarization inducers [128].

The role of M2 macrophages during allergic lung inflam-
mation has been studied in the mouse model. To confirm 
the role of M2, allergic inflammation-induced mice were 
treated with an M2 polarization inhibitor during induction 
of allergy. The M2 inhibitor-treated mice developed less 
severe eosinophilia (increase in the number of eosinophils), 
mediated lung inflammation, and less collagen-mediated 
scarring in airway tissue. However, the M2 inhibition can 
shift eosinophil-mediated lung airway inflammation towards 
neutrophilic inflammation and aggravate airway hyper-
responsiveness (exaggerated obstructive airway response). 
Thus, M2 macrophages are found to be associated with the 
development of eosinophil-mediated lung inflammation as 
well as prevent the development of neutrophil-mediated 
lung inflammation. This study also suggested that M2-like 
phenotype of macrophages contributes to determining the 
development of eosinophilic or neutrophilic lung inflam-
mation in asthma [129]. Thus, a continued M2-mediated 
TH2 response can cause allergic inflammation and add to 
allergy-associated pathogenesis in various allergic diseases.

Macrophage phenotype in tissue injury and repair

For healing of injured, inflamed tissues, macrophages (tis-
sue-resident as well as circulatory) are essential. Inflam-
mation, proliferation, and remodeling are the overlapping 
stages of tissue repair and healing. Macrophages participate 
in all these stages and follow a transition of phenotypes from 
inflammatory to homeostatic as the healing progresses. If 
there is any dysregulation in macrophage function and 
phenotype transition, it messes up the healing or fibrosis 
and leads to pathological conditions, e.g., lung scarring, 
and chronic no-healing wounds can lead to cancer [130]. 

Tissue-resident macrophages (TRMs) originate from the 
yolk sac and fetal liver during embryonic development and 
persist in many tissues via self-renewal [131].

To maintain tissue homeostasis, TRMs mop up the dying, 
apoptotic cells. TRMs also respond to toxins, particulates, 
and pathogens found in the tissue’s local microenvironment 
[132]. Whenever there is any tissue injury, the BM-derived 
monocytes are recruited to the site of injury, and there they 
get differentiated into monocyte-derived macrophages 
(MoMs) [132].

Through an injury, both the TRMs and MoMs play sepa-
rate roles. While the resolution phase of inflammation or 
any injury is going on, both TRMs and MOMs share a fate 
of death or self-renewal.

TRMs may repopulate the niche there in the healing tis-
sue via self-renewal. With time, the recruited MoMs and 
the TRMs seem to develop similarities in phenotypes. Dur-
ing tissue injury, the invading pathogens, and the dying 
cells undergoing necroptosis/pyroptosis/apoptosis, release 
PAMPs and DAMPs that activate inflammatory signaling 
pathways in macrophages [132] to clear off any infection or 
aberrant cell growth or toxins. Thus, again like any infec-
tion or aberrant condition, an M1 macrophage phenotype 
is required in the initial phases, and an M2 phenotype is 
required in the resolving phases. Our immune system has 
devised a perfect way to maintain the healthy balance of the 
killer macrophages (M1) and the healer macrophages (M2), 
to tackle any injuries or inflammation (sterile or infection 
mediated). Satoshi Watanabe et al. have proposed two mod-
els for tissue repair.

5a. Macrophage phenotype in passive 
macrophage repair

Satoshi Watanabe et al. proposed that in the passive mac-
rophage repair model, there is observed a progressive dif-
ferentiation of MoMs. As tissue regeneration progresses, 
the promotion of the transition of MOMs into TRM-similar 
phenotypes is restored. These transitioning macrophages are 
homeostatic, as more transitioning happens, it speeds up the 
tissue repair. This leads to the generation of a positive feed-
forward loop of tissue healing, and homeostatic macrophage 
generation is formed, which progresses the tissue repair. 
This restores the tissue homeostasis, and injured tissue is 
healed [132, 133]. These macrophages develop a capacity 
for self-renewal and persist in tissue after resolution through 
downregulation of transcription factor V-MAF muscu-
loaponeurotic fibrosarcoma oncogene homolog B (MAFB, a 
basic leucine zipper (bZIP) transcription factor, plays role in 
development and regulation of lineage-specific hematopoie-
sis) [134, 135]. It includes the upregulation of molecules that 
interact with the epithelium to promote homeostasis, e.g., 
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include receptor/ligand pairs CD200/CD200R, signal regu-
latory protein-α (SIRPα)/CD47, and GM-CSF/GM-CSF-R 
and immune/epithelial E-cadherin interactions.

5b. Macrophage phenotype in active 
macrophage repair

In the active repair model as proposed by Satoshi Watan-
abe et al., MoMs respond to the stimuli received from their 
immediate tissue microenvironment (TME).

They secrete factors to drive active tissue repair. The 
MoMs interact with TME via the uptake of apoptotic cells, 
Tregs, pathogens, and epithelial cells. The MoMs might 
promote inflammation resolution by secreting anti-inflam-
matory, pro-repair factors like metabolic intermediates, pro-
resolution lipid mediators, anti-inflammatory cytokines, and 
matrix remodeling proteins, e.g., anti-inflammatory mole-
cules (IL-10 and TGF-β), growth factors (VEGF, PDGFA), 
matrix metallo-proteinases (MMP-8, -10, -28), and osteo-
pontin (osteopontin is a matricellular protein that plays 
important role in chronic inflammatory and autoimmune 
diseases) [132, 133].

Colony‑stimulating factor‑1 
and macrophage differentiation

As discussed above for the production of granulocytes and 
macrophages, colony-stimulating factors (CSFs) or hemat-
opoietic growth factors ally to effectuate the production and 
maintenance of these demand-driven cells by widely scat-
tered deposits of marrow cells [136, 137].

There are four types of CSFs, i.e., granulocyte–mac-
rophage colony-stimulating factor (GM-CSF), granulocyte 
colony-stimulating factor (G-CSF), macrophage colony-
stimulating factor (M-CSF/CSF-1), and multipotential col-
ony-stimulating factor also termed as IL-3(interleukin-3).

We are going to focus on CSF-1/M-CSF in this review. 
These hematopoietic growth factors belong to the family 
of glycoproteins. The CSF-1 or M-CSF is encoded by the 
CSF-1 gene and is secreted by endothelial cells, osteoblasts, 
fibroblasts, bone marrow stromal cells, astrocytes, myo-
blasts, keratinocytes, and mesothelial cells [138].

The human CSF-1 gene is present on chromosome 1 and 
is of about 21 kilobase pairs. Human CSF-1 mRNA codes 
for a precursor protein of 522 amino acids, whereas murine 
gene codes a 520 amino acids precursor having 60% homol-
ogy to humans [139]. The N-terminal of CSF-1, which is 
imperative for its biological activity, is conserved in the 
human and murine CSF-1 genes [140]. CSF-1 has various 
functions like promoting the proliferation, survival, and 
differentiation of mononuclear phagocytic cells. It has also 

been reported to promote cytoskeletal reorganization and 
osteoclast migration [141] (Fig. 4).

The CSF-1 gene is alternatively spliced to give two bio-
logically active forms, membrane-bound, and a secreted 
form. The ectodomain of membrane-bound CSF-1 could 
also be cleaved by metalloprotease disintegrin and metallo-
proteinase domain-containing protein 17/TNF-α-converting 
enzyme (ADAM 17/TACE), to generate soluble CSF-1. 
CSF-1 is a ligand to CSF-1R/cFMS which is expressed 
on a wide variety of cells like multipotent hematopoietic 
cells, mononuclear phagocyte progenitor cells, monocytes, 
tissue macrophages, and osteoclasts. It is a homo-dimeric 
type III receptor tyrosine kinase (RTK) and is encoded by 
cfms proto-oncogene. CSF-1R has an extracellular domain 
that binds to the ligand (CSF-1, IL-34), a transmembrane 
domain, and an intracellular domain having kinase activ-
ity [142]. CSF-1 when binds to the CSF-1R the Src and 
phosphoinositide-3-kinase (PI3-K) interact with the CSF-
1R and mitogen-activated protein kinase (MAPK), and Akt 
pathways are activated [143]. CSF-1R controls the differen-
tiation of myeloid progenitors into monocytes, macrophages, 
dendritic cells, and bone-resorbing osteoclasts [141] (Fig. 4).

We will focus on the monocyte-macrophage-CSF-1 dif-
ferentiation axis according to the scope of our review. The 
known CSF-1R ligands are CSF-1 and IL-34. The normal 
detected concentration CSF-1 in serum is around 8–10 ng/ml 
[144]. CSF-1 binding auto-phosphorylates CSF-1R on vari-
ous tyrosine residues (8 intracellular domain tyrosines: jux-
tamembrane domain Tyr-559 and Tyr-544, Tyr-697, kinase 
insert domain Tyr-706, Tyr-721 and carboxy-terminal tail 
Tyr-807, Tyr-921, Tyr-974) [145].

These phosphorylations create docking sites where dif-
ferent signaling molecules bind and different signaling 
pathways are activated. Phosphorylation of Tyr-559 acti-
vates Src family kinases and MAPK, extracellular signal 
regulated kinase (ERK) 5 [146] (via Tyr-561(human)/Tyr-
559(mouse)). Tyr-721 phosphorylation of CSF-1R activates 
PI3K. Tyr-807 phosphorylation activates MAPK, ERK1, 
and ERK2, and recruited Grb2 by phosphorylated Tyr-921/
Tyr-697 activates other signaling pathways. The structure of 
CSF-1R CSF-1R is the only RTK (receptor tyrosine kinase) 
that is regulated by two different cytokines, colony-stimu-
lating factor 1 (CSF-1) and interleukin-34 (IL-34), both of 
which have identical four-helix bundle folds despite their 
different sequences and levels of spatio-temporal expression 
[147, 148].

The extracellular domain of CSF-1R is separated from the 
intracellular cytoplasmic region. The extracellular domain 
contains immunoglobulin (Ig)-like domains, a linker region, 
and a single-pass transmembrane helix to which ligands bind 
[141].

The first three N-terminal Ig domains (D1–D3) are 
involved in ligand recognition, while the next two Ig 



142	 Immunologic Research (2023) 71:130–152

1 3

domains (D4–D5) are involved in ligand-receptor complex 
stabilization (Fig. 4).

Two kinase domains, a kinase insert, a juxtamembrane 
domain, and a carboxyl-terminal tail make up the cytoplas-
mic domain posttranslational changes to CSF-1R include 
phosphorylation and glycosylation [149]. CSF-1R is in an 
inactive auto-inhibitory state in the absence of ligands. The 
juxtamembrane domain transfers from its auto-inhibitory 
position upon ligand binding, and CSF-1R shifts to an 
active, elongated shape [141].

The extracellular region of the CSF-1 has 5 Ig-like 
domains in the extracellular region—D1, D2, D3, D4, and 
D5. D2 and D3 act as ligand-binding domains. The trans-
membrane domain, juxtamembrane domain, two-kinase 
domains, a kinase insert, and cytoplasmic domains com-
prise the intracellular domains. CSF-1R dimerization and 
phosphorylation of tyrosine residues are induced by ligand 
interaction that promotes differentiation and proliferation.

CSF-1-CSF-1R signaling pathways play a significant role 
in embryonic development, innate immunization, inflamma-
tion, tissue repair, and the tumor microenvironment and are 
associated with its extensive pattern of expression [150].

CSF‑1R and macrophage polarization

The role of CSF-1-CSF-1R signaling in macrophage polari-
zation has not been well understood yet. CSF-1 has been 
considered a potent colony proliferator, but how it can shape 
the polarization of differentiated macrophages to M1 or M2 
phenotype is implicit. During the early stages of myeloid dif-
ferentiation, CSF-1 works together with other hematopoietic 
growth factors like stem cell factor (SCF) and IL-3 to gener-
ate mononuclear phagocyte progenitor (MPP) cells [151].

The proliferation and differentiation of MPPs to mono-
cytes and macrophages are regulated by CSF-1, and it regu-
lates further macrophage differentiation as well. CSF-1R 

CSF-1D1

D2

D3

D4

D5

SrcPP2A

Proliferation

SHIP1

C
Y
T
O
SO

L

PI3KRas

Raf

MEK

ERK

Grb-2

PDK-1

ROS

Survival

PI10α

ERK

PI3K

P

P

P

SRC

Pyk2

P

Grb-2

Mona

P13K

PKC

p85

P

P

Cell-adhesion 
Polarization

Differentiation

E
C

APS
R

A
L

U
L

L
E

C
A

R
T

X
E

AKT

ATP 

JMD= Juxtamembrane Domain; KI=Kinase Insert; AL=Activation Loop; DKD=Distal Kinase Domain

Immunoglobulin domain

Anti-CSF-1R antibody

M279
IMC-CS4

AFS98
RG7155

CSF-1/IL-34

Inhibitor

RK-20449
Idelalisib
CYC11645
Ki20227
BLZ945
GW2580
PLX3397
PLX5622

IL-34

Tyr-559
Tyr-544

ATP 

Tyr-697
Tyr-706
Tyr-521

Tyr-697
Tyr-706
Tyr-521

Tyr-697
Tyr-706
Tyr-521

Tyr-697
Tyr-706
Tyr-521

JMD

KI

AL

DKD

Tyr-559
Tyr-544

Fig. 4   CSF-1R signaling and its inhibitors. M279, rat monoclo-
nal antibody (mAb) targeted to CSF-1R;IMC CS4, mAB targeted 
to CSF-1R; AFS98, mAB targeted to CSF-1R; RG-7155 (emactu-
zumab), humanized mAb targeted to CSF-1R; RK-20449 (A 419259), 
broad-spectrum pyrrolo-pyrimidine Src family inhibitor; idelalisib 
(IDEL), an oral phosphatidylinositol 3-kinase inhibitor; CYC11645, 
small molecules targeting the tyrosine kinase domain of CSF-1R; 

Ki20227, orally active, selective tyrosine kinase inhibitor; BLZ945, 
a highly selective, brain penetrant, CSF-1R kinase domain inhibitor; 
GW2580, an orally available, selective inhibitor of the tyrosine kinase 
activity of CSF1R; PLX3397 (pexidartinib), oral tyrosine kinase 
inhibitor of CSF1R; PLX5622, a highly selective, brain penetrant, 
orally active CSF1R inhibitor
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elicited PI-3 K signaling pathway is known to regulate the 
M1/M2 polarization axis of macrophages [146].

When CSF-1 binds to the CSF-1R, it starts a signaling 
cascade of class I PI-3ks [152] that leads to the activation 
of AKT1 and mTORC2.

The activated AKTs also inhibit the NF-ҡB-mediated M1 
signals [153]. The signaling elicited by phosphorylation of 
Tyr-721 has been reported to downregulate pro-inflamma-
tory genes (IL-1β, IL-12, TNF-α, etc.) associated with the 
M1 macrophage profile, while it upregulates expression of 
genes associated with M2 polarization profile (Arginase 
(Arg1) and IL-10) [48, 153].

CSF-1-dependent pTyr-721 and PI3K pathway eventu-
ally generate mi RNA (miR-21) which has a reported role 
in the regulation of macrophage activation, and if miR-21 is 
inhibited, it obliterates the CSF-1-mediated downregulation 
of IL-1β [154]. In vivo peritoneal LPS-induced inflamma-
tion model, the miR-21 weakens the recruitment of Ly6Chigh 
inflammatory monocytes to the peritoneal cavity, further 
suggesting a definitive role of CSF-1-dependent pTyr-721 
and PI3K induced miR-21 in macrophage polarization axis 
[155].

Nevertheless, it is interesting to note that both M1- and 
M2-inducing signals, i.e., LPS, IFN-γ, IL-4, and IL-13, 
respectively, downregulate CSF-1R expression as observed 
in our lab, too (processed lab data, unpublished).

The endothelial cells that express CSF-1 are reported to 
support the growth of murine BM HSCs (expressing CSF-
1R). It has been reported that when murine endothelial cells 
are co-cultured with murine BM HSCs along with growth 
factors like SCF, IL-3, thrombopoietin, and VEGF, differ-
entiated F4/80+ macrophage colonies are formed [156]. The 
colony macrophages were observed to express high levels 
of M2 markers (Arg1, CD206/Mrc1, CD36), and no detect-
able markers for M1 (IL-12, TNFα, IL-1β) were observed 
suggesting a role of CSF-1R in deciding the M1/M2 fate 
of developing macrophages [157]. A CSF-1R inhibitor 
GW2580 was used to confirm the results; in our lab, we have 
also observed that if BM HSCs are cultured with GW2580 
and then polarized with M2 stimulus (IL-4 + IL-10), there is 
no observed differentiation to M2-like phenotype. We have 
observed that the expression of CD206 (M2 marker) did not 
increase in GW2580-treated macrophages even after treat-
ment with M2 stimulus (processed lab data, unpublished). 
If we compare the differentiation of BMDMs cultured with 
GM-CSF or CSF-1, the GM-CSF cultured BM HSCs are 
biased towards an M1-like phenotype, and the CSF-1 cul-
tured BM HSCs are biased towards an M2-like phenotype 
[158].

However, GM-CSF and CSF-1 do not program BM HSCs 
towards an M1- and M2-like phenotype exclusively. As the 
monocytes and macrophages have phenotypic plasticity 
and their M1 and M2 polarizing spectrum are somewhat 

overlapping, none of the GM-CSF or CSF-1 can exclusively 
dictate the fate of a differentiating monocyte to M1 or M2, 
respectively. So, CSF-1 and GM-CSF-differentiated mac-
rophages may further react to the polarization signals LPS, 
IFNγ, IL-4, and IL-13 alike. If CSF-1-treated BM HSCs are 
given polarizing signals with IL-4/IL-10/TGFβ, they give a 
robust M2 phenotype [159].

But also, CSF-1-differentiated macrophages could 
undergo a later polarization to the M1-like phenotype, and 
still higher expressions of M2 markers, i.e., IL-10, CCL14, 
and CD206, are retained [30]. Furthermore, it has been 
explored that another cytokine IL-32γ which could induce 
both M1 and M2 phenotypes if given as co-treatment with 
CSF-1 preferentially fast-tracks the M2 polarization in dif-
ferentiating BM HSCs [160].

CSF‑1‑CSF‑1R and macrophage phenotypes: clinical 
importance

It has been reported in studies that mice that have a non-
functional CSF-1 ligand or receptor show deficiency in mac-
rophage populations and display an attenuated response to 
inflammatory challenges [161, 162]. These studies substanti-
ate the significance of the CSF-1-CSF-1R-receptor pathway 
in regulating the macrophage lineages [162]. In addition, the 
CSF-1-CSF-1R pathway is upregulated in a lot of human 
pathologies that require chronic activation of tissue-resident 
macrophages, like cancer [163], hence could be a potential 
drug therapy target. Different studies on the role of CSF-1R 
signaling in various diseases and pathological conditions 
have led to our knowledge about CSF-1R signaling in main-
taining healthy immune responses or anomalies. CSF-1 has 
been found to promote osteoclast development and bone 
degradation in vivo [141]. CSF-1 could favor excessive 
osteoclast activity during osteoporosis as well as at sites of 
orthopedic implant failure [164]. In one of the studies, CSF-
1was found to be elevated in the synovial fluid of rheuma-
toid arthritis patients, and synovial fibroblasts from rheuma-
toid arthritis patients were shown to produce high levels of 
CSF-1 [165]. An increase in CSF-1 production is also found 
to be associated with the accumulation of tissue-resident 
macrophages as seen in inflammatory bowel disease [166], 
glomerulonephritis [167], allograft rejection [168], and arte-
riosclerosis [169]. On top, the growth of several tumor types 
is found to be linked to overexpression of CSF-1 and cFMS 
receptors in cancer cells and tumor stroma [170].

Different studies have reported the use of antibodies and 
genetic techniques to evaluate the role of the CSF-1-CSF-
1R pathway in animal disease models (Fig. 4) (Table 4). It 
has been shown that anti-CSF-1R antibodies inhibited the 
early stages of atherogenesis [171] in mice and decreased 
macrophage accumulation in mouse models of renal inflam-
mation [167] and allograft rejection [168].
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Moreover, it was reported that inhibition of CSF-1 sign-
aling by the use of antisense and small interfering RNAs 
resulted in the inhibition of tumor growth in mice [172].

Additionally, it has also been reported that tumors in mice 
with non-functional CSF-1 grow more slowly as compared 
to control [173]. These findings advocate that the CSF-1/
CSF-1R axis might directly encourage oncogenic effects on 
tumor cells. CSF-1-driven monocyte-to-macrophage dif-
ferentiation is related to the activation of cell cycle genes, 
substantiating the underestimated proliferation potential of 
monocytes (Fig. 4).

As reviewed above, CSF-1 is a key regulator of mac-
rophage homeostasis in vivo and can increase the genera-
tion of pure macrophage colonies from bone marrow pro-
genitors in vivo [144]. CSF-1 stimulates monocyte growth 
and macrophage proliferation under homeostatic conditions, 
controlled by a negative feedback system.

CSF-1R is upregulated in mature mononuclear phago-
cytes, which are responsible for CSF-1 removal. In a healthy 
state, the CSF level is low (8–10 ng/ml in serum), but during 
inflammation, the amount of CSF in the bloodstream rises 
dramatically. Lee et al. reported that pexidartinib is a dual 
CSF-1R and c-KIT inhibitor and was approved by the US 
FDA in 2019 for the treatment of tenosynovial giant cell 
tumors (TGCT or PVNS), a rare condition caused by CSF-
1R overexpression [174].

CSF‑1R in central nervous system (CNS) disorders

The stimulation of CSF-1R and other receptors in the pres-
ence of pro-inflammatory cytokines, amyloids, lipopolysac-
charides, or myelin debris causes the pro-inflammatory M1 
phenotype, which contributes to neurodegeneration [175]. 
Stimulation of CSF-1R and other receptors in the presence of 
anti-inflammatory cytokines results in an anti-inflammatory 

M2 phenotype, which contributes to neuroprotection via 
phagocytosis, proliferation, and re-myelination.

Microglia polarize to an M1 phenotype in response to 
acute injury to resist the insult/infection and then transition 
to a more M2-like phenotype to allow tissue repair [176]. 
However, more M1 phenotype in microglia is maintained 
throughout chronic neurodegeneration, and the microglia 
primarily exacerbates the disease in this way. Several stud-
ies have found that using CSF-1R inhibitors lowered the 
severity of the condition and retarded its course, which was 
linked to a decrease in the number of microglia and infiltrat-
ing markers.

However, there is evidence that suggests the opposite, 
emphasizing the neuroprotective role of CSF-1/CSF-1R. 
CSF-1R inhibitor PLX3397 has been reported to signifi-
cantly reduce the number of microglia which resulted in 
exacerbated brain infarction and vividly increased the pro-
duction of inflammatory mediators by astrocytes [177, 178] 
(Fig. 4) (Table 4).

In a recent study, intranasal injection of recombinant 
human CSF-1R, 24 h after ischemia, reduced infarcted 
regions and corrected neurobehavioral impairments in rats 
with hypoxic-ischemic encephalopathy [179]. CSF-1-CSF-
1R signaling pathways have also been shown to have neu-
roprotective effects in a few experimental autoimmune 
encephalomyelitis (EAE) and Alzheimer’s disease (AD) 
models. According to a recent study, administering CSF-1 
and IL-34 to the cisterna magna increased the proliferation 
of CD11c+ microglia, a population thought to be important 
for primary myelination, and reduced EAE symptoms and 
demyelination [180].

A few in vitro and in vivo studies support CSF-1’s 
neuroprotective role in AD models, based on the fact that 
CSF-1 induced activation of microglia improves their 
ability to phagocytose-amyloid and reduces memory 
impairments, while Luo et al. (2013) discovered that the 

Table 4   Therapeutic applications of inhibitors and antibodies against CSF-1R

Name Form Targets Function Clinical trial diseases Reference

Pexidartinib 
(PLX3397)

Small molecular 
inhibitor

CSF-1R, VEGFR, 
c-KIT, FIt3

Inhibition of CSF-1R 
signaling

Autoimmune diseases, 
cancer, and Alzhei-
mer’s disease

[198, 198–200]

Imatinib Small molecular 
inhibitor

CSF-1R, ABL, c-KIT, 
PDGFR-β

Inhibition of CSF-1R 
kinase activity

Osteoporosis, osteoly-
sis, chronic myeloid 
leukemia (CML), 
and breast cancer

[195, 201, 202]

GW2580 Small molecular 
inhibitor

CSF-1R Inhibition of CSF-1R 
kinase activity

Arthritis, osteoporosis, 
and cancer

[189, 195, 203–205]

Ki20227 Small molecular 
inhibitor

CSF-1R, VEGFR2, 
c-KIT, PDGFR-β

Inhibition of CSF-1R 
kinase activity

Osteolytic bone 
destruction and 
breast cancer

[202, 206] 

AFS98 (anti-mouse 
CSF-1R)

Monoclonal antibody CSF-1R Blockade of CSF-1R Cancer, arthritis, and 
diabetic nephropathy

[207, 208]
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favorable effects of CSF-1 on cognitive performance in 
hAPP mice (first and most widely used mouse models of 
AD, based on the transgenic expression of human APP) 
are most likely independent of Aβ accumulation [181]. 
Despite the continued debate between research on neu-
rodegenerative and neuroprotective effects of CSF-1R, 
according to the majority of studies, blocking the CSF-1/
CSF-1R system has neuroprotective properties in a variety 
of neurodegenerative models.

CSF‑1R in cancer

CSF-1 enhances the invasion and survival of immunosup-
pressive tumor-related cells in the tumor microenvironment 
macrophages, i.e., TAMs. TAMs levels in malignancies 
are high and inextricably linked to a negative prognosis 
outcome.

CSF-1 levels in tumors are high, and as discussed ear-
lier in CSF-1 and macrophage phenotype and emergency 
myelopoiesis section that monocytes differentiate into anti-
inflammatory M2-like TAMs by TME, a greater number of 
M2-like macrophages encourage tumor progression even 
more by inhibiting effector T cells functions [182, 183]. 
According to preclinical research, blocking CSF-1R or 
inhibiting its kinase activity may lower tumor volume by 
reducing the number of immunosuppressive M2-like TAMs 
which in turn results in a boost in antitumor response in a 
variety of tumor types [184] (Fig. 4) (Table 4).

CSF-1R blockade also results in increased immune-stim-
ulatory or pro-inflammatory cytokines including interferon 
(IFNγ), which boosts antitumor T cell responses. Some can-
cer cells may upregulate PDL-1 as a result of the decrease 
in immunosuppressive signals mediated by M2-like TAMs.

Targeting the CSF-1R route in combination with other 
possibly complementary immune pathways, according 
to preclinical studies, could be a vital approach for more 
efficiently activating the antitumor immune response [144, 
185]. CSF-1 mRNA is alternatively spliced to generate 
CSF-1 mRNA 3′UTR variants (var) [186]. According to Ho-
Hyung Woo et al., CSF-1 protein translated by var-1 mRNA 
having long 3′UTR has a swift secretion rate compared to 
the CSF-1 protein translated by var-4 mRNA having short 
3′UTR.

The authors reported that the secretion kinetics showed 
that HuR (human embryonic lethal abnormal vision-like 
protein, overexpressed in cancers, especially breast can-
cer) binds preferentially to the CSF-1 var-1 mRNA, not to 
var-4 mRNA, and accelerates the secretion of CSF-1 [186]. 
Thus, HuR overexpression escalates the secretion rate of 
CSF-1. Both CSF-1 var-1 and -4 mRNA were reported to 
be involved in increasing the migration and invasion rate of 
tumor cells in breast cancer [186].

CSF‑1R in bone diseases

The usefulness of targeting CSF-1R in treating bone diseases 
is constantly being researched. In inflammatory arthritis, 
inflammatory bone deterioration, and osteoporosis, blocking 
or depleting CSF-1R inhibits the production and activity of 
osteoclasts and reduces pathological bone resorption. Osteo-
clasts are monocyte-/macrophage-derived multinucleated, 
hulks (gigantic size) of immune cells. These specialize in 
bone resorption (bones are broken down and absorbed, and 
osteoclasts remove hard bone tissue trailing which osteo-
blasts lay down new bone cells, to restore them from usual 
wear-tear) via proteolytic degradation and acid decalcifica-
tion of bone matrix. Osteoclast-mediated bone resorption is 
essential for skeletal development and normal bone remode-
ling. In animal models of arthritis, blocking the activation of 
CSF-1R with CSF-1R inhibitors like Ki20227 [187], AFS98 
[188], and GW2580 [189] slows the progression of joint 
inflammation and systemic bone erosion (Fig. 4) (Table 4). 
In serum-induced inflammatory arthritis and TNF-induced 
inflammatory osteolysis, anti-CSF-1R antibodies decrease 
osteoclastogenesis and bone resorption [190]. Imatinib, a 
tyrosine kinase inhibitor, prevents and cures type II colla-
gen antibody-induced arthritis (CAIA) as well as collagen-
induced arthritis [191].

Imatinib also inhibits CSF-1R expression and promotes 
apoptosis in mature osteoclasts. In a rat model, the CSF-1R 
inhibitor PLX3397 dramatically reduced the bone degrada-
tion and biomechanical characteristics caused by LPS [192]. 
In the human tumor necrosis factor transgenic (hTNFtg) 
mouse model, downregulation of CSF-1R and receptor 
activator of NF-kB (RANK) utilizing extracellular binding 
immunoglobulin protein (BiP) lowered inflammation and 
bone loss [193].

CSF‑1R inhibition as a therapeutic strategy 
to restore dysregulated M1/M2 balance

CSF-1R inhibition is preventing CSF-1 from binding to its 
receptor and executing its functions. As discussed above, 
CSF-1-CSF-1R signaling has a role in biasing the differen-
tiating macrophages towards an anti-inflammatory M2-like 
phenotype. The inhibition of CSF-1-CSF-1R signaling 
seems to be a gorgeous strategy to restore dysregulated 
M1/M2 balance in various diseases. The use of inhibi-
tors targeted against the receptor’s protein tyrosine kinase 
activity and the use of agents that inhibit CSF-1’s binding 
to its receptor are two types of techniques to inhibit CSF-
1’s action. CSF-1R inhibitors such as CYC10268 [194], 
imatinib [195], SU11248 [196], and GW2580 [189] repre-
sent a strong tool for understanding the role of the CSF-1/
CSF-1R signaling system in a variety of biological systems 
and have therapeutic potential (Fig. 4) (Table 4). Regulating 
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signals which are controlled by CSF-1 such as Akt and ERK-
1/2 and expression of genes like toll-like receptor 9, apolipo-
protein E, and LPS-inducible cytokine production in BMDM 
are suppressed by CSF-1R inhibitors [194]. Anujan et al. 
demonstrated that inhibiting the CSF-1R and MAPK sign-
aling pathways at the same time with dual-kinase inhibitor-
loaded supra-molecular nanoparticles (DSNs) improves the 
repolarization of pro-tumorigenic M2 macrophages to the 
antitumorigenic M1 phenotype [197].

Macrophage-based combination therapies for cancer 
treatment give better results when used along with thera-
peutic dual inhibition of CSF-1R and MAPK pathways using 
supra-molecular nanoparticles[197, 209]. Edwards et al. 
suggested that using CSF-1R inhibitors to eliminate tumor 
supportive cells or TAMs may be an effective treatment for 
a subset of patients with acute myeloid leukemia (AML) 
[210, 211]. Moreover, combining the highly specific CSF-1R 
inhibitors such as DCC-3014 and ARRY-382 with avelumab 
and pembrolizumab, respectively, has shown significant 
potential as a technique for inducing tumor suppression by 
multifactorial immune cell regulation[136, 212]. Block-
ing CSF-1/CSF-1R signaling in pancreatic tumors depletes 
CD206Hi TAMs and reprograms residual macrophages to 
enhance antitumor immunity, according to current data[213]. 
Its blockade enhances antitumor interferon responses, pro-
motes CTL infiltration, and delays tumor progression when 
used alone. The induction of T cell checkpoint molecules, 
such as PDL1 on tumor cells and CTLA4 on T cells, restricts 
the therapeutic efficacy[214]. The combination of these 
agents with CSF-1R blockade inhibits the PD1 and CTLA4 
checkpoint immunotherapy substantially enhanced efficacy 
and results in the regression of potently elicited PDAC tumor 
regressions. These results suggest that CSF-1/CSF-1R sign-
aling can be a beneficial clinical target for reprogramming 
checkpoint-based immunotherapeutics[215]. In Table 4, we 
have summarized potential CSF-1R inhibitors and their tar-
get signaling molecules.

Concluding remarks

Macrophage phenotypes play a crucial role in fighting off 
infections and diseases as well as in maintaining a healthy 
body environment or homeostasis. The hematopoietic 
growth factors like CSF-1or M-CSF are imperative for the 
origin of macrophages from HSCs; however, their role in 
shaping the fate of macrophage phenotypes has not been 
well understood. The role of CSF-1 in dictating macrophage 
phenotype is imperial as indicated by the dominance of M1 
and M2 balance dysregulation in various disease conditions 
and co-related abnormal expression of CSF-1R. Still, there 
is a dearth of studies connecting the dots between CSF-1-
CSF-1-R signaling and macrophage polarization.

We have attempted to concise the available literature 
to relate the CSF-1-CSF-1-R axis with macrophage dif-
ferentiation and with the clinical significance of this facet. 
However, more research on this aspect needs to be done 
to dearly understand the fate of macrophage development 
and differentiation in presence of CSF-1 and M1/M2 polar-
izing signals. The clinical applications of CSF-1-CSF-1-R 
signaling axis and macrophage polarization could be vast 
in developing therapeutic strategies in diseases like cancer, 
inflammatory disorders, injuries like spinal cord injuries, 
neurodegeneration, and bone disorders.
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