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The physiological processes of cell growth, proliferation, differentiation, and
apoptosis are closely related to STAT3, and it has been demonstrated that
aberrant STAT3 expression has an impact on the onset and progression of a
number of inflammatory immunological disorders, fibrotic diseases, and
malignancies. In order to produce the necessary biological effects,
macrophages (MQ0) can be polarized into pro-inflammatory (M1) and anti-
inflammatory (M2) types in response to various microenvironmental stimuli.
STAT3 signaling is involved in macrophage polarization, and the research of
the effect of STAT3 on macrophage polarization has gained attention in recent
years. In order to provide references for the treatment and investigation of
disorders related to macrophage polarization, this review compiles the pertinent
signaling pathways associated with STAT3 and macrophage polarization from
many fundamental studies.
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1 Introduction

The signal transducer and activator of transcription (STAT) family, which is widely
distributed in various mammalian tissues and cells, is a group of transcription factors that are
activated by cytokines, growth factors, and other peptide ligands, and the role of STAT is to
activate the transcription of target genes by binding to the promoters of target genes and

Abbreviations: AKT, protein kinase B; Arg, arginase; EGF, epidermal growth factor; ERK, extracellular
signal-regulated kinase; Hh, Hedgehog; IFN, interferon; IL, interleukin; iNOS, nitric oxide synthase; JAK,
janus kinases; LPS, lipopolysaccharide; MAPK, mitogen-activated protein kinase; NF-kB, nuclear factor
kappaB; PDGF, platelet-derived growth factor; PIAS, protein inhibitors of activated stats; PI3K,
phosphoinositide 3-kinase; PTP, protein tyrosine phosphatases; SOCS, suppressors of cytokine signaling;
STAT, signal transducer and activator of transcription; TGF, transforming growth factor; TLR, toll-like

receptor; TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor.
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sending signals from the cell membrane to the nucleus (1). Almost all
types of mammalian cells have STAT3, a member of the STAT family
that has undergone the most extensive research, in their cytoplasm. As
an acute-phase response factorin interleukin (IL)-6 signaling, STAT3
was first discovered in 1994 and has similar functional domains to
other STAT family members (2). Numerous studies have shown that
aberrant or persistent activation of STAT3 has anti-inflammatory or
pro-inflammatory, pro-fibrotic or anti-fibrotic (3), and oncogenic
effects, and aberrantly expressed STAT3 has also been shown to be
present in a variety of inflammatory and immune diseases, fibrotic
diseases, and tumors (4).

By phagocytosing of pathogens, presenting exogenous antigens,
and secreting cytokines and growth factors, macrophages play a
crucial part in the physiopathological processes of immune defense,
inflammatory response, tissue remodeling, and homeostasis of the
body (5). According to their immunological functional distinctions,
polarized macrophages can be divided into M1-type macrophages
of the classic activation pathway and M2-type macrophages of the
alternative activation pathway (6). Transcription factors are key
determinants of macrophage polarization and are closely linked to
various other signaling molecules. These transcription factors
include STATSs, interferon-regulatory factor, nuclear factor
kappaB (NF-kB), activator protein 1, peroxisome proliferator-
activated receptor-y, Kriippel-like factor 4 etc (7, 8). Activation of
these key transcription factors controls macrophage skewing
toward the M1 phenotype or toward the M2 phenotype. Among
them, STAT3, a member of the STATSs family, has been shown to be
involved in macrophage polarization and plays an important role in
a variety of inflammatory-immune, fibrotic and neoplastic diseases
(9-11). Therefore, this review used “STAT3”, “macrophage
polarization” and “signaling pathway” as search terms and
searched PubMed, Web of Science and Google Scholar to
summarize the relevant signaling pathways and their regulatory
mechanisms of STAT3-regulated macrophage polarization, hoping
to provide direction and basis for the mechanism research and
therapeutic strategy development of related diseases involving
STAT3 and macrophage polarization.

2 STAT3's structural and functional
characteristics

The STAT family consists of seven structurally similar and
highly conserved members: STATI, STAT2, STAT3, STAT4,
STAT5A, STAT5B and STAT6 (12), all of them containing six
conserved structural domains, namely: (i) N-terminus domain
(NTD), which is involved in STAT3 dimer nuclear translocation
and cooperative DNA binding; (ii) Coiled-coil domain (CCD),
which is the functional domain of STAT interacting with other
transcription factors and co-activators; (iii) DNA-binding domain
(DBD), which mediates recognition and binding of particular DNA;
(iv) Linker domain (LD), which performs a linking function and
keeps DBD structurally stable; (v) Src homology region 2 (SH2)

Frontiers in Immunology

10.3389/fimmu.2023.1160719

domain, which is highly conserved and mediates protein-protein
interactions and promotes STAT dimer formation; (vi) C-terminal
transactivation domain (TAD), which is a phosphorylation region
of STAT and enhances transcriptional activity (13, 14).

The gene encoding STAT3 is located on chromosome 17 (17q21)
and consists of 750 to 795 amino acids, with a protein molecular mass
of approximately 89 kDa (15). As a downstream intracellular effector of
inflammatory and growth factors, STAT3 is widely expressed in
various cells and tissues. At the microscopic level, it regulates cell
proliferation, migration, apoptosis, and other fundamental processes; at
the macroscopic level, it is linked to the development of mammalian
individuals (16). STATS3 is activated by phosphorylation, a process that
is very tightly controlled in normal tissues and of short duration. It has
been documented that the phosphorylation level of STAT3 peaks 15-
60 min after stimulation by cytokines and other factors, and then
gradually decreases (17). The activation of STAT3 is closely correlated
with the phosphorylation of tyrosine 705 and serine 727 of TAD, and
activated STAT3 forms a dimer into the nucleus to perform functions
in signaling transduction and transcriptional activation (18).

Four different STAT3 isoforms, STAT30 (92 kDa), STAT3[3 (83
kDa), STAT3y (72 kDa) and STAT3$ (64 kDa), are regarded to be
important factors that influence STAT3 functional heterogeneity
(19). Among them, STAT30, the most common isoform of STAT3,
is generated by transcription and translation of the full-length
STAT3 gene, which contains two phosphorylation sites of
tyrosine and serine in the TAD region and can regulate the
cellular response of macrophages to IL-6 and IL-10, and is
involved in important biological processes such as immune
regulation, cell proliferation and differentiation, and tumor cell
proliferation and migration (20). Compared with STAT3a,
STAT3p lacks 55 C-terminal amino acid residues and contains
only tyrosine phosphorylation sites in the TAD region, which has
the function of negative regulation of transcription, and STAT3[3
has better specific DNA binding activity and is involved in
regulating inflammatory factors, tumor microenvironment and
immune cells, inhibiting tumor infiltration and progression, and
reducing chemotherapy resistance (19, 21). STAT3y and STAT3d
are derived from the proteolytic processing of STAT3 and are
activated mainly at various stages of granulocyte differentiation
(22, 23), but there are few studies on both.

The distinct structures of STAT3 determine the heterogeneity of
its activity. However, there are relatively few studies on STAT3
isoforms, and if we focus our study attention on this, it may explain
why STAT3 has varied biological roles under the influence of
various local microenvironments.

3 Phenotypes and functions of
macrophage polarization

Macrophages are derived from monocytes that originate from
hematopoietic stem cells in the bone marrow. Monocytes grow and
mature in the bone marrow for up to 24 hours before moving
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through the bloodstream (24, 25). Prior research has demonstrated
that circulating monocytes can differentiate into macrophages in
response to damage or inflammation or can migrate into tissues and
become resident macrophages (26). Recent research has revealed
that whereas some subpopulations of tissue-resident macrophages
are descended from adult circulating monocytes, the majority of
tissue-resident macrophages are produced from the yolk sac during
embryonic development (27).

Macrophages are quite heterogeneous and depending on the
tissue they are found in have different names, which including
microglia (found in the central nervous system), osteoclasts (found
in the bone), Kupfter cells (found in the liver), alveolar macrophages
(found in the lung), histiocytes (found in the spleen and connective
tissue), intestinal tissue macrophages, and Langerhans cells (found
in the skin). Resident macrophages promote tissue homeostasis and
monocyte-derived macrophages mainly assist in host defense (28).
The ability of macrophages to modify their phenotype and function
in response to changes in the local microenvironment, named
macrophage polarization, is another characteristic of macrophages
(Figure 1). Macrophages can be classified into two phenotypes: the
classic activated M1-type macrophages and the alternatively
activated M2-type macrophages, depending on the surface
receptor expression and secretion profile. Interferon (IFN)-y and
bacterial lipopolysaccharide (LPS) are typically used to stimulate
M1-type macrophages, which release pro-inflammatory molecules
such as tumor necrosis factor (TNF)-c, IL-1p, IL-6, and nitric oxide
synthase (iNOS) as well as secretes a number of chemokines.

10.3389/fimmu.2023.1160719

Additionally, these macrophages express the cell surface markers
CD40, CD80, CD86, and major histocompatibility complex class II
receptor. M2-type macrophages are induced by IL-4 or IL-13 and
secrete IL-10, transforming growth factor (TGF)-B, insulin-like
growth factor 1, vascular endothelial growth factor (VEGEF),
epidermal growth factor (EGF), platelet-derived growth factor
(PDGF), and other cytokines, as well as increased cell surface
expression of Arginase (Arg)l and the cell surface markers
CD163, CD204 and mannose receptor (CD206) (5, 29, 30).
Therefore, the secretion profile of macrophages and associated
markers can be used to identify the polarization status of
macrophages. Functionally, M1-type macrophages have potent
anti-pathogen and anti-tumor activities, promote inflammatory
responses in the early stages of inflammation, kill intracellularly
infected pathogens, mediate reactive oxygen species-induced tissue
damage, and are detrimental to tissue regeneration and wound
healing; M2-type macrophages, also known as reparative
macrophages, have potent phagocytosis, remove debris and
apoptotic cells, promote tissue repair and wound healing, and
have pro-angiogenic and pro-fibrotic properties (31-33).
According to various stimulating factors, M2 macrophages can be
further separated into the four subtypes M2a, M2b, M2c, and M2d.
M?2a macrophages are stimulated by IL-4 or IL-13 to generate and
secrete pro-fibrotic substances like TGE-f, insulin-like growth factor,
and fibronectin in order to promote tissue repair; M2b macrophages
are triggered by immune complexes and Toll-like receptor (TLR)
agonists and produce high amounts of the anti-inflammatory
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Phenotypes and functions of macrophage polarization. When exposed to different microenvironmental stimuli, MO macrophages can be polarized
into M1 macrophages and M2 macrophages. M2 macrophages can be subdivided into M2a, M2b, M2c and M2d. M1-type macrophages express the
cell surface markers CD40, CD80, CD86, and MHC-IIR and release pro-inflammatory molecules such as TNF-o, IL-1f, IL-6, and iINOS. These cells
possess strong anti-pathogen, anti-tumor, and pro-inflammatory effects. M2-type macrophages express the cell surface markers CD163, CD204 and
CD206. M2a macrophages secrete like TGF-B, IGF, and fibronectin, and they can promote wound healing and fibrosis; M2b macrophages secrete
IL-10, and they have strong immunomodulatory and anti-inflammatory effects;M2c macrophages secrete TGF-f and IL-10, and they exert
phagocytosis, immunosuppression, angiogenesis, and development of tissue fibrosis;M2d macrophages secrete IL-10, TGF-$, and VEGF, and they

promote angiogenesis and cancer metastasis.
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cytokine IL-10, which has strong immunomodulatory and anti-
inflammatory effects;M2c macrophages are triggered by IL-10,
TGEF-B, or glucocorticoids and exert phagocytosis and clearance of
apoptotic cells, immunosuppression, stimulation of angiogenesis, and
development of tissue fibrosis through high expression of Mer receptor
tyrosine kinase and high levels of TGF-f and IL-10 release;M2d
macrophages are triggered by IL-6, TLR and A2 adenosine receptor
agonists and characterized by high expression of IL-10, TGF-f3, and
VEGF and low expression of IL-12, TNF-o, and IL-1B, which
promotes angiogenesis and cancer metastasis (34-36).

Since various macrophage subpopulations have different
secretion profiles, macrophages can regulate a variety of
pathophysiological processes, including various inflammatory and
immune diseases, fibrotic diseases, and tumors. This coincides with
the effects of STAT3 signaling pathway, and numerous studies have
also demonstrated that macrophages can act as STAT3 effectors,
secreting different cytokines, chemokines and growth factors
through macrophage polarization, which play important roles in
tissue homeostasis, tissue remodeling, immune response and cancer
progression. However, in actuality, macrophage polarization is a
dynamic process, and the distinction between M1 and M2
macrophages is a simplified explanation of the complex process
of polarization, which involves the balancing of various cytokines
and chemokines as well as the recruitment of other immune cells or
cancer cells (5). Moreover, although macrophages can be classified
into the aforementioned types, there are very few studies
concerning macrophage subtypes under physiological or
pathological conditions on them. Therefore, this review focuses
on studies involving M1 and M2 macrophage types.

10.3389/fimmu.2023.1160719

4 Research on the signaling pathways
related to STAT3 regulation of
macrophage polarization

Macrophage polarization is regulated through the activation of
several interrelated cellular signaling pathways. STAT3 plays an
extremely important role in macrophage polarization as a
crossroads of multiple signaling pathways. The macrophage
polarization-related pathways involving STAT3 include: Janus
kinases (JAK)/STAT signaling pathway, NF-xB signaling
pathway, phosphoinositide 3-kinase (PI3K)/protein kinase B
(AKT) signaling pathway, Notch signaling pathway, Hedgehog
(Hh) signaling pathway, Wnt signaling pathway, mitogen-
activated protein kinase (MAPK) signaling pathway, etc (Figure 2).

4.1 STAT3 regulates macrophage
polarization through the JAK/STAT
signaling pathway

JAK/STAT is a main signaling pathway for the activation of
more than 70 cytokines, and it plays an important role in numerous
crucial biological processes such as cell proliferation, differentiation,
apoptosis and immune regulation (37). JAK1, JAK2, JAK3, and
tyrosine kinase (TYK) 2, which belong to non-receptor protein
tyrosine kinases, are the four members of the JAK family. In the
JAK/STAT signaling pathway, extracellular signals (mainly
cytokines and growth factors) dimerize the receptors, which bring
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FIGURE 2

Diagram of signaling pathways related to STAT3 and macrophage polarization. STAT3 influence macrophage polarization through different signaling
pathways. The major pathway associated with STAT3 is JAK/STAT signaling pathway, and SOCS, PIAS and PTP can inhibit different targets of this
signaling pathway, which ultimately affects the direction of macrophage polarization. The NF-«B signaling pathway, PI3K/AKT signaling pathway,
Notch signaling pathway, Hedgehog signaling pathway, Wnt signaling pathway and MAPK signaling pathway crosstalk with JAK/STAT3 signaling
pathway, which regulates gene transcription and have effects on macrophage polarization.
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their coupled JAKs in close proximity to each other, and JAKs are
activated by interactive tyrosine phosphorylation. And then the
activated JAK in turn catalyzes the phosphorylation of tyrosine
residues of the dimerized receptors to recruit STATs in the
cytoplasm, which binds to the receptors and are phosphorylated
by the activated JAK. Finally, the phosphorylated STATs separate
from the receptors to form a dimer in the cytoplasm and translocate
to the nucleus, where they bind to the promoter of the target gene to
activate gene transcription (38).

STATS3 is a multifunctional protein that is regulated by various
cytokines and growth factors, and influences human metabolism,
immune inflammation and damage repair through JAK/STAT
signaling (39). According to studies on the involvement of JAK/
STAT3 in macrophage polarization, either inhibition or activation
of this pathway increases macrophage M2 polarization in different
diseases. In most studies, however, activation of STAT3 stimulates
macrophage M2 polarization. According to one study, JAK2/
STAT3 activity was significantly increased in rats with severe
acute pancreatitis, and JAK2 inhibition increased levels of
cytokines (such as Foxp3, IL-10, and TGF-f) necessary for M2
macrophage polarization, leading to a reduction in the secretion of
pro-inflammatory factors IL-6, IFN-vy, and TNF-o, which prevents
pancreatic inflammation and damage (40). In animal models of
myocardial ischemia/reperfusion injury and psoriasis, it was also
demonstrated that inhibition of the JAK/STATS3 signaling pathway
promoted macrophage M2 polarization, which in turn reduced pro-
inflammatory factors and upregulated anti-inflammatory and pro-
fibrotic factor levels, thereby favorably alleviating tissue
inflammation and inhibiting tissue damage (41, 42). While
cucurbitacin B, a widely used triterpenoid compound, was able to
decrease the phosphorylation of JAK2 and STAT3 and the nuclear
translocation of p-STATS3, thereby limiting the migration of rectal
cancer cells, it was also demonstrated in vivo that cucurbitacin B
enhanced antitumor immunity through regulating M2 polarization
of macrophages, but the specific mechanism of action by which
macrophage polarization affects tumor progression was not
described (43). Zeng et al. also found that activation of the JAK2/
STAT3 signaling pathway promoted the polarization of M2
macrophages, which in turn decreased the levels of inflammatory
factors IL-1P, TNF-o and IL-18 while increasing the levels of anti-
inflammatory factor IL-10 significantly improved the skin lesions in
mice with atopic dermatitis (44). Other studies, especially those
related to tumor diseases such as ovarian cancer and glioma, have
shown that activation of the JAK/STAT3 signaling axis facilitates
M2 macrophage polarization and affects disease progression by
activating or inhibiting related cytokines (45-49). The two
completely opposite types of results imply that macrophage
polarization is not only related to the heterogeneity of STAT3
and macrophages themselves, but also influenced by the JAK/
STAT3 pathway, as well as multiple cytokines, chemokines,
immune cells, tumor cells, and crosstalk of different signaling
pathways in macrophages (50, 51). The balance of these factors
may determine the direction of macrophage polarization.

The two most significant upstream cytokines of the JAK/STAT3
signaling pathway are IL-6 and IL-10. IL-6, which is widely present
in the tumor microenvironment, is a key gene involved in
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promoting tumor cell cycle progression and inhibiting apoptosis
(52). Overactivation of STAT3 signaling has also been observed in
the majority of human malignancies and is linked to a poor
prognosis (15). IL-6 activates the JAK/STAT3 signaling pathway
largely by binding to the host cell surface receptor complex
glycoprotein 130/IL-6R (53). Current studies have shown that IL-
6/JAK/STATS3, in addition to being expressed directly in tumor cells
and promoting tumor cell proliferation, differentiation and
metastasis (54), can also appear in macrophages and indirectly
affect disease development and progression through macrophage
M2 polarization (46). Therefore, macrophage polarization to M2
type can be inhibited by inhibiting this signaling pathway,
suppressing the expression of pro-tumor related cytokines such as
IL-6, IL-10 and VEGEF, and ultimately slowing down tumor disease
progression (47, 55). Expression of pro-inflammatory mediators
like cell surface receptors, chemokines, and cytokines is inhibited by
the anti-inflammatory factor IL-10 (56). Additionally, research
conducted by our team has demonstrated that co-culturing
peripheral blood mesenchymal stem cells with macrophages can
encourage the polarization of macrophages toward M2 type via the
IL-10/JAK/STAT3 pathway, as well as reduce the expression and
secretion of pro-inflammatory factors while increasing the
expression and secretion of anti-inflammatory ones (57). In
studies of enterohepatic crosstalk in nonalcoholic steatohepatitis,
it has also been demonstrated that activation of this pathway
promotes M2-type macrophage polarization, which ultimately
attenuates the intensity of inflammation in intestinal tissues and
maintains intestinal homeostasis (58). Thus, stimulation of the IL-
10/JAK/STAT3 signaling pathway may diminish or eliminate
inflammation by boosting M2 macrophage polarization, which
promotes regenerative tissue repair (59).

In order to convey extracellular signals to the nucleus and
trigger gene transcription, STATs primarily receive signals from
cytokines or growth factor/JAKs pathways, as was already
mentioned. STAT3, as a member of the STATs family, has a
highly complex regulatory bioactivity and can exert pro-tumor,
pro-inflammatory or anti-inflammatory and tissue repair effects
through the activation of ligands such as IL-6/IL-10. This effect is
closely related to the polarization of macrophages, and by exploring
its relationship with macrophage polarization, the pathogenic
mechanisms of various inflammatory immune, fibrotic,
tumorigenic and other related diseases can be initially explored
and new and more targeted therapeutic approaches can
be developed.

4.2 Effect of negative regulators of
JAK/STAT3 signaling pathway on
macrophage polarization

Activation of the JAK/STAT signaling pathway in normal cells
is brief and quick, because several negative feedback loops are
quickly activated and effectively block the STAT signaling pathway
and the activity of downstream functional proteins (60). The most
important negative regulators of JAK/STAT3 signaling pathway
include suppressors of cytokine signaling (SOCS), protein inhibitors
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of activated stats (PIAS) and protein tyrosine phosphatases (PTP),
which prevent overphosphorylation of STAT3 (61). The SOCS
family is the most prevalent and significant inducible negative
regulator among these inhibitors (62). Through primarily three
mechanisms, SOCS negatively regulates the JAK/STAT signaling
pathway (63, 64): (i) Preventing the transcription factor STAT from
interacting with the cytoplasmic area of the cytokine receptor by
competitively binding there with the SH2 structural domain, which
is identical to STAT;(ii) Additionally, SOCS has the ability to attach
to JAK via the SH2 structural domain and block it from binding to
STAT by competing with it;(iii) Degradation of SOCS-bound
signaling proteins such as JAK and STAT via the ubiquitination
pathway, thereby inhibiting cytokine signaling. This negative
regulation of SOCS assists the regulation of inflammatory
immune responses and suppresses cell proliferation (65). Recent
research has demonstrated that the SOCS protein family,
particularly the SOCS3 protein, is crucial for macrophage
polarization, specifically macrophage polarization of the M1
subtype (66-68). Therefore, macrophage polarization can be
regulated by activating or inhibiting the SOCS3-regulated JAK/
STAT3 pathway, providing new therapeutic targets for
inflammation, fibrosis, tumor and other related diseases (69, 70).
The second negative regulator, PIAS, is an endogenous inhibitor of
STAT proteins, and PIAS3 inhibits STAT3 target gene transcription
by blocking STAT3 dimer binding to DNA (71). Brassinosteroids, a
plant antitoxin, were discovered to suppress PIAS3 and SOCS3 by
inhibiting STAT3 signaling, which slowed tumor development (72).
The third negative regulator, PTPs, inhibits downstream signaling
by reducing STATs activity via p-STAT3 dephosphorylation (23,
73). At present, there are no studies on the triad of PIAS or PTP,
STAT3 and macrophage polarization, but based on the available
studies, it is not difficult to infer the relationship between the three.
Therefore, we speculate that regulation of STAT3 and macrophage
activation through inhibition of PIAS or PTP may become a focus
of future research.

In summary, the negative regulators of the JAK/STAT3
signaling pathway, SOCS, PIAS and PTP, play different roles in
the progression of related diseases by inhibiting signal transduction
at different levels of the pathway and thus influencing the direction
of macrophage polarization, but the relevant studies are insufficient,
and further studies on the relationship among these negative
regulators, STAT3 and macrophage polarization are needed to
provide directions for the research and treatment of related diseases.

4.3 Other signaling pathways
regulate macrophage polarization
by affecting STAT3

It is generally understood that macrophage polarization is a
complex process governed by several intracellular signaling
molecules and their pathways, resulting in various activation
states (74, 75). And STAT3 can regulate macrophage polarization
to conduct many crucial roles in human normal and malignant
tissues, such as differentiation, proliferation, survival, angiogenesis,
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and immune system regulation (76). In the STAT3-dependent
macrophage polarization process, various signaling pathways
build a complex network structure that interacts and influences
one another to create signal crosstalk.

4.3.1 NF-xB signaling pathway

The transcription factor NF-xB is the “master switch” that
regulates the expression of different pro-inflammatory mediator
genes. The p65 subunit of NF-xB regulates macrophage M1l
polarization. The classical NF-xB pathway is activated when the
Toll-like receptor 4 (TLR4) on the surface of macrophages binds to
LPS through a pathway dependent on the myeloid differentiation
factor 88 (MyD88) or the interferon regulatory factor (IRF) 3. This
pathway includes IkappaB kinase (IKK) phosphorylation,
degradation of IkappaBalpha (IxBo) after phosphorylation
modification, and entry of p65/p50 of NF-kB into the nucleus to
mediate transcription of pro-inflammatory factors such as IL-1(,
IL-6 and TNF-o, amplifying inflammatory signals (77). In
general, NF-xB activation causes an inflammatory macrophage
M1 phenotype, and STAT3 activation is crucial for anti-
inflammatory M2 phenotype. Together, these two proteins
maintain M1/M2 homeostasis and coordinate responses to
various microenvironments (78). The TLR4 pathway is negatively
regulated by (MicroRNA) let7b, which has been demonstrated to be
the most important cellular mechanism involved in immune system
regulation and inflammation (79). TLR4 and p65 expression levels
in macrophages were significantly reduced after treatment with
let7b, whereas p-STAT3 and p-AKT expression levels were
significantly time-dependently upregulated, promoting
macrophage differentiation to M2 type, and STAT3 activation was
completely inhibited in the presence of let-7b inhibitor, suggesting
that regulation of macrophage polarization can be mediated
through TLR4/NF-kB/STAT3/AKT regulatory signaling, which in
turn produces a large number of mediators that fine-tune the
inflammatory response and promote wound healing in diabetic
skin wounds (80). Although the TLR4-MyD88 complex activates
IxBo, NF-xB and IRF3 and thus participates in macrophage M1
activation, it has also been demonstrated that this pathway is not
only directly engaged in M2-associated CD163, CD204, and IL-10
gene production, but is also essential for the downregulation of M1
inflammatory cytokines. Further studies revealed that JAK2 and
TYK2 were recruited to MyD88 to induce phosphorylation and
activation of STAT3, promote M2-type macrophage polarization,
and induced production of VEGF, bEGF and PDGF, which
exhibited pro-angiogenic activity and tumorigenicity in a mouse
model of pancreatic adenocarcinoma (81). It has also been shown
that NF-xB inhibitors significantly block the phosphorylation of
STAT3, which skews macrophage activation toward M1 (82).
Similarly, STAT3 activation is critical for NF-kB translocation
into the nucleus (83), and inhibition of STAT3 phosphorylation
synergistically inhibits activation of the NF-xB pathway (84, 85).
Animal studies conducted in vitro and in vivo revealed that
Astragalus IV, a Chinese herbal medicine, may prevent
hepatocellular carcinoma cells from proliferating, invading, and
migrating by inhibiting the polarization of M2 macrophages and
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reducing the secretion of TGF-f} through inhibiting the TLR4/NF-
KB/STATS3 signaling pathway (86). The NF-xB signaling pathway is
complicated, similarly to the JAK/STAT3 pathway, and activation
of this pathway can both promote and inhibit M2 macrophage
polarization. Furthermore, the interaction between STAT3 and the
NE-xB pathway is not well understood, and the two have both
promoted and inhibited each other in related research; hence,
further investigation is required to answer these problems.

4.3.2 PI3K/AKT signaling pathway

Recent research has revealed that the PI3K/AKT signaling
pathway is essential for macrophage survival, proliferation, and
migration (87). Dysregulation of this signaling pathway has been
linked to a number of human diseases, including cancer, diabetes,
cardiovascular disease, and neurological disorders (88-91). V-set
immunoglobulin-domain-containing 4 is a membrane protein that
belongs to the immunoglobulin superfamily of complement
receptors. This kind of protein was discovered to decrease
activation in pro-inflammatory macrophages by boosting the PI3K/
AKT/STATS3 cascade, increasing pyruvate dehydrogenase kinase-2
expression, and decreasing pyruvate dehydrogenase function via
phosphorylation (92). Although it is now widely acknowledged that
M2 macrophages contribute to the pro-fibrotic response, few
researchers have hypothesized that M1 macrophages cause fibrosis
by overexpressing pro-inflammatory cytokines such IL-6, IL-1B, and
TNEF-0, while the role of M2 macrophages in fibrosis has not been
established because they have various isoforms (93-95). Previous
research suggests that IL-10 may play a preventive function in the
prevention of chronic fibroproliferative disorders (96). Adipose-
derived stem cells stimulate macrophage M2 polarization via PI3K/
AKT/STAT3-dependent pathway, which suppresses fibroblast
development into myofibroblasts via local IL-10 production,
lowering extracellular matrix synthesis and, ultimately, cardiac
fibrosis (97, 98). Type Iy phosphatidylinositol phosphate kinase is a
phosphatidylinositol kinase that produces phosphatidylinositol
bisphosphate in cells and increases STAT3 phosphorylation by
stimulating activation of the PI3K/AKT signaling pathway, which
in turn promotes the C-C motif chemokine ligand 2 transcription to
improve tumor-associated macrophage recruitment (99). Other
studies have also demonstrated that activation of PI3K/AKT
promotes STAT3 phosphorylation and nuclear translocation, which
facilitates the polarization of macrophages toward M2 and exerts
immunomodulatory and pro-cancer effects through the secretion of a
large number of mediators (100, 101). Therefore, it is anticipated that
this pathway will serve as a possible therapeutic target for a range
of disorders.

4.3.3 Notch signaling pathway

The Notch signaling pathway consists of several highly conserved
surface receptors that are involved in cell proliferation and apoptosis,
influencing the development of various biological organs and tissues
(102). Instead of a secreted protein as a ligand, the receptor and
ligand of this signaling pathway are membrane proteins, which
mediate the activation effect after two cells come into close contact
with one another. When the Notch ligand binds to the receptor
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(Notch 1-4), the Notch intracellular domain translocates to the
nucleus and subsequently activates downstream target genes upon
binding to transcription factors (103). In recent years, many studies
have reported that targeting the Notch signaling pathway can regulate
macrophage polarization (104, 105), and Notch signaling can
positively activate the JAK/STAT3 pathway (106, 107). Notch4 was
found to reduce the expression of pro-inflammatory cytokines
(including IL-6 and IL-12) and co-stimulatory molecules (such as
CD80 and CD86) in macrophages, while decreasing STATI1
activation and increasing STAT3 activation (108). Interestingly, in
a study of breast cancer, STAT3 was shown to be an upstream
regulator of Notch, and inhibition of this signaling pathway inhibited
macrophage M2 polarization and thus breast cancer metastasis (109).
Therefore, these results imply that the Notch/STAT3 signaling
pathway may be important in understanding several disorders
linked to macrophage polarization.

4.3.4 Hedgehog signaling pathway

During numerous developmental stages in both vertebrates and
invertebrates, the Hedgehog signaling pathway regulates cell
proliferation, differentiation, and apoptosis; aberrant stimulation
of this signaling pathway can result in tumorigenesis and
progression (110). Sonic Hedgehog (Shh), Desert Hedgehog
(Dhh), and Indian Hedgehog (Ihh), members of the Hh family of
signaling proteins, bind to Patched-1 (PTCHI) receptors on
neighboring target cells and release Smoothened (Smo) repression
as a result, ultimately leading to activation and nuclear translocation
of Gli transcription factor members and upregulation of Hh target
genes (111). It was found that activation of Hh signaling could
mediate the interaction between cancer cells such as hepatocellular
carcinoma cells and mammary carcinoma cells and macrophages
and stimulate selective polarization of macrophages toward the M2
subtype, increasing the expression of pro-tumor factors such as
TNF-0, iNOS and IL-6, and ultimately promoting tumor growth
and metastasis (111, 112). Activation of M2 macrophages in the
lung is regarded to be a crucial component in increasing lung
fibrosis, and it was discovered that Shh increases the secretion of
osteopontin in macrophages via the Shh/Gli signaling cascade, and
the secreted osteopontin act on surrounding macrophages in an
autocrine or paracrine manner and induce macrophage M2
polarization via the JAK2/STAT3 signaling pathway, which may
ultimately promote the progression of pulmonary fibrosis by
affecting the activation and proliferation of fibroblasts and the
production of pro-fibrotic cytokines (113). Therefore, targeting
the Shh/Gli/JAK2/STAT3 signaling pathway is beneficial for the
treatment of macrophage-related diseases.

4.3.5 Wnt signaling pathway

Typically, the Wnt signaling pathway is divided into two
categories: typical Wnt/B-catenin signaling pathway and atypical
Wnt signaling pathway, which are mainly activated by the 19
mammalian Wnt proteins (114, 115). STAT3 is one of the
downstream targets of typical Wnt/B-catenin signaling. In vitro,
Wnt3a, a molecule that promoted typical Wnt signaling pathway,
exacerbated IL-4 or TGF-B1-induced macrophage M2 polarization
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TABLE 1 Regulation of macrophage polarization by targeting STAT3 for the treatment of related diseases.

Disease Disease Experimental Related Impact Phenotype @ Affect Reference
classification Model signaling  on promoted
pathway = STAT3
Inflammatory Pancreatitis Rat JAK2/ I3 M2 Reduced pancreatic inflammation (40)
immunological STAT3|
disorder
Myocardial Rat JAK2/ l M2 Inhibited cardiac apoptosis and (41)
ischaemia/ STAT3| reduced inflammation
reperfusion
injury
Psoriasis Mouse JAK/ | M2 Alleviated the hyperkeratotic (42)
STAT3| epidermis and reduced
inflammation
Atopic Mouse JAK2/ T M2 Ameliorated skin lesion and (44)
dermatitis STAT31 reduced inflammation
Gouty arthritis Rat JAK2/ 1 M2 Reduced arthritis inflammation (45)
STAT3t
Non-alcoholic Mouse 1L-10/(JAK)/ T M2 Alleviated barrier dysfunction and (58)
steatohepatitis STAT31 mitigated bacterial translocation
(gut-liver axis)
Rheumatoid Macrophage of RA IL-10/ 1 M2 Inhibited inflammatory cytokines (59)
arthritis (RA) patients (JAK1)/ and increased phagocytosis
STAT3t
Nephritis a. Rat’s bone marrow- SOCS3] T M2 Reduced inflammation (66)
derived macrophage
b. Rat
Diabetic a. Human umbilical NF-xBJ T M2 Reduced inflammation and (80)
wounds cord mesenchymal AKT? promoted wound healing
stromal cell and
macrophage
b. Rat
Cancer Colorectal a. Human colorectal JAK2/ | M1 Inhibited colorectal cancer cells (43)
cancer cancer cell and STAT3| proliferation and
macrophage migration
b. Mouse WntSal 4 M1 Inhibited tumor growth and (119)
metastasis
Gastric cancer a. Human gastric 1L-(6/8)/ | M1 Inhibited gastric cancer cells (55)
cancer cell JAK2/ migration, invasion and epithelial-
b. Mouse STAT3| mesenchymal transition
Inhibited intratumor proliferation
and angiogenesis
Non-small-cell a. Human NSCLC cell JAK(1/2)/ | M1 Inhibited NSCLC cells proliferation (48)
lung cancer and macrophage STAT(3/6)| and migration
(NSCLC) b. Mouse Inhibited tumor growth and
metastasis
Ovarian Cancer Human ovarian cancer IL-6/JAK2/ 1 M1 Inhibited IL-6 Secretion of ovarian (46)
cell and macrophage STAT3| cancer
cells
Gliomas a. Human glioma cell 1L-6/JAK2/ 1 M1 Inhibited tumor cells clone (47, 49)
and macrophage STAT3| formation, migration, invasion and
b. Mouse tube formation in vascular
endothelial cells
Breast cancer a. Human breast SOCS31 1 M1 Inhibited breast cancer cell (69)
cancer cell and invasion, the tumor growth and
macrophage JAK2/ 4 M1 metastasis (109)
b. Mouse STAT3/
Notch|
Pancreatic Mouse NF-xB| | M1 Inhibited proangiogenic and tumor- | (81)
adenocarcinoma promoting activity
(Continued)
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TABLE 1 Continued

Disease Disease Experimental Related
classification Model signaling
pathway
Liver cancer a. Human liver cancer NFE-xB|
cell and macrophage
b. Mouse
Bladder cancer a. Murine bladder PI3K/AKT]
cancer cell and
macrophage
b. Mouse
Lung carcinoma | a. Murine cancer cell MAPK/
Melanoma and macrophage ERK|
b. Mouse
Fibrosis Cardiac fibrosis Rat PI3K/AKT?T
Pulmonary a. Murine lung ATII- Shh/Gli|
fibrosis like epithelial cell and
macrophage
b. Mouse
Kidney Fibrosis a. Murine macrophage Wnt3a/B-
b. Mouse catenin]

Impact

on
NLE]

10.3389/fimmu.2023.1160719

Phenotype Reference

promoted

M1 Inhibited the proliferative, invasive, (86)
and migratory ability of liver cancer

M1 Inhibited bladder tumor cell growth  (100)

M1 Inhibited tumor cell proliferation (124)

and tumor angiogenesis

M2 Promoted wound healing and 97)
attenuated myofibroblast infiltration

M1 Inhibited pulmonary fibrosis (113)

M1 Ameliorated kidney fibrosis (116)

| means inhibition; 1 means promotion.

as well as STAT3 phosphorylation and nuclear translocation;
conversely, which in turn inhibited macrophage M2 polarization
and suppressed the expression of the profibrotic cytokines PDGF,
VEGF, TGF-B and connective tissue growth factor, thereby
alleviating renal fibrosis (116). Similar studies have shown that f3-
catenin can regulate STAT pathway activation in macrophages and
that ablation of B-catenin leads to STAT3 downregulation and
STATTI activation, resulting in elevated macrophage inflammatory
responses and increased atherosclerosis (117, 118). The Ca(2
+)/calmodulin-dependent kinase II (CaMKII) pathway is one of
the important atypical pathways of Wnt5a signaling, which is
required to mediate the Ca(2+)/CaKMII/STAT3 pathway in
macrophage M2 polarization, which then promotes the
expression of IL-10, TGF-B, CCL17, CCL18 and CCL22, thereby
promoting proliferation, migration and invasion of rectal cancer
cells. This signaling pathway may be a novel potential
immunotherapeutic target against rectal cancer (119). Aberrant
regulation of this pathway is closely associated with different
diseases, suggesting that the Wnt/STAT3 signaling pathway is an
attractive target for treatment of diseases.

4.3.6 MAPK signaling pathway

The extracellular signal-regulated kinases 1 and 2 (ERK1/2), c-
Jun amino-terminal kinases, p38, and ERK5 families of
conventional MAPKs are the most well-known (120). The
crosstalk between the p38 (MAPK) pathway and STATS3-
mediated signaling is a fundamental axis of continuous LPS
activation, and the balanced activation of this axis is essential to
control the induction, propagation, and waning phase of the
inflammatory macrophage response (121). In research on

Frontiers in Immunology

inflammatory lung disease, suppressing alveolar macrophage p38
(MAPK) expression almost entirely prevented STAT3
phosphorylation, thereby reducing the production of the
inflammatory factor TNF-q, a cytokine known to be involved in
the pathogenesis of inflammatory lung disease (122). Inhibition of
this signaling pathway was shown to inhibit the polarization of pro-
inflammatory M1-type macrophages and reduce the secretion of
pro-inflammatory factors iNOS, IL-1, IL-6 and TNF-c, thereby
alleviating adipose tissue inflammation (123). In addition to MAPK
being associated with pro-inflammation, it was found that in ERK5-
deficient macrophages, STAT3 phosphorylation process was
blocked and the expression of pro-tumor factors (M2 factors)
VEGF, IL-10 and TGF-B was reduced, which in turn prevented
the growth of melanoma and lung cancer in mice (124). As a result,
MAPK regulation of STAT3 phosphorylation can be utilized to
affect the polarization of macrophages, which in turn can regulate
the inflammatory immune response and inhibit the advancement
of tumors.

In summary, multiple signaling pathways can regulate
macrophage polarization by affecting STAT3, which in turn
affects the development of disease. Therefore, activation or
inhibition of these signaling pathways could regulate the M1/M2
ratio and provide new therapeutic strategies for related diseases
(Table 1). However, the fact that the mechanisms involved in the
regulation of macrophage polarization by STAT?3 are extensive and
complex in multiple diseases. This may be related to the
heterogeneity of STAT3 and macrophages themselves, and the
process involves the crosstalk of multiple signaling pathways,
which may explain why STAT3 does not regulate macrophage
polarization in the same direction in different diseases.
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5 Summary and prospect

Macrophages are highly plastic and can be polarized into M1
and M2 types under various environmental stimuli, and the
functions of the two are almost antagonistic to each other. It is
well known that macrophage polarization is a key to the pathogenic
development of many disorders. As an extremely important
transcription factor with multiple biological functions, STAT3 is
the convergence point of several major signaling pathways involved
in inflammatory, immunity, fibrosis, and oncogenic diseases, as well
as a key regulator of macrophage different biological functions.
STATS3 is a heterogeneous protein that can influence macrophage
polarization in both directions, with the activation of it mostly
regulating macrophage M2 polarization. However, there are no
relevant studies to explain this paradoxical phenomenon, therefore,
more exploration is needed to clarify the specific mechanism of
STAT3’s role in macrophage polarization. The JAK/STAT signaling
pathway is the most prominent pathway involved in STAT3
signaling, and the negative regulators SOCS, PIAS and PTP can
affect macrophage polarization by inhibiting different targets of this
signaling pathway, suggesting that targeting the STAT3 signaling
pathway to alter the M1/M2 ratio appears to be effective in
controlling disease progression. The current studies showed that
the NF-xB signaling pathway, PI3K/AKT signaling pathway, Notch
signaling pathway, Hedgehog signaling pathway, Wnt signaling
pathway and MAPK signaling pathway crosstalk with JAK/
STATS3 signaling pathway, which regulates gene transcription by
affecting the phosphorylation and nuclear translocation of STAT3,
have effects on macrophage polarization. This review summarized
these signaling pathways with relevant diseases involved in this
process to providing new ideas for the interested readers. However,
most studies focused on single signaling pathway regulating
macrophage M1 or M2 polarization, and very few studies
investigated how other macrophage subtypes and multiple
signaling pathways work together to regulate the direction of
macrophage polarization and thus influence disease progression.
Because of the diversity of STAT3 and macrophage activities, the
complexity of signaling pathway transduction and regulation, and
the network connectivity of these signaling pathways, the
phenotypic alteration of macrophages is uncertain. The signaling
pathways and regulatory mechanisms of STAT3 and macrophage
polarization have not yet been thoroughly and systematically
studied. In future work, the fundamental questions are whether

References

1. Myers SA, Gottschalk RA. Mechanisms encoding STAT functional diversity for
context-specific inflammatory responses. Curr Opin Immunol (2022) 74:150-5. doi:
10.1016/.c0i.2022.01.001

2. Tian SS, Lamb P, Seidel HM, Stein RB, Rosen J. Rapid activation of the STAT3
transcription factor by granulocyte colony-stimulating factor. Blood (1994) 84(6):1760-4.

3. Witherel CE, Abebayehu D, Barker TH, Spiller KL. Macrophage and fibroblast
interactions in biomaterial-mediated fibrosis. Advanced healthcare materials (2019) 8
(4):1801451. doi: 10.1002/adhm.201801451

Frontiers in Immunology

10.3389/fimmu.2023.1160719

there are new subtypes of STAT3 and what other important
intermediate types of macrophages exist in addition to M1 and
M2. The exploration of STAT3 and various subtypes of
macrophages is the primary challenge. On this basis, more
research should investigate how crosstalk of multiple signaling
pathways affects the direction of macrophage polarization and
how to achieve therapeutic goals by modulating macrophage
phenotypic transition. These results will then be applied to study
the pathogenesis of human-related diseases and explore more
targeted treatment options. At present, most of the research is
based on animal and cell experiments, and there is still a long way to
go to translate them into clinical applications.

Author contributions

TX wrote the original review and MZ, WL and TZ reviewed
edited and assisted with figures. All authors contributed to the
article and approved the submitted version.

Funding

This work was supported by grants from the National Natural
Science Foundation of China (N0.82160599).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

4. Wu B, Sodji QH, Oyelere AK. Inflammation, fibrosis and cancer: Mechanisms,
therapeutic options and challenges. Cancers (2022) 14(3):552 doi: 10.3390/
cancers14030552

5. Boutilier AJ, Elsawa SF. Macrophage polarization states in the tumor
microenvironment. Int ] Mol Sci (2021) 22(13):6995 doi: 10.3390/ijms22136995

6. Wang C, Ma C, Gong L, Guo Y, Fu K, Zhang Y, et al. Macrophage polarization
and its role in liver disease. Front Immunol (2021) 12:803037. doi: 10.3389/
fimmu.2021.803037

frontiersin.org


https://doi.org/10.1016/j.coi.2022.01.001
https://doi.org/10.1002/adhm.201801451
https://doi.org/10.3390/cancers14030552
https://doi.org/10.3390/cancers14030552
https://doi.org/10.3390/ijms22136995
https://doi.org/10.3389/fimmu.2021.803037
https://doi.org/10.3389/fimmu.2021.803037
https://doi.org/10.3389/fimmu.2023.1160719
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xia et al.

7. He X, Tan S, Shao Z, Wang X. Latitudinal and longitudinal regulation of tissue
macrophages in inflammatory diseases. Genes Dis (2022) 9(5):1194-207. doi: 10.1016/
j.gendis.2021.06.007

8. Juhas U, Ryba-Stanistawowska M, Szargiej P, Mysliwska J. Different pathways of
macrophage activation and polarization. Postepy higieny i medycyny doswiadczalnej
(2015) 69:496-502. doi: 10.5604/17322693.1150133

9. Wang Y, Sang X, Shao R, Qin H, Chen X, Xue Z, et al. Xuanfei baidu decoction
protects against macrophages induced inflammation and pulmonary fibrosis via
inhibiting IL-6/STAT3 signaling pathway. ] ethnopharmacology (2022) 283:114701.
doi: 10.1016/j.jep.2021.114701

10. Zhao S, Liu Y, He L, Li Y, Lin K, Kang Q, et al. Gallbladder cancer cell-derived
exosome-mediated transfer of leptin promotes cell invasion and migration by
modulating STAT3-mediated M2 macrophage polarization. Analytical Cell Pathol
(Amsterdam) (2022) 2022:9994906. doi: 10.1155/2022/9994906

11. Liu B, Jiang Q, Chen R, Gao S, Xia Q, Zhu J, et al. Tacrolimus ameliorates
bleomycin-induced pulmonary fibrosis by inhibiting M2 macrophage polarization via
JAK2/STATS3 signaling. Int Immunopharmacol (2022) 113(Pt A):109424. doi: 10.1016/
j.intimp.2022.109424

12. Qi QR, Yang ZM. Regulation and function of signal transducer and activator of
transcription 3. World ] Biol Chem (2014) 5(2):231-9. doi: 10.4331/wjbc.v5.i2.231

13. Hu X, Li ], Fu M, Zhao X, Wang W. The JAK/STAT signaling pathway: from
bench to clinic. Signal transduction targeted Ther (2021) 6(1):402. doi: 10.1038/s41392-
021-00791-1

14. Wang Z, Hui C, Xie Y. Natural STAT3 inhibitors: A mini perspective. Bioorganic
Chem (2021) 115:105169. doi: 10.1016/j.bioorg.2021.105169

15. El-Tanani M, Al Khatib AO, Aladwan SM, Abuelhana A, McCarron PA,
Tambuwala MM. Importance of STAT3 signalling in cancer, metastasis and
therapeutic interventions. Cell signalling (2022) 92:110275. doi: 10.1016/
j.cellsig.2022.110275

16. Bharadwaj U, Kasembeli MM, Robinson P, Tweardy DJ. Targeting janus kinases
and signal transducer and activator of transcription 3 to treat inflammation, fibrosis,
and cancer: Rationale, progress, and caution. Pharmacol Rev (2020) 72(2):486-526. doi:
10.1124/pr.119.018440

17. Subramaniam A, Shanmugam MK, Perumal E, Li F, Nachiyappan A, Dai X,
et al. Potential role of signal transducer and activator of transcription (STAT)3
signaling pathway in inflammation, survival, proliferation and invasion of
hepatocellular carcinoma. Biochim Biophys Acta (2013) 1835(1):46-60. doi: 10.1016/
j.bbcan.2012.10.002

18. Lin WH, Chang YW, Hong MX, Hsu TC, Lee KC, Lin C, et al. STAT3
phosphorylation at Ser727 and Tyr705 differentially regulates the EMT-MET switch
and cancer metastasis. Oncogene (2021) 40(4):791-805. doi: 10.1038/s41388-020-
01566-8

19. Tolomeo M, Cascio A. The multifaced role of STAT3 in cancer and its
implication for anticancer therapy. Int J Mol Sci (2021) 22(2):603 doi: 10.3390/
ijms22020603

20. Dewilde S, Vercelli A, Chiarle R, Poli V. Of alphas and betas: distinct and
overlapping functions of STAT3 isoforms. Front bioscience J virtual library (2008)
13:6501-14. doi: 10.2741/3170

21. Zhang HX, Yang PL, Li EM, Xu LY. STAT3beta, a distinct isoform from STAT3.
Int ] Biochem Cell Biol (2019) 110:130-9. doi: 10.1016/j.biocel.2019.02.006

22. Hevehan DL, Miller WM, Papoutsakis ET. Differential expression and
phosphorylation of distinct STAT3 proteins during granulocytic differentiation.
Blood (2002) 99(5):1627-37. doi: 10.1182/blood.V99.5.1627

23. Kim M, Morales LD, Jang IS, Cho YY, Kim DJ. Protein tyrosine phosphatases as
potential regulators of STAT3 signaling. Int ] Mol Sci (2018) 19(9):2708. doi: 10.3390/
ijms19092708

24. Arango Duque G, Descoteaux A. Macrophage cytokines: involvement in
immunity and infectious diseases. Front Immunol (2014) 5:491. doi: 10.3389/
fimmu.2014.00491

25. Coillard A, Segura E. In vivo differentiation of human monocytes. Front
Immunol (2019) 10:1907. doi: 10.3389/fimmu.2019.01907

26. Yang J, Zhang L, Yu C, Yang XF, Wang H. Monocyte and macrophage
differentiation: circulation inflammatory monocyte as biomarker for inflammatory
diseases. biomark Res (2014) 2(1):1. doi: 10.1186/2050-7771-2-1

27. Kurotaki D, Sasaki H, Tamura T. Transcriptional control of monocyte and
macrophage development. Int Immunol (2017) 29(3):97-107. doi: 10.1093/intimm/
dxx016

28. Ruytinx P, Proost P, Van Damme J, Struyf S. Chemokine-induced macrophage
polarization in inflammatory conditions. Front Immunol (2018) 9:1930. doi: 10.3389/
fimmu.2018.01930

29. Viola A, Munari F, Sanchez-Rodriguez R, Scolaro T, Castegna A. The metabolic

signature of macrophage responses. Front Immunol (2019) 10:1462. doi: 10.3389/
fimmu.2019.01462

30. Cutolo M, Campitiello R, Gotelli E, Soldano S. The role of M1/M2 macrophage
polarization in rheumatoid arthritis synovitis. Front Immunol (2022) 13:867260. doi:
10.3389/fimmu.2022.867260

31. Nakai K. Multiple roles of macrophage in skin. ] Dermatol Sci (2021) 104(1):2-
10. doi: 10.1016/j.jdermsci.2021.08.008

Frontiers in Immunology

11

10.3389/fimmu.2023.1160719

32. Kerneur C, Cano CE, Olive D. Major pathways involved in macrophage
polarization in cancer. Front Immunol (2022) 13:1026954. doi: 10.3389/fimmu.
2022.1026954

33. Orecchioni M, Ghosheh Y, Pramod AB, Ley K. Macrophage polarization:
Different gene signatures in MI1(LPS+) vs. classically and M2(LPS-) vs. alternatively
activated macrophages. Front Immunol (2019) 10:1084. doi: 10.3389/
fimmu.2019.01084

34. Wang LX, Zhang SX, Wu HJ, Rong XL, Guo J. M2b macrophage polarization
and its roles in diseases. J leukocyte Biol (2019) 106(2):345-58. doi: 10.1002/
JLB.3RU1018-378RR

35. Roszer T. Understanding the mysterious M2 macrophage through activation
markers and effector mechanisms. Mediators Inflammation (2015) 2015:816460. doi:
10.1155/2015/816460

36. Funes SC, Rios M, Escobar-Vera J, Kalergis AM. Implications of macrophage
polarization in autoimmunity. Immunology (2018) 154(2):186-95. doi: 10.1111/
imm.12910

37. O'SheaJ], Schwartz DM, Villarino AV, Gadina M, McInnes IB, Laurence A. The
JAK-STAT pathway: impact on human disease and therapeutic intervention. Annu Rev
Med (2015) 66:311-28. doi: 10.1146/annurev-med-051113-024537

38. Banerjee S, Biehl A, Gadina M, Hasni S, Schwartz DM. JAK-STAT signaling as a
target for inflammatory and autoimmune diseases: Current and future prospects. Drugs
(2017) 77(5):521-46. doi: 10.1007/s40265-017-0701-9

39. Huynh J, Etemadi N, Hollande F, Ernst M, Buchert M. The JAK/STATS3 axis: A
comprehensive drug target for solid malignancies. Semin Cancer Biol (2017) 45:13-22.
doi: 10.1016/j.semcancer.2017.06.001

40. Qiu Z, Xu F, Wang Z, Yang P, Bu Z, Cheng F, et al. Blockade of JAK2 signaling
produces immunomodulatory effect to preserve pancreatic homeostasis in severe acute
pancreatitis. Biochem biophysics Rep (2021) 28:101133. doi: 10.1016/j.bbrep.
2021.101133

41. Xu M, Li X, Song L. Baicalin regulates macrophages polarization and alleviates
myocardial ischaemia/reperfusion injury via inhibiting JAK/STAT pathway. Pharm
Biol (2020) 58(1):655-63. doi: 10.1080/13880209.2020.1779318

42. Li X, Jiang M, Chen X, Sun W. Etanercept alleviates psoriasis by reducing the
Th17/Treg ratio and promoting M2 polarization of macrophages. Immunity
Inflammation Dis (2022) 10(12):734. doi: 10.1002/iid3.734

43. Zhang H, Zhao B, Wei H, Zeng H, Sheng D, Zhang Y. Cucurbitacin b controls
M2 macrophage polarization to suppresses metastasis via targeting JAK-2/STAT3
signalling pathway in colorectal cancer. J ethnopharmacology (2022) 287:114915. doi:
10.1016/j,jep.2021.114915

44. Zeng H, Zhao B, Zhang D, Rui X, Hou X, Chen X, et al. Viola yedoensis makino
formula alleviates DNCB-induced atopic dermatitis by activating JAK2/STAT3
signaling pathway and promoting M2 macrophages polarization. Phytomedicine Int |
phytotherapy phytopharmacology (2022) 103:154228. doi: 10.1016/
j.phymed.2022.154228

45. YangJ, Chen G, Guo TW, Qin WY, Jia P. Simiao wan attenuates monosodium
urate crystal-induced arthritis in rats through contributing to macrophage M2
polarization. J ethnopharmacology (2021) 275:114123. doi: 10.1016/j.jep.2021.114123

46. Jiang B, Zhu §J, Xiao SS, Xue M. MiR-217 inhibits M2-like macrophage
polarization by suppressing secretion of interleukin-6 in ovarian cancer.
Inflammation (2019) 42(5):1517-29. doi: 10.1007/s10753-019-01004-2

47. Liu YJ, Zeng SH, Qian WH, Tao MX, Zhu YY, Li JP. DNTTIP2 expression is
associated with macrophage infiltration and malignant characteristics in low-grade
glioma. Pharmacogenomics personalized Med (2022) 15:261-75. doi: 10.2147/
PGPM.S$356326

48. Zhang H, Wang SQ, Hang L, Zhang CF, Wang L, Duan CJ, et al. GRP78
facilitates M2 macrophage polarization and tumour progression. Cell Mol Life Sci
CMLS (2021) 78(23):7709-32. doi: 10.1007/s00018-021-03997-2

49. LiM, Xu H, Qi Y, Pan Z, Li B, Gao Z, et al. Tumor-derived exosomes deliver
the tumor suppressor miR-3591-3p to induce M2 macrophage polarization and
promote glioma progression. Oncogene (2022) 41(41):4618-32. doi: 10.1038/
$41388-022-02457-w

50. Malyshev IY. Phenomena and signaling mechanisms of macrophage
reprogramming. Patologicheskaia fiziologiia i eksperimental'naia terapiia (2015) 59
(2):99-111.

51. Sica A, Mantovani A. Macrophage plasticity and polarization: in vivo veritas.
J Clin Invest (2012) 122(3):787-95. doi: 10.1172/JCI59643

52. FuXL, Duan W, Su CY, Mao FY, Lv YP, Teng YS, et al. Interleukin 6 induces M2
macrophage differentiation by STAT3 activation that correlates with gastric cancer
progression. Cancer immunology immunotherapy CII (2017) 66(12):1597-608. doi:
10.1007/500262-017-2052-5

53. Garbers C, Aparicio-Siegmund S, Rose-John S. The IL-6/gp130/STAT3
signaling axis: recent advances towards specific inhibition. Curr Opin Immunol
(2015) 34:75-82. doi: 10.1016/j.c0i.2015.02.008

54. Lieblein JC, Ball S, Hutzen B, Sasser AK, Lin HJ, Huang TH, et al. STAT3 can be
activated through paracrine signaling in breast epithelial cells. BMC Cancer (2008)
8:302. doi: 10.1186/1471-2407-8-302

55. Li W, Zhang X, Wu F, Zhou Y, Bao Z, Li H, et al. Gastric cancer-derived
mesenchymal stromal cells trigger M2 macrophage polarization that promotes

frontiersin.org


https://doi.org/10.1016/j.gendis.2021.06.007
https://doi.org/10.1016/j.gendis.2021.06.007
https://doi.org/10.5604/17322693.1150133
https://doi.org/10.1016/j.jep.2021.114701
https://doi.org/10.1155/2022/9994906
https://doi.org/10.1016/j.intimp.2022.109424
https://doi.org/10.1016/j.intimp.2022.109424
https://doi.org/10.4331/wjbc.v5.i2.231
https://doi.org/10.1038/s41392-021-00791-1
https://doi.org/10.1038/s41392-021-00791-1
https://doi.org/10.1016/j.bioorg.2021.105169
https://doi.org/10.1016/j.cellsig.2022.110275
https://doi.org/10.1016/j.cellsig.2022.110275
https://doi.org/10.1124/pr.119.018440
https://doi.org/10.1016/j.bbcan.2012.10.002
https://doi.org/10.1016/j.bbcan.2012.10.002
https://doi.org/10.1038/s41388-020-01566-8
https://doi.org/10.1038/s41388-020-01566-8
https://doi.org/10.3390/ijms22020603
https://doi.org/10.3390/ijms22020603
https://doi.org/10.2741/3170
https://doi.org/10.1016/j.biocel.2019.02.006
https://doi.org/10.1182/blood.V99.5.1627
https://doi.org/10.3390/ijms19092708
https://doi.org/10.3390/ijms19092708
https://doi.org/10.3389/fimmu.2014.00491
https://doi.org/10.3389/fimmu.2014.00491
https://doi.org/10.3389/fimmu.2019.01907
https://doi.org/10.1186/2050-7771-2-1
https://doi.org/10.1093/intimm/dxx016
https://doi.org/10.1093/intimm/dxx016
https://doi.org/10.3389/fimmu.2018.01930
https://doi.org/10.3389/fimmu.2018.01930
https://doi.org/10.3389/fimmu.2019.01462
https://doi.org/10.3389/fimmu.2019.01462
https://doi.org/10.3389/fimmu.2022.867260
https://doi.org/10.1016/j.jdermsci.2021.08.008
https://doi.org/10.3389/fimmu.2022.1026954
https://doi.org/10.3389/fimmu.2022.1026954
https://doi.org/10.3389/fimmu.2019.01084
https://doi.org/10.3389/fimmu.2019.01084
https://doi.org/10.1002/JLB.3RU1018-378RR
https://doi.org/10.1002/JLB.3RU1018-378RR
https://doi.org/10.1155/2015/816460
https://doi.org/10.1111/imm.12910
https://doi.org/10.1111/imm.12910
https://doi.org/10.1146/annurev-med-051113-024537
https://doi.org/10.1007/s40265-017-0701-9
https://doi.org/10.1016/j.semcancer.2017.06.001
https://doi.org/10.1016/j.bbrep.2021.101133
https://doi.org/10.1016/j.bbrep.2021.101133
https://doi.org/10.1080/13880209.2020.1779318
https://doi.org/10.1002/iid3.734
https://doi.org/10.1016/j.jep.2021.114915
https://doi.org/10.1016/j.phymed.2022.154228
https://doi.org/10.1016/j.phymed.2022.154228
https://doi.org/10.1016/j.jep.2021.114123
https://doi.org/10.1007/s10753-019-01004-2
https://doi.org/10.2147/PGPM.S356326
https://doi.org/10.2147/PGPM.S356326
https://doi.org/10.1007/s00018-021-03997-2
https://doi.org/10.1038/s41388-022-02457-w
https://doi.org/10.1038/s41388-022-02457-w
https://doi.org/10.1172/JCI59643
https://doi.org/10.1007/s00262-017-2052-5
https://doi.org/10.1016/j.coi.2015.02.008
https://doi.org/10.1186/1471-2407-8-302
https://doi.org/10.3389/fimmu.2023.1160719
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xia et al.

metastasis and EMT in gastric cancer. Cell Death Dis (2019) 10(12):918. doi: 10.1038/
541419-019-2131-y

56. Hutchins AP, Diez D, Miranda-Saavedra D. The IL-10/STAT3-mediated anti-
inflammatory response: recent developments and future challenges. Briefings Funct
Genomics (2013) 12(6):489-98. doi: 10.1093/bfgp/elt028

57. Pang QM, Yang R, Zhang M, Zou WH, Qian NN, Xu QJ, et al. Peripheral blood-
derived mesenchymal stem cells modulate macrophage plasticity through the IL-10/
STAT3 pathway. Stem Cells Int (2022) 2022:5181241. doi: 10.1155/2022/5181241

58. Hakeem AN, Kamal MM, Tawfiq RA, Abdelrahman BA, Hammam OA,
Elmazar MM, et al. Elafibranor modulates ileal macrophage polarization to restore
intestinal integrity in NASH: Potential crosstalk between ileal IL-10/STAT3 and hepatic
TLR4/NF-KB axes. Biomedicine pharmacotherapy = Biomedecine pharmacotherapie
(2023) 157:114050. doi: 10.1016/j.biopha.2022.114050

59. Degboé Y, Rauwel B, Baron M, Boyer JF, Ruyssen-Witrand A, Constantin A,
et al. Polarization of rheumatoid macrophages by TNF targeting through an IL-10/
STAT3 mechanism. Front Immunol (2019) 10:3. doi: 10.3389/fimmu.2019.00003

60. Babon JJ, Varghese LN, Nicola NA. Inhibition of IL-6 family cytokines by
SOCS3. Semin Immunol (2014) 26(1):13-9. doi: 10.1016/j.smim.2013.12.004

61. WuM, Song D, Li H, Yang Y, Ma X, Deng S, et al. Negative regulators of STAT3
signaling pathway in cancers. Cancer Manage Res (2019) 11:4957-69. doi: 10.2147/
CMAR.S206175

62. Jiang M, Zhang WW, Liu P, Yu W, Liu T, Yu J. Dysregulation of SOCS-mediated
negative feedback of cytokine signaling in carcinogenesis and its significance in cancer
treatment. Front Immunol (2017) 8:70. doi: 10.3389/fimmu.2017.00070

63. Sobah ML, Liongue C, Ward AC. SOCS proteins in immunity, inflammatory
diseases, and immune-related cancer. Front Med (2021) 8:727987. doi: 10.3389/
fmed.2021.727987

64. Keewan E, Matlawska-Wasowska K. The emerging role of suppressors of
cytokine signaling (SOCS) in the development and progression of leukemia. Cancers
(2021) 13(16):4000. doi: 10.3390/cancers13164000

65. Linossi EM, Calleja DJ, Nicholson SE. Understanding SOCS protein specificity.
Growth factors (Chur Switzerland) (2018) 36(3-4):104-17. doi: 10.1080/08977194.
2018.1518324

66. Liu Y, Stewart KN, Bishop E, Marek CJ, Kluth DC, Rees AJ, et al. Unique
expression of suppressor of cytokine signaling 3 is essential for classical macrophage
activation in rodents in vitro and in vivo. ] Immunol (Baltimore Md 1950) (2008) 180
(9):6270-8. doi: 10.4049/jimmunol.180.9.6270

67. Duncan SA, Sahu R, Dixit S, Singh SR, Dennis VA. Suppressors of cytokine
signaling (SOCS)1 and SOCS3 proteins are mediators of interleukin-10 modulation of
inflammatory responses induced by chlamydia muridarum and its major outer
membrane protein (MOMP) in mouse J774 macrophages. Mediators Inflammation
(2020) 2020:7461742. doi: 10.1155/2020/7461742

68. Zhou D, Chen L, Yang K, Jiang H, Xu W, Luan J. SOCS molecules: the growing
players in macrophage polarization and function. Oncotarget (2017) 8(36):60710-22.
doi: 10.18632/oncotarget.19940

69. ChuJ, Hu XC, Li CC, Li TY, Fan HW, Jiang GQ. KLF14 alleviated breast cancer
invasion and M2 macrophages polarization through modulating SOCS3/RhoA/Rock/
STATS3 signaling. Cell signalling (2022) 92:110242. doi: 10.1016/j.cellsig.2022.110242

70. Aoki H, Majima R, Hashimoto Y, Hirakata S, Ohno-Urabe S. Ying and yang of
Stat3 in pathogenesis of aortic dissection. J Cardiol (2021) 77(5):471-4. doi: 10.1016/
j.jj€€.2020.10.010

71. Ma ], Yang Y, Fu Y, Guo F, Zhang X, Xiao S, et al. PIAS3-mediated feedback
loops promote chronic colitis-associated malignant transformation. Theranostics
(2018) 8(11):3022-37. doi: 10.7150/thno.23046

72. Lee JH, Kim C, Sethi G, Ahn KS. Brassinin inhibits STAT3 signaling pathway
through modulation of PIAS-3 and SOCS-3 expression and sensitizes human lung
cancer xenograft in nude mice to paclitaxel. Oncotarget (2015) 6(8):6386-405. doi:
10.18632/oncotarget.3443

73. Wang D, Cheng Z, Zhao M, Jiao C, Meng Q, Pan H, et al. PTPNY induces cell
apoptosis by mitigating the activation of Stat3 and acts as a tumor suppressor in
colorectal cancer. Cancer Manage Res (2019) 11:1309-19. doi: 10.2147/CMAR.S187001

74. Kolliniati O, Ieronymaki E, Vergadi E, Tsatsanis C. Metabolic regulation of
macrophage activation. J innate Immun (2022) 14(1):51-68. doi: 10.1159/000516780

75. Natoli G, Pileri F, Gualdrini F, Ghisletti S. Integration of transcriptional and
metabolic control in macrophage activation. EMBO Rep (2021) 22(9):e53251. doi:
10.15252/embr.202153251

76. Wang X, Crowe PJ, Goldstein D, Yang JL. STAT3 inhibition, a novel approach
to enhancing targeted therapy in human cancers (review). Int J Oncol (2012) 41
(4):1181-91. doi: 10.3892/ij0.2012.1568

77. Chen XX, Tang L, Fu YM, Wang Y, Han ZH, Meng JG. Paralemmin-3
contributes to lipopolysaccharide-induced inflammatory response and is involved in
lipopolysaccharide-toll-like receptor-4 signaling in alveolar macrophages. Int J Mol
Med (2017) 40(6):1921-31. doi: 10.3892/ijmm.2017.3161

78. Gao S, Mao F, Zhang B, Zhang L, Zhang X, Wang M, et al. Mouse bone marrow-
derived mesenchymal stem cells induce macrophage M2 polarization through the
nuclear factor-kB and signal transducer and activator of transcription 3 pathways. Exp
Biol Med (Maywood NJ) (2014) 239(3):366-75. doi: 10.1177/1535370213518169

Frontiers in Immunology

12

10.3389/fimmu.2023.1160719

79. He X, Jing Z, Cheng G. MicroRNAs: new regulators of toll-like receptor
signalling pathways. BioMed Res Int (2014) 2014:945169. doi: 10.1155/2014/945169

80. Ti D, Hao H, Tong C, Liu J, Dong L, Zheng J, et al. LPS-preconditioned
mesenchymal stromal cells modify macrophage polarization for resolution of chronic
inflammation via exosome-shuttled let-7b. ] Trans Med (2015) 13:308. doi: 10.1186/
512967-015-0642-6

81. Fan CS, Chen CC, Chen LL, Chua KV, Hung HC, Hsu JT, et al. Extracellular
HSP90o induces MyD88-IRAK complex-associated IKKo/B-NF-kB/IRF3 and JAK2/
TYK2-STAT-3 signaling in macrophages for tumor-promoting M2-polarization. Cells
(2022) 11(2):229. doi: 10.3390/cells11020229

82. Guo H, Jin D, Chen X. Lipocalin 2 is a regulator of macrophage polarization and
NE-kB/STAT3 pathway activation. Mol Endocrinol (Baltimore Md) (2014) 28
(10):1616-28. doi: 10.1210/me.2014-1092

83. Yuan K, Huang C, Fox J, Gaid M, Weaver A, Li G, et al. Elevated inflammatory
response in caveolin-1-deficient mice with pseudomonas aeruginosa infection is
mediated by STAT3 protein and nuclear factor kappaB (NF-kappaB). J Biol Chem
(2011) 286(24):21814-25. doi: 10.1074/jbc.M111.237628

84. Li CH, Xu LL, Jian LL, Yu RH, Zhao JX, Sun L, et al. Stattic inhibits RANKL-
mediated osteoclastogenesis by suppressing activation of STAT3 and NF-kB pathways.
Int Immunopharmacol (2018) 58:136-44. doi: 10.1016/j.intimp.2018.03.021

85. Kanemaru H, Yamane F, Tanaka H, Maeda K, Satoh T, Akira S. BATF2 activates
DUSP2 gene expression and up-regulates NF-«B activity via phospho-STAT3
dephosphorylation. Int Immunol (2018) 30(6):255-65. doi: 10.1093/intimm/dxy023

86. Min L, Wang H, Qi H. Astragaloside IV inhibits the progression of liver cancer
by modulating macrophage polarization through the TLR4/NF-xkB/STAT3 signaling
pathway. Am ] Trans Res (2022) 14(3):1551-66.

87. Linton MF, Moslehi JJ, Babaev VR. Akt signaling in macrophage polarization,
survival, and atherosclerosis. Int | Mol Sci (2019) 20(11):2703. doi: 10.3390/
1jms20112703

88. Ghafouri-Fard S, Khanbabapour Sasi A, Hussen BM, Shoorei H, Siddiq A,
Taheri M, et al. Interplay between PI3K/AKT pathway and heart disorders. Mol Biol
Rep (2022) 49(10):9767-81. doi: 10.1007/s11033-022-07468-0

89. Kumar M, Bansal N. Implications of phosphoinositide 3-Kinase- Akt (PI3K-akt)
pathway in the pathogenesis of alzheimer's disease. Mol Neurobiol (2022) 59(1):354-85.
doi: 10.1007/s12035-021-02611-7

90. Xiao H, Sun X, Lin Z, Yang Y, Zhang M, Xu Z, et al. Gentiopicroside targets
PAQRS3 to activate the PI3K/AKT signaling pathway and ameliorate disordered glucose
and lipid metabolism. Acta Pharm Sin B (2022) 12(6):2887-904. doi: 10.1016/
j.apsb.2021.12.023

91. Yu L, Wei J, Liu P. Attacking the PI3K/Akt/mTOR signaling pathway for
targeted therapeutic treatment in human cancer. Semin Cancer Biol (2022) 85:69-94.
doi: 10.1016/j.semcancer.2021.06.019

92. Li J, Diao B, Guo S, Huang X, Yang C, Feng Z, et al. VSIG4 inhibits
proinflammatory macrophage activation by reprogramming mitochondrial pyruvate
metabolism. Nat Commun (2017) 8(1):1322. doi: 10.1038/s41467-017-01327-4

93. Wu BM, Liu JD, Li YH, Li J. Margatoxin mitigates CCl4—induced hepatic
fibrosis in mice via macrophage polarization, cytokine secretion and STAT signaling.
Int ] Mol Med (2020) 45(1):103-14. doi: 10.3892/ijmm.2019.4395

94. Wynn TA, Vannella KM. Macrophages in tissue repair, regeneration, and
fibrosis. Immunity (2016) 44(3):450-62. doi: 10.1016/j.immuni.2016.02.015

95. Zhang K, Shi Z, Zhang M, Dong X, Zheng L, Li G, et al. Silencing IncRNA Lfarl
alleviates the classical activation and pyoptosis of macrophage in hepatic fibrosis. Cell
Death Dis (2020) 11(2):132. doi: 10.1038/s41419-020-2323-5

96. Sziksz E, Pap D, Lippai R, Béres NJ, Fekete A, Szabo AJ, et al. Fibrosis related
inflammatory mediators: Role of the IL-10 cytokine family. Mediators Inflammation
(2015) 2015:764641. doi: 10.1155/2015/764641

97. Lee TM, Harn HJ, Chiou TW, Chuang MH, Chen CH, Chuang CH, et al.
Preconditioned adipose-derived stem cells ameliorate cardiac fibrosis by regulating
macrophage polarization in infarcted rat hearts through the PI3K/STAT3 pathway. Lab
investigation; ] Tech Methods Pathol (2019) 99(5):634-47. doi: 10.1038/s41374-018-0181-x

98. Lee TM, Harn HJ, Chiou TW, Chuang MH, Chen CH, Chuang CH, et al.
Remote transplantation of human adipose-derived stem cells induces regression of
cardiac hypertrophy by regulating the macrophage polarization in spontaneously
hypertensive rats. Redox Biol (2019) 27:101170. doi: 10.1016/j.redox.2019.101170

99. Xue J, Ge X, Zhao W, Xue L, Dai C, Lin F, et al. PIPKIy regulates CCL2
expression in colorectal cancer by activating AKT-STATS3 signaling. J Immunol Res
(2019) 2019:3690561. doi: 10.1155/2019/3690561

100. Jiang Z, Zhang Y, Zhang Y, Jia Z, Zhang Z, Yang J. Cancer derived exosomes
induce macrophages immunosuppressive polarization to promote bladder cancer
progression. Cell communication Signaling CCS (2021) 19(1):93. doi: 10.1186/
§12964-021-00768-1

101. Jeon H, Oh S, Kum E, Seo S, Park Y, Kim G. Immunomodulatory effects of an
aqueous extract of black radish on mouse macrophages via the TLR2/4-mediated signaling
pathway. Pharm (Basel Switzerland) (2022) 15(11):1376. doi: 10.3390/ph15111376

102. Zhou B, Lin W, Long Y, Yang Y, Zhang H, Wu K, et al. Notch signaling
pathway: architecture, disease, and therapeutics. Signal transduction targeted Ther
(2022) 7(1):95. doi: 10.1038/541392-022-00934-y

frontiersin.org


https://doi.org/10.1038/s41419-019-2131-y
https://doi.org/10.1038/s41419-019-2131-y
https://doi.org/10.1093/bfgp/elt028
https://doi.org/10.1155/2022/5181241
https://doi.org/10.1016/j.biopha.2022.114050
https://doi.org/10.3389/fimmu.2019.00003
https://doi.org/10.1016/j.smim.2013.12.004
https://doi.org/10.2147/CMAR.S206175
https://doi.org/10.2147/CMAR.S206175
https://doi.org/10.3389/fimmu.2017.00070
https://doi.org/10.3389/fmed.2021.727987
https://doi.org/10.3389/fmed.2021.727987
https://doi.org/10.3390/cancers13164000
https://doi.org/10.1080/08977194.2018.1518324
https://doi.org/10.1080/08977194.2018.1518324
https://doi.org/10.4049/jimmunol.180.9.6270
https://doi.org/10.1155/2020/7461742
https://doi.org/10.18632/oncotarget.19940
https://doi.org/10.1016/j.cellsig.2022.110242
https://doi.org/10.1016/j.jjcc.2020.10.010
https://doi.org/10.1016/j.jjcc.2020.10.010
https://doi.org/10.7150/thno.23046
https://doi.org/10.18632/oncotarget.3443
https://doi.org/10.2147/CMAR.S187001
https://doi.org/10.1159/000516780
https://doi.org/10.15252/embr.202153251
https://doi.org/10.3892/ijo.2012.1568
https://doi.org/10.3892/ijmm.2017.3161
https://doi.org/10.1177/1535370213518169
https://doi.org/10.1155/2014/945169
https://doi.org/10.1186/s12967-015-0642-6
https://doi.org/10.1186/s12967-015-0642-6
https://doi.org/10.3390/cells11020229
https://doi.org/10.1210/me.2014-1092
https://doi.org/10.1074/jbc.M111.237628
https://doi.org/10.1016/j.intimp.2018.03.021
https://doi.org/10.1093/intimm/dxy023
https://doi.org/10.3390/ijms20112703
https://doi.org/10.3390/ijms20112703
https://doi.org/10.1007/s11033-022-07468-0
https://doi.org/10.1007/s12035-021-02611-7
https://doi.org/10.1016/j.apsb.2021.12.023
https://doi.org/10.1016/j.apsb.2021.12.023
https://doi.org/10.1016/j.semcancer.2021.06.019
https://doi.org/10.1038/s41467-017-01327-4
https://doi.org/10.3892/ijmm.2019.4395
https://doi.org/10.1016/j.immuni.2016.02.015
https://doi.org/10.1038/s41419-020-2323-5
https://doi.org/10.1155/2015/764641
https://doi.org/10.1038/s41374-018-0181-x
https://doi.org/10.1016/j.redox.2019.101170
https://doi.org/10.1155/2019/3690561
https://doi.org/10.1186/s12964-021-00768-1
https://doi.org/10.1186/s12964-021-00768-1
https://doi.org/10.3390/ph15111376
https://doi.org/10.1038/s41392-022-00934-y
https://doi.org/10.3389/fimmu.2023.1160719
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xia et al.

103. Kontomanolis EN, Kalagasidou S, Pouliliou S, Anthoulaki X, Georgiou N,
Papamanolis V, et al. The notch pathway in breast cancer progression.
TheScientificWorldJournal (2018) 2018:2415489. doi: 10.1155/2018/2415489

104. Keewan E, Naser SA. Notch-1 signaling modulates macrophage polarization and
immune defense against mycobacterium avium paratuberculosis infection in inflammatory
diseases. Microorganisms (2020) 8(7):1006. doi: 10.3390/microorganisms8071006

105. Geng Y, Fan J, Chen L, Zhang C, Qu C, Qian L, et al. A notch-dependent
inflammatory feedback circuit between macrophages and cancer cells regulates pancreatic
cancer metastasis. Cancer Res (2021) 81(1):64-76. doi: 10.1158/0008-5472.CAN-20-0256

106. Hildebrand D, Uhle F, Sahin D, Krauser U, Weigand MA, Heeg K. The
interplay of notch signaling and STAT3 in TLR-activated human primary monocytes.
Front Cell infection Microbiol (2018) 8:241. doi: 10.3389/fcimb.2018.00241

107. Zhou Z, Tian X, Mo B, Xu H, Zhang L, Huang L, et al. Adipose mesenchymal
stem cell transplantation alleviates spinal cord injury-induced neuroinflammation
partly by suppressing the Jaggedl/Notch pathway. Stem Cell Res Ther (2020) 11
(1):212. doi: 10.1186/s13287-020-01724-5

108. Lopez-Lopez S, Romero de Avila MJ, Hernandez de Leon NC, Ruiz-Marcos F,
Baladron V, Nueda ML, et al. NOTCH4 exhibits anti-inflammatory activity in activated
macrophages by interfering with interferon-y and TLR4 signaling. Front Immunol
(2021) 12:734966. doi: 10.3389/fimmu.2021.734966

109. Tao S, Chen Q, Lin C, Dong H. Linc00514 promotes breast cancer metastasis and
M2 polarization of tumor-associated macrophages via Jaggedl-mediated notch signaling
pathway. J Exp Clin Cancer Res CR (2020) 39(1):191. doi: 10.1186/s13046-020-01676-x

110. Zhang J, Fan J, Zeng X, Nie M, Luan J, Wang Y, et al. Hedgehog signaling in
gastrointestinal carcinogenesis and the gastrointestinal tumor microenvironment. Acta
Pharm Sin B (2021) 11(3):609-20. doi: 10.1016/j.apsb.2020.10.022

111. Petty AJ, Li A, Wang X, Dai R, Heyman B, Hsu D, et al. Hedgehog signaling
promotes tumor-associated macrophage polarization to suppress intratumoral CD8+ T
cell recruitment. J Clin Invest (2019) 129(12):5151-62. doi: 10.1172/JCI128644

112. Hinshaw DC, Hanna A, Lama-Sherpa T, Metge B, Kammerud SC, Benavides GA,
et al. Hedgehog signaling regulates metabolism and polarization of mammary tumor-associated
macrophages. Cancer Res (2021) 81(21):5425-37. doi: 10.1158/0008-5472.CAN-20-1723

113. Hou]J, JiJ, Chen X, Cao H, Tan Y, Cui Y, et al. Alveolar epithelial cell-derived
sonic hedgehog promotes pulmonary fibrosis through OPN-dependent alternative
macrophage activation. FEBS ] (2021) 288(11):3530-46. doi: 10.1111/febs.15669

Frontiers in Immunology

13

10.3389/fimmu.2023.1160719

114. Liu J, Xiao Q, Xiao J, Niu C, Li Y, Zhang X, et al. Wnt/B-catenin signalling:
function, biological mechanisms, and therapeutic opportunities. Signal transduction
targeted Ther (2022) 7(1):3. doi: 10.1038/s41392-021-00762-6

115. Chae W], Bothwell ALM. Canonical and non-canonical wnt signaling in
immune cells. Trends Immunol (2018) 39(10):830-47. doi: 10.1016/j.it.2018.08.006

116. Feng Y, Ren J, Gui Y, Wei W, Shu B, Lu Q, et al. Wnt/B-Catenin-Promoted
macrophage alternative activation contributes to kidney fibrosis. ] Am Soc Nephrol
JASN (2018) 29(1):182-93. doi: 10.1681/ASN.2017040391

117. Wang F, Liu Z, Park SH, Gwag T, Lu W, Ma M, et al. Myeloid B-catenin
deficiency exacerbates atherosclerosis in low-density lipoprotein receptor-deficient
mice. Arteriosclerosis thrombosis Vasc Biol (2018) 38(7):1468-78. doi: 10.1161/
ATVBAHA.118.311059

118. Weinstock A, Rahman K, Yaacov O, Nishi H, Menon P, Nikain CA, et al. Wnt
signaling enhances macrophage responses to IL-4 and promotes resolution of
atherosclerosis. eLife (2021) 10:¢67932. doi: 10.7554/eLife.67932

119. Liu Q, Yang C, Wang S, Shi D, Wei C, Song J, et al. Wnt5a-induced M2
polarization of tumor-associated macrophages via IL-10 promotes colorectal cancer
progression. Cell communication Signaling CCS (2020) 18(1):51. doi: 10.1186/s12964-
020-00557-2

120. Cargnello M, Roux PP. Activation and function of the MAPKs and their
substrates, the MAPK-activated protein kinases. Microbiol Mol Biol Rev MMBR (2011)
75(1):50-83. doi: 10.1128/MMBR.00031-10

121. Bode JG, Ehlting C, Haussinger D. The macrophage response towards LPS and
its control through the p38(MAPK)-STATS3 axis. Cell signalling (2012) 24(6):1185-94.
doi: 10.1016/j.cellsig.2012.01.018

122. Meng A, Zhang X, Shi Y. Role of p38 MAPK and STAT3 in lipopolysaccharide-
stimulated mouse alveolar macrophages. Exp Ther Med (2014) 8(6):1772-6. doi:
10.3892/etm.2014.2023

123. Li D, Yang C, Zhu JZ, Lopez E, Zhang T, Tong Q, et al. Berberine remodels
adipose tissue to attenuate metabolic disorders by activating sirtuin 3. Acta
pharmacologica Sin (2022) 43(5):1285-98. doi: 10.1038/s41401-021-00736-y

124. Giurisato E, Xu Q, Lonardi S, Telfer B, Russo I, Pearson A, et al. Myeloid ERK5
deficiency suppresses tumor growth by blocking protumor macrophage polarization
via STAT3 inhibition. Proc Natl Acad Sci United States America (2018) 115(12):E2801—
€10. doi: 10.1073/pnas.1707929115

frontiersin.org


https://doi.org/10.1155/2018/2415489
https://doi.org/10.3390/microorganisms8071006
https://doi.org/10.1158/0008-5472.CAN-20-0256
https://doi.org/10.3389/fcimb.2018.00241
https://doi.org/10.1186/s13287-020-01724-5
https://doi.org/10.3389/fimmu.2021.734966
https://doi.org/10.1186/s13046-020-01676-x
https://doi.org/10.1016/j.apsb.2020.10.022
https://doi.org/10.1172/JCI128644
https://doi.org/10.1158/0008-5472.CAN-20-1723
https://doi.org/10.1111/febs.15669
https://doi.org/10.1038/s41392-021-00762-6
https://doi.org/10.1016/j.it.2018.08.006
https://doi.org/10.1681/ASN.2017040391
https://doi.org/10.1161/ATVBAHA.118.311059
https://doi.org/10.1161/ATVBAHA.118.311059
https://doi.org/10.7554/eLife.67932
https://doi.org/10.1186/s12964-020-00557-2
https://doi.org/10.1186/s12964-020-00557-2
https://doi.org/10.1128/MMBR.00031-10
https://doi.org/10.1016/j.cellsig.2012.01.018
https://doi.org/10.3892/etm.2014.2023
https://doi.org/10.1038/s41401-021-00736-y
https://doi.org/10.1073/pnas.1707929115
https://doi.org/10.3389/fimmu.2023.1160719
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Advances in the role of STAT3 in macrophage polarization
	1 Introduction
	2 STAT3’s structural and functional characteristics
	3 Phenotypes and functions of macrophage polarization
	4 Research on the signaling pathways related to STAT3 regulation of macrophage polarization
	4.1 STAT3 regulates macrophage polarization through the JAK/STAT signaling pathway
	4.2 Effect of negative regulators of JAK/STAT3 signaling pathway on macrophage polarization
	4.3 Other signaling pathways regulate macrophage polarization by affecting STAT3
	4.3.1 NF-κB signaling pathway
	4.3.2 PI3K/AKT signaling pathway
	4.3.3 Notch signaling pathway
	4.3.4 Hedgehog signaling pathway
	4.3.5 Wnt signaling pathway
	4.3.6 MAPK signaling pathway


	5 Summary and prospect
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


